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SYNOPSIS

Zr-2.5Nb alloy pressure tubes constitute the mogiortant in-core component of Pressurized
Heavy Water Reactors (PHWRS), by serving as thd@agument for hot heavy water coolant
circulating in reactor’'s primary heat transport teys. For reactor's safe operation, structural
integrity of pressure tubes has to be ensured gluservice. Fracture behavior is the most
important structural integrity aspect of presswieets during their normal operation as well as
under accidental conditions. Fracture is the measir resistance to crack propagation. In
addition, it also provides the limit of stable dtgaropagation before catastrophic failure. This
crack length is called 'Critical Crack Lengt@CL), which governs the necessary safety margin
for satisfying Leak Before Break (LBB) condition pfessure tubes. Fracture toughness of an
operating pressure tube is the function of itsahinicrostructure, which is in-turn the functioh o
fabrication route employed for tube manufacturingd aits associated Thermo-Mechanical

Processing (TMP) parameters.

Pressure tubes currently installed in different FRBMhroughout the world have variability
among their as-fabricated microstructures, becaidiseeing manufactured employing different
fabrication routes viz., 'Cold Worked and Stresfigved' (CWSR), 'Cold Worked and Annealed'
(CWA), 'Water Quenched and Aged' (WQA) and 'Gasr@hed and Aged' (GCA). Out of these,
pressure tubes fabricated using WQA route havertegly shown superior resistance to in-reactor
dimensional changes, which ensures their higheratipg lives. This has led to renewed interest
in the development of WQA route for the manufactgrof pressure tubes of CANDU, Indian

PHWRs (IPHWRs) and ‘Advanced Heavy Water Reacddt\WR).

The WQA routes currently being employed by différenuntries have variation in their TMP
parameters of the three major final stages of ¢altion viz., solution heat treatment (SHT), cold

working and vacuum aging, and also in their allbgmistries. These TMP parameters including



Synopsit

soaking temperature and duration of SHT, degreesulisequent cold working and soaking
temperature of subsequent aging treatment couldingortant for governing the final
microstructure and therefore fracture behavioheffabricated tube material. Therefore, to utilize
WQA route in future applications, it is extremehgportant to optimize these TMP parameters, so
as to ensure the best fracture behavior and heéngsal integrity of as-fabricated tube material.
Furthermore, these optimized TMP parameters wslb dle extremely useful for the pressure tube
fabrication of modern reactors such as; AHWR, wh&cheing designed for 100 year of operating
life, so as to ensure fewer pressure tube replatesnand thereby reducing the cost of power

production.

The objective of this work was to study the influenof aforementioned TMP parameters
associated with SHT, subsequent cold working ancuwa aging stages of WQA route on
fracture behavior of Zr-2.5Nb alloy. SelectionsTiWIP parameters for this study were done by
taking into consideration the parameters usediembanufacturing of such heat treated tubes by
various manufacturers. Table 1 lists the TMP patarseand associated degrees of variability

considered in present study.

Table 1: TMP parameters associated with SHT, sulesggold working and vacuum aging stages

of WQA route, employed in the present study.

S. _— Degree of No. of
No Fabrication Stage TMP Parameters Variability Conditions
1 Solution heat treatment] Soakm_g temper.ature 850, 870 & §90 ~ 3x2=6
Soaking duration 15 & 30 min
2 Cold working Degree of cold work 10 & 20 % 6x2A2
. Soaking temperature 500 & 540°C _
3 Vacuum aging Soaking duration 24 h 12x2=24

This study was performed in three stages correspgrd the final stages of WQA fabrication

route. These are:

Xiv
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Stage |: Study of the influence of solution heaatment parameters; soaking temperature and
duration on fracture behavior of Zr-2.5Nb alloy,

Stage II: Study of the influence of degree of cafatking on fracture behavior of Zr-2.5Nb alloy,
under various solution heat treated conditians],

Stage lll: Study of the influence of aging temperaton fracture behavior of Zr-2.5Nb alloy

under various cold worked & solution heat tieelaconditions.

The fracture behavior was studied at RT (25°C) seattor operating temperature (300°C), in
terms of fracture resistanceR curves, crack initiationJg) and propagation toughnes¥ fax,
dJ/da & CCL) parameters, determined as per ASTM and ISO stdaddn addition, tensile
properties, micro-hardness, microstructure, criggehphic texture, Nb partioning, phase analysis

and fractography studies were also performed terstand the fracture behavior.

This thesis is organized in seven chapters. Chdptémtroduction’, describes the background,
motivation and objective of the study. Chapter Rellature Review' presents the summarized
literature concerning Zr-2.5Nb alloy pressure tulblesir structural integrity concerns, fabrication,
relevance of fracture behavior and various fractorgghness evaluation approaches. Chapter 3
'Experimental Procedures' describes details ofouaritest procedures employed for the study.
Chapters 4, 5 and 6 respectively present the seanll discussion of stage I, Il and Il studies.
Chapter 7, Conclusion summarizes the outcomesreé tstudies and suggests the optimized TMP
parameters of WQA route for ensuring best frachaleavior of as-fabricated tube material. At the
end, suggestions for conducting future studiesagielighted. Some of the key results of Chapters

4.5 and 6 are described in brief as follows.

XV
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Chapter 4: Influence of SHT Parameters on FractureBehavior of Zr-2.5Nb alloy

Chapter first describes the influence of SHT terapge (850-890°C) and soaking duration (15-30
min) on microstructural features, examined usindicap microscopy. Solution heat treated
materials comprised two phase (primar® a’) microstructures having substantial reduction in
primary a precipitates from ~ 36 to 6% with increasing SHmperature from 850 to 890°C
(Figure 1 (a)). The image analysis of microstruetshowed that primary grain size has weak
dependence on SHT parameters; however, increaSHin temperature and soaking duration
causes substantial grain coarseningrofFigure 1 (a)). Crystallographic texture examioas
performed using X-ray diffraction showed small a#ion of Kearns parameters along axial,
transverse and radial directions, and thereforgestgd random texture of these materials (Figure
1 (b)). Also, SHT, specially performed from a higls®aking temperature with longer soaking
duration ensured superior degree of randomnesxiare. Electro Probe Micro Analyzer (EPMA)
examinations were performed to study the partitigndof major B stabilizer’ alloying element

(Nb) betweenu-Zr and p-Zr phases at SHT temperature. The examinationgesth@uperior Nb

30

Primary a Vol. Frac. | |
i Solid Line: 15 Min Soaking Strong Texture ! Weak Texture — fa
Dashed Line: 30 Min Soaking 7 051 | =
F25 § ! SHT Soaking: 30 Min ‘: f
g 0.43 | I
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= © | 039 ‘ (b)
F20 g ] Lo 035 |
2 e ‘ 4 033 g
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Figure 1: (a) Variation of primary volume fraction and primary & o’ grain size as a function

of SHT temperature, and (b) Influence of SHT onnkedexture parameters of Zr-2.5Nb alloy.
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Variation of SHT temperatures within 850-890°C aodking duration within 15-30 min domains
did not significantly influence the tensile behavid solution heat treated Zr-2.5Nb alloy. Within
these ranges, tensile strengths exhibited margaaiction with increase in SHT temperature and
duration, Figure 2 (a). During SHT, soaking dunatigoverned the sensitiveness of tensile
properties on SHT temperatures; longer soakingtexbin lower dependence of tensile properties

on SHT temperature, Figure 2 (b).
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Figure 2: (a) Influence of SHT parameters on tenstitengths of Zr-2.5Nb alloy and (b) Influence

of soaking duration on SHT temperature dependehegrious tensile properties.

Fracture toughness was evaluated using Compacioher3(T) specimens with Direct Current
Potential Drop (DCPD) technique used for monitotting crack extension. The fracture toughness
of solution heat treated Zr-2.5Nb alloy was pratyc unaffected by SHT temperatures within
850-890°C range. However, increase in SHT soakurgtbn from 15 to 30 min at a given SHT
temperature caused marginal improvement in fractorgghness, especially at lower SHT

temperatures (Figure 3).
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Figure 3: Influence of SHT parameters on (a) ifitia (Jo) and (b) propagation fracture
toughnessJgmax) parameters of Zr-2.5Nb alloy at RT and 300°C.
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The observed reduction in tensile strength andgmicant variation in fracture toughness
parameters within 850-890°C range suggested théioaah influence of decrease in primaxy
volume fraction, increase in grain size (especiafya’ phase), and decrease in Nb super-
saturation otv’. Furthermore, marginal reduction in tensile st and improvement in fracture
toughness with increasing SHT soaking duration sstggl the combined influence of grain
coarsening along with higher degree of Nb and Qitmaring betweenu-Zr andp-Zr phases at

SHT temperatures.

Fracture toughness examinations were followed Iy tborrelation through the fractographic
features, studied using Scanning Electron Microg¢&EM). For this, fractographic examinations
were performed at different fractured locationgh@ broken specimen viz., fatigue pre-cracked,
stretched zone and stable tearing regions. Thegumatipre-cracked surfaces, which visually
exhibited typical shiny and flat appearance, cosgatiseveral plateau like features oriented along
the direction of crack propagation, and therefe@esenting the fatigue crack propagation paths.
Under ambient condition, SHT parameters had wedlkeince on the streched zone widths
(SZWs), by exhibiting variation between 45-67 ung(fe 4). Nevertheless, at 300°C, materials
soaked for 30 min duration, in contrast to 15 minimy SHT, exhibited relatively wider stretched

zones. This, therefore also indicated the highigation toughness of longer soaked materials.

Stretched Zone

Pre-cracked Zone

Figure 4: Stretched zone formation ahead the mekdip in one of solution heat treated Zr-2.5Nb
alloy during fractur under ambient conditic.
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The facture surfaces of six solution heat treamaterialsshowed typical dimple structu
characteristic of a ductile failu having a mixture ofmarginally parabolic (elongated) a
equiaxed shaped dimples (Figure 5). The dimples ih-homogeneity in their sizes, whis

therefore suggested the nanHorm distribution of their nucleation site

Under ambienfracture condition, dimples were relatively smailesize, having size distributic
from <~ 1 um to as big as ~ 6 um, Figure 5 (a)cdntrast, fracture at 300°C resulted in

formation of relatively bigger and deeper dimpleaying size i-homogenity ranging from ~ 2
pim to as big as ~ 30 um, Figure 5 (b). In additimples formed at 300°C, in contrast to th
formed under ambient condition contained typicdbdeaation markings on their walls (Figure
(b)), which therefore alsandicatec highe plasticity and toughness of solution heat tre:

_ Deformation
materials at elevated temperatt markings

within dimples

Fine Dimple Structure at Ambient Fracture Coarse Dimple $ructure at 300°C Fracture

Crack Growth

mp- Crack Growth

Figure 5 Fractographs showing typical dimple structurerabteristics of ductile fractures at |
ambient and (b) 300°C.
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Chapter 5: Influence of Degree of Cold Work on Frature Behavior of Solution Heat
Treated Zr-2.5Nb alloy

This chapter describes influence of 0-20% degremlaf working (rolling) on fracture behavior of
Zr-2.5Nb alloy, under different solution heat teghtconditions. Chapter begins by presenting
changes in microstructural features, describingngdted grain morphologies along rolling
direction, Figure 6 (a). Crystallographic textureaminations of these cold worked materials
showed that cold rolling treatment causes basa pbgnment along radial (i.e., compressive

strain) direction with corresponding reduction gaxial (i.e., rolling) direction, Figure 6 (b).

Mid-section @) 0.60
Microstructure Material's TMP History - fa
. R (890°C-30Min-WQ) == fi
. = fy

0.45 4

0.35 035 ., :1.350'37 (b)

0.330 0.32 0.310 [

0.30 0.27

Kearns Parameters

0.15

ﬁ — - 6 16 2‘0
Rolling Direction Degree of Cold Work

(% Thickness Reduction)

Figure 6. (a) Elongated mid-section microstructafesolution heat treated Zr-2.5Nb alloy after
cold rolling, and (b) Influence of cold working dfearns texture parameters of solution heat
treated Zr-2.5Nb alloy.

Cold working treatment had notable influence onsilenproperties, under ambient condition,
Figure 7 (a). However, at 300°C, it showed weallugrice on ductility and strain hardening
characteristics, Figure 7 (b). Initial 10% cold kiog caused major changes in the tensile
properties. However, with subsequent additional 168 working, further changes in tensile
properties were marginal. Parameters such as gpakimation used during SHT, degree of
imparted cold working and selected test temperagweerned the sensitiveness of tensile
properties with SHT temperature. With increaseny af these factors, tensile properties became

less dependent on SHT temperature.
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Figure 7: Influence of cold working on tensile peojies of solution heat treated Zr-2.5Nb alloy at
(@) RT and (b) 300°C.

Cold working, in general decreased the fractureghoess of solution heat treated materials,

though up to 20% cold work such changes were goifgiant (Figure 8 (a)). Also, different cold

worked materials, irrespective of having variabteopSHT histories, had comparable fracture

toughness.

SEM fractography examinations were performed talstisacture surface features. The fracture

surfaces of cold worked materials, similar to SHatenials showed typical dimple structure

characteristic of a ductile failure. However, canyr to SHT materials, cold worked materials

exhibited relatively shallow dimples, especiallyttve narrow central flat fractured region and the

clusters of fine dimples, which therefore indicateduction in fracture toughness because of cold

working, Figure 8 (b). Morphology wise, dimplesaafld worked materials were almost similar to

those of the solution heat treated materials, étihgoa mixture of parabolic and equiaxed shape.

140

140

120 A

100 -

80 4

60

40
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F 100

- 80

- 60

T T T
0 10 20
Degree of Cold Work
(% Thickness Reduction)

dJ/da (MPa)

) Crack Growth

Before Cold Working (0) After 20% Cold Working

.

15 um

Figure 8: (a) Influence of cold working on fractumighness of solution heat treated Zr-2.5Nb

alloy and (b) SEM fractographs, illustrating chaimgeimple features because of cold working.
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Quantification of fracture surface areas perfornusthg image analysis technique suggested
increase in central flat fracture area with incee@s degree of cold working. This therefore

suggested that cold working upto 20% causes shifdinstate of stress ahead of the crack tip
towards plain strain condition.

50

0% CW |:>

40
30

10% CW |:>

20 A

Flat Fracture Region (%)

10

20% CW |:>

0 10 20
Degree of Cold Work
(% Thickness Reduction)

3.17 mm

Figure 9: Influence of cold working on central flatactured region (enclosed by yellow
boundaries) in solution heat treated Zr-2.5Nb alloythese figures (Left), regions enclosed by

yellow boundaries represent the flat fracturedoegi

Chapter 6: Influence of Aging Temperature on Fractue Behavior of Cold Worked-
Solution Heat Treated Zr-2.5Nb alloy

This chapter describes third stage study, undercctwimfluence of aging temperatures (500-
540°C) on fracture behavior of Zr-2.5Nb alloy undéferent cold worked-solution heat treated
conditions was studied. Aging at 500 and 540°C2fh results in the dissociation of metastable
o' phase intoa-Zr and B-Zr/B-Nb phases. Under such prescribed aging conditieny fine
precipitation offf phase was expected, whose size is in nanometge,rarhich is therefore too
small to view in an optical microscope. To inveatey such fine precipitate, Transmission

Electron Microscope (TEM) examinations were perfedmExaminations showed array like
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network at thdath boundaries of’ (Figure 10).Selection of aging temperature determined

nucleation and growth rate @f precipitates, aagingat 540°C in contrast to 500°resulted in
relatively higher density andoarse size of B precipitates.Aging at 500°C resulted in tt

precipitation of 23.9 nm average size, with vaoatranging from 11.4 to 36.1 nm. Howev

aging at 540°C resulted in relatively coarser griéaiion having an average siof 33.8 nm, with
variation ranging from 10.3 to 67.9 nMorphology wise, majority op precipitates were oval |

shape, though few were having circular shi

To examine precipitatehemistry, 3 particles were extracted from the matrix througirbon
replicas and subsequently examined using Energypedss/e Spectroscopy (EDS). T
examinations showed significant difference in Ninantrations within selected aging tempera
window; aging at 500°C caused Nb enrichHs-Nb precipitation (avg. concentration: 92%), wr

aging at 540°C caused the Nb |g-Zr precipitation (avg. concentration: 8%), Figufke :
Vacuum Aging at 500°C/24 h

"."

Nb Enriched B Precipitation

Avg. Nb: 92%

Nb Lean p Precipitation

Avg. Nb: 8%

Array like B precipitate network
at lath boyndaries ofa’

:I‘ v k’ %
: : ot M uF 5 G
Figure 10: Influence of agingmperature ¢ B psgecipitation (Left) and its chemistry (EDS spegc

in right) in a WQA Zr2.5Nb alloy.
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The crystallographic texture examinaticsuggested thatngder WQA condition, z-2.5Nb alloy

exhibitedrelatively weaker basal pole textlas compared to under CWSR condit(Figure 11).

0.60

CWSR

[Strong Texture | [ Weak Texture | gy ¢
29.0 0'_51 m f
25.0 == f
210 0.45 4 0.43 0.42

0.37

0.30 -

1
<
Kearns Parameters

0.19

1.0 0.15 A

0.05
Min=0.024 B
Strong Texture Weak Texture Max=31.404 000

CWSR WQA

Fabrication Route

Transverse
Figure 11 Comparison of basal pole texture 0-2.5Nb alloy under CWSR and WQA conditi;
(Left) pole figures an@Right) Kearns texture paramet.

Tensile property examinations of WQA materials sedvappreciable reduction of strength, .
strain hardening characteris, however, considerable improvement in ductility afsging,
Figure 12.Also, variable TMP histories of WQA materials didtrhave significant influence ¢

tensile properties.

20 900 20
)
@ o RT (b) 300°C
2 . ~ o 800 T =
£ = s 18
= 5 £ 2
o = g g =
5 i o 700 S
O Yield Strength ] o 7] Q Yield Strength ®
£\ Total Elongation 2 £ o A /A Total Elongation 12 @
Strain Hardening Exponent i 3 2 Strain Hardening Exponent 2
w 5 Z s00 -
g = 3 g
=] g e o
= @ S o -
5 o 8
A 7] 2
- N 500
o
(0]
T T T 400 T T T L
Before Aging 500°C/24hrs 540°C/24hrs Before Aging 500°C/24hrs 540°C/24hrs
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Figure 12:Influence of aging treatment censile properties of cold work-solution heat treated

Zr-2.5Nb alloy at (a) RT an¢b) 300°C.

Under WQA condition, Z2.5Nb alloy possessed higher strength than undeSRWondition
especially at RT, Figure 13 his suggested the contributiaf martensitic microstructure hauvil
finer substructure than CWSbe material. In terms of ductility, WQA material wasaptically

XXIV
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0.2 % offset Yield Strength (MPa)
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comparable with quadruple melted, QM-CWSR Indiaaspure tube material. WQA material,

showed appreciably lower strain hardening chareties as compared to CWSR materials, which

therefore suggested the influence of relatively Imfirwer grain structure of CWSR materials.
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Fracture toughness examinations of WQA materiatsveld that under ambient condition, aging

treatment reduced the fracture toughness of coltkedssolution heat treated Zr-2.5Nb alloy,

Figure 14 (a). However, at 300°C, the aged mateaal compared to cold worked materials had

relatively higher fracture toughness, Figure 14 fch different influences of aging treatment on

fracture toughness parameters at RT and 300°C walsequently justified through the

fractographic examinations of the broken specimamd role of strain hardening exponent (as

discussed subsequently).
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Figure 14: Influence of aging treatments on fraettwughness parameters of cold worked-
solution heat treated Zr-2.5Nb alloy at (a) RT émd300°C.
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Fractography examinations of WQA materials showeeisd axialsplitsunder ambient fracture

condition, which were oriented along crack growitectior (Figure 15 (b))Presence of such low

energy (brittle) fractured sitessulted inlower fracture toughness of WQA-2.5Nb alloy under
ambient condition. In contrast, fracture surfacESVQA materials tested at 300°did not show
the formation of such low energy sites,ich therefore contributed tenhance toughness after
aging treatmentAnother important observation was thhe WQA material, under ambient
condition, exhibitedarger centr¢ flat fracture, whichwas associated wi superior 'tunnelling'
characteristic (Figure 15 (a)espite having low: fracture toughnes#s describecearlier that
aging treatments caused significant reduction mairsthardening exponents under amb
condition. The lower strain hardening WQA materials could also aith facilitating localized

deformationyesulting in reductioiof fracture toughness, Figure 15 (c).
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- b
Flat fracture 3 (b) 40
showing superior g Dominance of Axial Splits Absence of Axial Splits (©)
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CICJ E _078009". o ogb
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Figure 15: (a)WQA material exhibitedsuperior flat and ‘tunnelledfracture under ambiel

condition, (b)Fractographs showing the presence of asplits atambient anctheir absence at
300°C fractured conditionsgnd (c) Plot showing the influence ahaterial’s strain hardening

exponents on fracture toughness

Stretched zones ahead of pracked region in WQA materii showed good agreement with 1
observed influence of aging treatments on initrtioughnessAged-cold worked material
exhibited considerable reduction in SZW under amtbé®ndition and improvement at 300°C,
compared to cold worked materials, Figure 16 SZW could be amndirect measure (initiation

toughness. Considering thia correleion was made between SZW and initiation toughnes

XXVi
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WQA material. Study suggested that the initiationghness based on SZ\W szw)parameter is
considerably lower thadg parameter, derived from the standard 0.2 mm ofdenting Line

approach, Figure 16 (b).
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Figure 16: (a) Stretched zone formation in WQA Zhb alloy, and (b) Correlation of SZW with

initiation toughnessJ(szw) and its comparison with the standard initiationghness parameter
(Jo)-

SHT temperature within 850-890°C domain had maitgimBuence on theCCL parameters of

WQA Zr-2.5Nb alloy. Nevertheless, SHT performedrelatively lower temperature, ensured
better stable crack propagation resistance of W@&.2Nb alloy, by exhibiting higher fracture
resistance slopal{/dg, Figure 17 (a). Such improvement in propagat&sistance because of the
use of lower SHT temperature suggested that afigrga microstructural features viz., higher
primary o, volume fraction, lowewn’ grain size along with higher degree of Nb supstsgation in

o' are beneficial for fracture behavior of WQA ZBRb alloy (Figure 18 (a)). Selection of SHT
soaking duration within 15-30 min domain had pwaty similar influence on fracture behavior

of WQA Zr-2.5Nb alloy.
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This study suggested that prior degree of cold wadys an important role in governing the
fracture behavior of WQA Zr-2.5Nb alloy, especiadlyelevated temperature. Though, similar to
SHT parameters, degree of cold working also hackkwdhience onCCL parameters of WQA Zr-
2.5Nb alloy (Figure 17 (b)), thereby suggestingriyemsensitive limit of catastrophic failure.
Nevertheless, higher cold working appeared to k&ralde for ensuring superior stable crack
propagation resistance. This therefore suggestdnfluence of higher cold working on greater
extent of recovery during aging and higher numbe aucleation sites during aging, caused by
increased dislocation density, resulting in finetrgbution of § phase, leading to improvement in
the fracture behavior of WQA Zr-2.5Nb alloy. Thexgde property examinations, which showed
lower strengths of 20% prior cold worked WQA madtsj suggested such influence of the higher
degree of cold working on greater extent of recpas well as highe precipitate density during

subsequent aging treatment.

This study also suggested that increase in agimgdeature by ~ 10% (i.e., 500-540°C) caused
considerable variation ifi precipitate volume fraction, its size and disttibao and composition,
resulting in improvement in fracture toughness. eHagain, aging temperature marginally
influenced theCCL parameters, however considerably influenced thbletcrack propagation
resistance of WQA Zr-2.5Nb alloy, especially undenbient condition (Figure 17 (c)). This
suggested the role of high@r precipitate volume fraction, coarser precipitaiteesNb lean

precipitate, along with higher degree of recovaryimproving the propagation resistance of

WQA Zr-2.5Nb alloy (Figure 18 (b)).
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Figure 17: Influence of TMP parameters (a) SHT terafure, (b) degree of cold working and (c)
aging temperature on fracture toughness paramet&®&A Zr-2.5Nb alloy. Here, plots (a) & (¢)

show the influences under ambient condition, ad () shows the influence at 300°C.

In summaryCCL parameter of WQA Zr-2.5Nb alloy was weakly semsitio even large variation
in its TMP parameters. However, combination of ThHtameters viz., SHT at 850°C for 15-30
min, followed by 20% cold working and subsequenhgat 540°C for 24 h provided best stable

crack propagation resistance of WQA Zr-2.5Nb alloy.
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Figure 18: Influence of microstructural featurespropagation toughness a@CL of WQA Zr-

2.5Nb alloy.
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This work also demonstrates a comprehensive stdgsess the influence of different analysis
approaches on fracture toughness parameters of5Kib2alloy under solution heat treated,
subsequently cold worked and vacuum aged conditidra this, different evaluation
methodologies suggested by ASTM E1820-11 standacth sis; single specimen (‘Resistance
Curve', RC) and multi specimen (‘Basic Test', BBEtmods were used for evaluating the fracture
toughness parameters. Also, differences in anatysisedures recommended by ASTM E1820-11
standard and ISO 12135:2002 (as amended in yed) Zl@ndard were highlighted and their
influence on fracture toughness parameters wergiestu The RC method, in contrast to BT
method ensured conservative estimation of fractoughness, as at a particular crack length it
predicted relatively lesg parameter (Figure 19 (a)). DeviationJiparameters derived from these
two methods had dependence on crack length, satlit tincreased witla/W ratio. The initiation
toughnessJq and propagation toughnesgmax) were practically insensitive to these approaches,
however, resistance curve slopd/lg had substantial dependence. To reduce the davsasind
also to ensure its independence with crack leragtlpptimised range of 3-4 for the second crack

growth correction parametet’‘in BT method was suggested.

Under a given combination of geometry and loadiagdition (i.e., specimen dimensions, load
and LLD values), both ASTM and ISO approaches pledipractically identical parameters,
Figure 19 (a). This, therefore emphasized that'ihectiie Crack Growth' (DCG) correction
methodologies considered by these standards ha@arsinfluence onJ parameters. However, the
post processing af-R curve recommended by these standards primarilyedadsviations ing

and dJ/da parameters. HoweverJrmax) parameter showed insensitiveness to these analysis
approaches. Deviation in ASTM and ISO derived towggs parameters was the function of
material's flow stress, such that high strenagthenmas showed least deviation (Fiqure 19 (b)).

One of the important conclusions of this study west CCL, an important toughness parameter
used for assessing the adherence to LBB criterjarastically insensitive to different analysis
approaches (Figure 19 (c)). This therefore, suggesiat the assessment of safety margins for

necessary LBB condition of WQA pressure tubesdejpendent to fracture analysis approaches.
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Figure 19: (a) Influence of analysis approachefracture resistancéR curves of WQA material

(b) Influence of flow stress on deviation in ASTMdaISO derived Initiation toughness, and (c)

Plot showing independence GCL parameters to different analysis approaches.

One of the major highlights of this work is that WQnaterial exhibits fracture toughness

analogous (though marginally higher) than doubléedeDM-CWSR material at ambient (Figure

20 (a) & (b)) and comparable to quadruple melted-QWSR material at 300°C (Figure 20 (c) &

(d)), despite having relatively coarser grain simel weaker texture. This is expected to ensure

lower in-reactor dimensional changes due to reduccediation growth and irradiation induced

creep and hence improving the useful lives of pnestubes.
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Flow chart illustrating the important life limign factors for the 2
pressure tubes of a nuclear reactor.

WQA fabrication route of Zr-2.5Nb pressure tubeghlighting the 5
three important TMP stages; SHT, cold working aaduwum aging
which govern the final microstructure and therefdracture behavior

of the as-fabricated pressure tube material [2].

(a) Schematic illustration of the location of me® tubes inside a 18
nuclear reactor, and (b) Schematic illustration aofsagged fuel
channel during reactor operation and position efréactivity control
mechanism beneath it to prevent its excessive 8g430]

(a) Schematic illustration of the three in-reaadeformation modes 21
of an operating pressure tube viz., sagging, agiahgation and
diametral expansion [18], and (b) Operating pertomoe (diametral
strains) of the pressure tubes fabricated usirfgreéifit routes [2,11].
Influence of irradiation fluence on (a) Ultimaterisile StrengthJTS 25
and (b) fracture toughnes€CL parameter) of Zr-2.5Nb pressure
tubes of Pickering and Bruce units [40].

Phase diagram of binary Zr-Nb system [42].

CWSR fabrication routes, presently being emplofgedhe pressure 29
tubes manufacturing of IPHWR220 and CANDU reacf8ts
Microstructure ofp-quenched Zr-2.5Nb billet comprising primary 32
(coarse) martensite plates after initial stagerafigformation during
beta quenching treatment and later generationr, firegtensite plates
obtained at final stage of beta quenching [3].

(a) Scanning electron micrograph of the Indian betruded Zr- 36
2.5Nb alloy in longitudinal (Axial-Circumferentialplane, and (b)
Transmission electron (dark field) micrograph ofrresponding
material, showing fine distribution @ phase precipitates insige

phase [3].

27

Partially recrystallised microstructure of thesfistage pilgered Zr- 38
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2.5Nb alloy, annealed at 550°C for 3 hours [3].

Figure 2.9 Second stage pilgered microstructure [3] of Ind@essure tube, 39
showing the discontinous and very tiiphase (black) in between
Zr stringers (white). At some locationg, phase can be seen to
penetrate the-Zr stringers.

Figure 2.10 (a) Transmission electron micrograph of Zr-2.5Nkssure tube of 40
CANDU reactor fabricated using CWSR route [2]. Tsansmission
electron micrograph of Zr-2.5Nb pressure tube tated using CWA
route [2].

Figure 2.11 CWA route being followed by the Russians for fahticn of 43
pressure tubes of all the RBMK 1000 MWe reactofs [2

Figure 2.12 Fabrication flow sheets of (a) WQA and (b) GCA Z56I4b pressure 46
tubes of RBMK 1500 reactors at Ignalina 1 and peesvely. These
fabrication routes are commonly known as ‘TMT-1'daifMT-2’
respectively [2].

Figure 2.13 (a) Transmission electron micrograph of Zr-2.5Nfesgure tube 50
fabricated using WQA route [2]. (b) Transmissioneation
micrograph of Zr-2.5Nb pressure tube fabricatechgis6CA route
[2].

Figure 2.14 Flow chart illustrating the importance of fractuteughness for 52
assessment of pressure tube's structural integrity.

Figure 2.15 Schematic representation of the analysis procedia@mmended by 56
ASTM E1820-11 standard for the evaluation of fragttbughness
parameters viz., initiation toughnesk)(and propagation toughness
(dJ/da.

Figure 2.16 Plastic area under load vs. load line displacenpott used for the 59
calculation of the plastic component &fntegral, J, in BT method
[78].

Figure 2.17 Schematic representation of the analysis procedofedracture 62
resistanceJ-R curves recommended by (a) ASTM and (b) ISO
standards for the evaluation of fracture toughpesameters.

Figure 3.1 Sample preparation stages for fliransus temperature assessment6

of as-received pressure tube material.
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Schematic showing (a) three orthogonal directiohghe pressure
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treated conditions.
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CHAPTER 1
INTRODUCTION

This chapter introduces the structural integritplienges of Zr-2.5Nb alloy pressure tubes and
highlights the importance of fracture behavior ms@ring their safe operation. Various fabrication
routes of pressure tube manufacturing, employedutjirout the world are summarized and
important fabrication steps of the ‘Water Quenched Aged’ (WQA) route, which has bearing
on the mechanical properties, are highlighted. Teermo-Mechanical Processing (TMP)
parameters of the final fabrication stages of W@#te viz., Solution Heat Treatment (SHT), cold
working and vacuum aging stages, are presenteghwhotivated the present work. The objective
of work to study influence of TMP parameters of W@#te on fracture behavior of Zr-2.5Nb
alloy is justified. The TMP parameters chosen fois tstudy and their basis of selection are
discussed briefly, subsequently. In the end, anrvier of the contents of individual thesis

chapters is presented.

1.1 Background

Zr-2.5Nb alloy pressure tubes constitute the mogiortant in-core component of Pressurized
Heavy Water Reactors (PHWRSs), and serves as th@inorent for hot heavy water coolant
flowing through reactor's Primary Heat TransporHT{IP system. For reactor's safe operation,
structural integrity of pressure tubes has to beuesd during service. The life of an operating
pressure tube is primarily governed by its fractbehavior, along with its resistance against
typical in-reactor dimensional changes such as elilhexpansion, axial elongation and sagging
(Figure 1.1). The fracture behavior of an operapngssure tube is a measure of its resistance to
crack propagation in typical reactor environmentadldition, it also determines the limit of stable
crack propagation before catastrophic failure. Timsting crack length is called 'Critical Crack

Length' CCL), which governs the necessary safety margin fosfgang the 'Leak Before Break'
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(LBB) criteria of pressure tube design. As the namggests, LBB represents the situation, under
which pressure tube leaks before the catastropliioré. In other words, under LBB situation, the
crack within pressure tube first propagates inlstamanner, resulting in the leakage of primary
coolant from the tube and subsequently becomesaliestresulting in the tube rupture. LBB
situation is essential for pressure tube's safetgause it provides required response time for an
operator to take necessary remedial measures. fehfgacture toughness and therefore a higher
CCL provides greater safety margin to the pressure fob such LBB situation and hence is
always desirable. Therefore, for ensuring longegragng life, the pressure tubes must possess
adequate fracture toughness, by having sufficiesistance to crack propagation, along with a

greaterCCL limit.

Pressure Tube
Structural Integrity

v v

Fracture Behavior In-reactor Dimensional Changes
v
l l 4 ¥ A
: - Sagging Diametral Axial
Resistance to. Limit of Stablve FExpansion || Elongation
Crack Propagation Crack Propagation

Y
'Critical Crack Length'
(CCL)

Margin for
'Leak Before Break'
(LBB)

Figure 1.1: Flow chart illustrating the importaife [limiting factors for the pressure tubes of a

nuclear reactor.
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Fracture behavior of pressure tube is the funatiforts initial microstructure, which in-turn is the
function of fabrication route employed for tube mfatturing and its associated Thermo-
Mechanical Processing (TMP) parameters. The Zr.&l\by pressure tubes currently being used
in different PHWRs throughout the world have diffiet initial microstructures, because of having
differences among the fabrication routes employadtlieir manufacturing. These fabrication
routes include 'Cold Worked and Stress RelievellV8R) route employed for the Indian and
CANDU PHWRs; 'Cold Worked and Annealed’ (CWA) rowmployed for all the Russian
PHWRs (‘Reaktor Bolshoy Moshchnosti Kanalniy’, RBMKf 1000 MWe capacity; 'Water
Quenched and Aged' (WQA) route employed for theadape PHWR (‘Fugen’), Pakistani PHWR
(KANUPP, Karachi Nuclear Power Plant) and Russi&i\lRs (RBMK, Ignalina-1) of 1500
MWe capacity; and '‘Gas Quenched and Aged' (GCAeremployed for the RBMK 1500 MWe,

Ignalina-2 reactors [1-4].

1.2 Motivation for Study

Among the different fabrication routes being empldyor pressure tube's manufacturing, WQA
route has become an important area of interestéant scenario. This is primarily because the
tubes fabricated using this route as compared heratoutes, have reportedly shown superior
resistance against the in-reactor dimensional awifg]. Utilization of WQA route for pressure
tubes of modern reactors such as, 'Advanced HeatgMReactor', AHWR (which is designed for
100 years lifetime), such lower in-reactor dimenalochanges will ensure fewer pressure tube

replacements and thereby reduce the cost of powwdugption.

In WQA fabrication route, Solution Heat Treatme®H(T), subsequent cold working and vacuum
aging treatment constitute the final fabricatioagsss (as illustrated in Figure 1.2). The TMP

parameters associated with these stages such lasgdamperature and duration during SHT,
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degree of cold working and soaking temperature afuum aging treatment could have an
important role in governing the final microstruewand hence fracture behavior of the fabricated
pressure tube material. Furthermore, the WQA routesently being employed throughout the
world (for pressure tubes of Russian’s RBMK (Ignatl), Japanese Fugen, Canadian’s Gentilly-1
and Pakistani’'s KANUUP reactors), have variationstheir TMP parameters of the three

aforementioned final stages and also, in theiryatbemistries, as shown in Table 1.1. The
selection of suitable TMP parameters for achievibggt in-reactor performance is, therefore,
extremely important for utilizing the WQA route fpressure tube fabrication of modern reactors
such as; AHWR. However, fabrication of pressureetubf length about 6 m by WQA route poses
technological challenges. The fracture behavioMdDA tubes need to be understood for its
thermo-mechanical processing and safety assessfbat.open literature, however does not
provide sufficient information regarding the infhee of these TMP parameters on the fracture
behavior of WQA Zr-2.5Nb alloy, so as to achieve @gtimum TMP history from fracture

behavior view point.

Table 1.1: Pressure tube material chemistries avié& parameters of WQA fabrication routes
employed for pressure tube fabrication for différdreavy water cooled nuclear reactors
throughout the world [2,4,6-11].

Thermo-mechanical Processing Parameters
Alloy Chemistry Degree of
Reactors (O content, ppm) SHT Cold Work Vaguum
Temperature . Aging
{®)] (% Thickness Parameters
Reduction)
RBMK 400-700 850-870 20-25 515°C/24 h
(water quenched & aged)
RBMK 530-540°C/24
(He/Ar quenched & aged 400-700 850-870 20-25 h
Fugen 900-1300 887 5-15 500°C/24 h
Gentilly -1 900-1300 880 12 500°C/24 h
KANUPP 900-1300 880 12 500°C/24 h
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Present work was therefore, motivated to studyitieence of TMP parameters associated with
SHT, subsequent cold working and vacuum aging stafjgVQA fabrication route on the fracture

behavior of Zr-2.5Nb alloy.

Ingot Preparation

¥

Breakdown of Ingot's
Cast Structure

h 4

[-Cuenching

¥

Billet Extrusion

Y
1" 5tage Cold Rolling

Y

Intermediate
Annealing Treatment

Y
2™ Stage Cold Rolling

L

Solution Heat
Treatment

L

3™ stage Cold Ralling

k.

WacUum Aging
Treatment

Autodaving
Treatment

Figure 1.2: WQA fabrication route of Zr-2.5Nb presstubes, highlighting the three important TMP
stages viz., SHT, cold working and vacuum aging cWwhgovern the final microstructure and

therefore fracture behavior of the as-fabricatezspure tube material [2].
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1.3 Objective of Study

The objective of present work was to study theuisfice of TMP parameters associated with SHT,
subsequent cold working, and vacuum aging stage&/@QA fabrication route on the fracture
behavior of Zr-2.5Nb alloy. Selections of TMP pagdars for this study were done by taking into
consideration the parameters used for the manufagtof such heat treated tubes by various
manufacturers (as shown in Table 1.1). For thigjinduSHT stage, influence of soaking
temperature and duration; during cold working stag#uence of degree of cold working; and
during vacuum aging stage, influence of aging tewipee were planned to study. SHT
temperatures were kept lower than fhransus, so as to avoid significant grain coarsgni
because of the single phageZr microstructure, which enhances the irradiatpowth. Soaking
durations during SHT were limited to 30 min, in @rdo avoid significant embrittlement afZr
phase, caused by the oxygen partitioning ff#r to a-Zr at SHT temperature [12]. A maximum
20% degree of subsequent cold working was congigdese as to avoid excessive damage
accumulation in the solution heat treated matewdalsng cold working. Aging temperatures of
500 and 540°C were selected to study the influefigeNb andp-Zr precipitates on the fracture
behavior of WQA Zr-2.5Nb alloy [9]. Table 1.2 shoti® TMP parameters of SHT, cold working
and vacuum aging stages used in the present stin@ythree SHT temperatures along with two
soaking durations, two degrees of subsequent col#timg and two aging temperatures formed a
total 24 number of variable TMP conditions (as show Table 1.3), under which fracture
behavior of Zr-2.5Nb alloy was planned to be stddihis study was performed in three stages
viz., (I) SHT, (ll) cold working and (lll) vacuumgang, so as to study the evolution of fracture

behavior of WQA Zr-2.5Nb alloy with TMP stages.
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Table 1.2: TMP parameters associated with SHT, waolkking and vacuum aging stages of WQA

route employed in the present study.

S. Degree of No. of
No TMP Stage TMP Parameters Variability Conditions
1 | Solution heat treatmentt Soaking Temperature 850, 870 & 890 C3 X2 =6

Soaking duration 15 & 30 min
2 Cold working Degree of cold work 10 & 20 % 6xaA2
Soaking Temperature 500 & 540°C
3 Vacuum Aging 12x2=24
Soaking duration 24 h

Table 1.3: Test matrix showing 24 variable TMP dbads, under which fracture behavior of Zr-
2.5Nb alloy was planned to be studied.

Thermo-mechanical Processing Parameters

S. No. Solution Heat Cold Working  Vacuum Aging

Treatment Ratio Treatment
1 850°C, 15Min 10% 500°C, 24 h
2 850°C, 15Min 20% 500°C, 24 h
3 850°C, 15Min 10% 540°C, 24 h
4 850°C, 15Min 20% 540°C, 24 h
5 87C°C, 15Min 10% 500°C, 24 h
6 87C°C, 15Min 20% 500°C, 24 h
7 87C°C, 15Min 10% 540°C, 24 h
8 87C°C, 15Min 20% 540°C, 24 h
9 89C°C, 15Min 10% 500°C, 24 h
10 89C°C, 15Min 20% 500°C, 24 h
11 89C°C, 15Min 10% 540°C, 24 h
12 89C°C, 15Min 20% 540°C, 24 h
13 850°C, 30Min 10% 500°C, 24 h
14 850°C, 30Min 20% 500°C, 24 h
15 850°C, 30Min 10% 540°C, 24 h
16 850°C, 30Min 20% 540°C, 24 h
17 87C0°C, 30Min 10% 500°C, 24 h
18 87C0°C, 30Min 20% 500°C, 24 h
19 87C¢°C, 30Min 10% 540°C, 24 h
20 87C¢°C, 30Min 20% 540°C, 24 h
21 89CrC, 30Min 10% 500°C, 24 h
22 89CrC, 30Min 20% 500°C, 24 h
23 89CrC, 30Min 10% 540°C, 24 h

24 890°C, 30Min 20% 540°C, 24 h
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The fracture behavior was planned to be studidfiTa{~25°C) and 300°C, by obtaining samples
from each stage of the thermo-mechanical processimg after SHT, after cold working of the
SHT material and after vacuum aging of the coldk@drSHT material. Both fracture initiation
and fracture propagation parameters were plannedetaletermined, according to the ASTM
E1820-11 standard. A comparative study to assessfluence of different analysis procedures
on the fracture toughness parameters was alsorpwtb For this, fracture toughness parameters
were examined using '‘Basic Test' and 'ResistanceeCmethodologies. The same set of test data
were also analysed as per ISO 12135 standard aalgcedure, to show the influence of test
standard on derived toughness parameters. In thris, Wacture toughness examinations were also
accompanied by tensile properties, microstructphase analysis (volume fraction, morphology
and composition), crystallographic texture, and Skttography studies to understand the
fracture behavior. Finally, an attempt was maderdtionalize the fracture behavior with

microstructural and fractographical observations.

1.4 Structure of Thesis

This thesis contains seven chapters entitled Iotton (1), Literature review (2), Experimental
procedures (3), Influence of solution heat treatnpemameters on fracture behavior of Zr-2.5Nb
alloy (4), Influence of degree of cold working omdture behavior of solution heat treated Zr-
2.5Nb alloy (5), Influence of aging temperaturef@cture behavior of cold worked-solution heat
treated Zr-2.5Nb alloy (6), Conclusions (7) and @gxdor future work. Brief contents of these

chapters are presented as under.

Thesis begins with introduction chapter, which cagneges with introducing reader about the
structural integrity challenges of Zr-2.5Nb allogegsure tubes and highlights the importance of

fracture behavior for their safe operation. Varidabrication routes practiced by different
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countries for the manufacture pressure tubes d@redunced. Subsequently, the WQA fabrication
route and variability associated with its final gga; SHT, cold working and vacuum aging
followed by different countries throughout the wbdre briefly discussed, which motivated the
present study. Subsequently, the objective to sthdyinfluence of TMP parameters associated

with aforementioned stages on fracture behaviaréf.5Nb alloy is described.

Second chapter presents the summarized view oftlilee concerning to Zr-2.5Nb alloy and its
structural integrity issues. This is followed byligcussion on various life limiting factors of the
Zr-2.5Nb alloy pressure tubes, under which in-r@achallenges such as dimensional changes and
degradation of mechanical properties including tireec behavior are described. Subsequently,
manufacturing of pressure tubes through differabti€ation routes are discussed, under which
fabrication routes viz., CWSR, CWA, WQA and GCA ardividually described. In this respect,
major emphasis is given to WQA route and the inguaré of its associated TMP stages; SHT,
cold working and vacuum aging is highlighted. Ayabased on review, limitation of literature is

pointed out, which motivated the present study.

Chapter three describes various experimental ptsesdollowed during the course of work. The
chapter first introduces the as-received Zr-2.5Nésgure tube material, over which different
thermo-mechanical treatments were given. Subselguaht methodology of determining-
transus temperature of this material and the pteoes undertaken are described, which
subsequently formed basis for selecting the SHTp&atures for present work. Procedures of the
three thermo-mechanical treatments; SHT, cold wgrkand vacuum aging are subsequently
individually described. The procedures of microstuual examinations such as metallography
using optical microscopy and Transmission Electvbaroscopy (TEM), crystallographic texture
using X-ray diffraction, Nb partitioning within priaryo anda' phases using Electro Probe Micro

Analyzer (EPMA) and Nb assessment of the finprecipitates formed in aged materials from
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carbon extraction replica are described individuabubsequently, procedures of mechanical
testing performed including tensile testing, mibiardness and fracture toughness examinations
along with the fractographic examinations conductiesbugh Scanning Electron Microscopy

(SEM) are described individually.

Chapter four describes the influence of SHT pararsetiz., soaking temperature within 850-
890°C domain and duration within 15-30 min domaim feacture behavior of Zr-2.5Nb alloy.
Influence on the microstructural features compgsitetermination of primary volume fractions
and primarya and o’ grain sizes using optical microscopy, basal ptEgture using X-ray
diffraction and Nb partitioning using EPMA examiioais is presented initially, which is followed
by the comprehensive study on the mechanical ptiegessuch as micro-hardness, tensile
properties and fracture toughness. The influenadiftdrent evaluation methodologies of fracture
toughness parameters is presented, which inclugleotk of single specimen (Resistance Curve)
and multi-specimen (Basic Test) methods. Influeatalifferences in the analysis procedures,
suggested by the ASTM and ISO standards on fractwghness parameters, is also presented.
Subsequently, a comprehensive study of the fragpdgc features at different locations studied

using SEM and their correlation with the observagits presented.

Chapter five describes the influence of degreesotaf working, 10 and 20 % on fracture behavior
of Zr-2.5Nb alloy, solution heat treated from di#fat soaking temperatures (850-890°C) for
different soaking durations (15 and 30 min) foll@A®y water quenching. The chapter begins with
describing the influence on the microstructuraltdess including microstructure gradient in the

vicinity of free surface through optical microscopyd the evolution of basal pole texture through
X-ray diffraction examinations. Subsequently, iefhce of degree of cold working on the

mechanical properties; micro-hardness, tensile gotmgs and fracture toughness of solution heat

treated Zr-2.5Nb alloy is presented. A study of ffaeture surface of broken C(T) specimens is

10
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illustrated, which comprises the quantitative assesnt of fracture surface areas through image

analysis approach and fractographic investigatatrsfferent locations using SEM.

Chapter six describes the influence of aging teatpees, 500 and 540°C on fracture behavior of
Zr-2.5Nb alloy, having variable cold working andwtmn heat treatment histories. The chapter
begins with illustrating the influence on microstiure features, showing the fine precipitations of
B-Nb and B-Zr phases during the aging at respective 500 a#@°® for 24 h duration.
Subsequently, influence of aging treatment on ts&abpole texture of cold worked-solution heat
treated Zr-2.5Nb alloy is described. Followed bisthnfluence on the mechanical properties
covering micro-hardness, tensile properties andtdra toughness parameters is discussed.
Subsequently, a comprehensive study to examinmfilaence of different analysis methodologies
recommended by ASTM and ISO standards on the feadtughness parameters is presented. A
comparison of the fracture behavior of Zr-2.5Nbowylunder WQA and CWSR conditions is
presented. A study of the fracture surfaces of &mo&(T) specimens through an image analysis
approach is discussed to illustrate the changeapastionate flat region of the fracture surfaces.
Subsequently, a study of the fractographic featuaésdifferent locations through SEM
examinations is presented. Finally, an optimum TinBeory of WQA Zr-2.5Nb alloy is suggested

to assure its structural integrity in terms of ftae behavior.

Finally, chapter seven summarizes the influenc@MP parameters associated with SHT, cold
working and vacuum aging stages of WQA route owtine behavior of Zr-2.5Nb alloy and
brings out the optimum TMP parameters for the trectoughness view point of WQA Zr-2.5Nb
alloy. Additionally, the chapter also concludes th#fuence of different analysis procedures on

fracture toughness parameters of Zr-2.5Nb alloyeutioe three TMP conditions.

Chapter seven is followed by the suggestions fersttope of future work, arising from the present

study. The scope includes study of the creep behafi WQA Zr-2.5Nb alloy, influence of

11
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hydrogen concentration on the mechanical propedid&QA Zr-2.5Nb alloy, 'Delayed Hydride
Cracking' (DHC) velocity examination of WQA Zr-2.BNalloy, Examination of the corrosion
resistance of WQA Zr-2.5Nb alloy, to investigate tbusceptibility of this material for heavy
water and zirconium metal corrosion reaction, amel influence of irradiation on mechanical

properties of WQA Zr-2.5Nb alloy.

12



CHAPTER 2
LITERATURE REVIEW

This chapter summarizes the literature on Zr-2.%2Nby, its utility as pressure tube structural
material, pressure tubes structural integrity @magjes, their manufacturing, fracture behavior and
various fracture behavior evaluation methodologi®#sapter commences with an overview of Zr-
2.5Nb alloy and basis of its selection for pressule application. This is followed by a detailed
discussion of various life limiting factors of Zr&8\b alloy pressure tubes, under which in-reactor
challenges such as dimensional changes and degradzt mechanical properties including
fracture behavior are individually described. Syjsatly, the phase diagram of Zr-Nb system is
described. Followed by this, a detailed descriptidrnvarious fabrication routes employed for
pressure tube manufacturing; CWSR, CWA, WQA and A€ Aresented. In this respect, major
emphasis is given to WQA route and the importanicésofinal TMP stages viz., SHT, cold
working and vacuum aging is illustrated. Subseduenbe essence of fracture behavior for
structural integrity of pressure tubes and its eatbn procedures are discussed. Finally, based on

review, limitation of literature is pointed out, iwwh motivated the present study.

2.1 Zr-2.5Nb Alloy for Pressure Tube Applications

Zirconium serves as the base element for variougtstal materials of a commercial nuclear

reactor, primarily because of having lower neutbsorption cross-section and superior corrosion
resistance in aqueous medium [13-18]. Its princigaplication areas include cladding tubes

(commonly known as, 'fuel tubes’) of light (LWRsdaeheavy water reactors (HWRs) and pressure
tubes, calandria tubes and garter springs of HWRsdate, a number of zirconium based alloys

have been developed, which can be broadly cladsifi® two categories, ‘Zr-Sn’ alloys and ‘Zr-

Nb’ alloys. The ‘Zr-Sn’ alloys comprise Zircaloy-Zjrcaloy-2, Zircaloy-3 and Zircaloy-4; while
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the ‘Zr-Nb’ family comprises Zr-1Nb, Zr-2.5Nb and-Z.5%Nb-0.5%Cu alloys. Out of these
zirconium alloys, only few including Zircaloy-2, i€aloy-4, Zr-2.5Nb, Zr-1Nb and Zr-2.5%Nb-

0.5%Cu have found their place for nuclear applwej as shown in Table 2.1.

Table 2.1: Applications of different zirconium alas nuclear structural materials [13,19].

Alloying Elements Application
Zr & other
) alloying
Zr-Alloys | g0l Fe| cr| Ni | Nb| cu| additions HWR LWR
and
impurities
Fuel cladding,
Zircaloy-2 | 1.5| 0.120.10{0.05| - | - Pressure | c ol cladding
Balance tubes,
Calandria tub€
Fuel cladding,
) Pressure .
Zircaloy-4 15| 0.220.10| - - - Balance tubes. Fuel cladding
Calandria tube
Zr-2.5Nb - - - - 2.5 - Balance Pressure tubes -
Fuel cladding
Zr-i%Nb | - | - | - | -] 1] - . i SOMe
Balance Russian
reactors
Zr-2.5%Nb- .
0.5%Cu - - - - 2.5| 0.5 Balance Garter Springs -

The Zr-Nb alloys were primarily developed by Russiavho investigated these alloys with up to
5 wt% Nb and found Zr with 1 wt% Nb suitable foefuube applications and Zr with 2.5 wt% Nb
suitable for pressure tube applications [19]. The ®t% Nb alloy of zirconium (commonly

known as, 'Zr-2.5Nb' alloy) had several advantayyes Zircaloy-2, which was used earlier for the
pressure tube applications. The major advantag&re.5Nb alloy was its superior creep
resistance, and other advantages include its higtrength [19,20] and lower absorption of
hydrogen/deuterium [20] generated from the cormsieaction of heavy water coolant with
zirconium metal. The Zr-2.5Nb alloy, having ~20%ler strength as compared to Zircaloy-2

[19,20] is advantageous, since the pressure tulbee imy the former alloy are relatively thin. The
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fuel channel data of Indian Pressurized Heavy WReeactors (IPHWRs) [20] shows that the
pressure tubes of Zircaloy-2 used in earlier 220 &HWRs had nominal wall thickness of 4.03
mm, however, the modified pressure tubes made -@2b alloy had nominal wall thickness of

3.5 mm.

Furthermore, during reactor operation, the Zr-2.5allby pressure tubes as compared to
conventional Zircaloy-2 pressure tubes showed Idwelrogen/deuterium pickup rate. Moreover,
with continuous reactor operation, this pickup atFeased with much lower rate as compared to
that of Zircaloy-2 [20]. Since, during reactor ag@wn, corrosion of zirconium metal with
light/heavy water results in the generation of easdydrogen/deuterium, which on subsequent
absorption in zirconium based alloys, causes hyaragnd hydride induced embrittlement [21].
Therefore, it has always been a prerequisite toimime such hydrogen/deuterium pickup for
ensuring the structural integrity of reactor comgruis. Because of showing lower absorption of
hydrogen/deuterium, the Zr-2.5Nb alloy, in contrasEircaloy-2 proved to be less susceptible to

hydrogen/hydride induced structural integrity peshk.

Because of the aforementioned advantages, Zr-2dl replaced Zircaloy-2 and is currently
being extensively used as the pressure tube matetVRs. The design lives of such Zr-2.5Nb
pressure tubes are far higher (30 years) thanofnidie conventional pressure tubes of Zircaloy-2

(15 years) [20].

2.2 Structural Integrity Challenges for Zr-2.5Nb Pressure Tubes

Pressure tubes constitute the most important coergsrof a nuclear reactor. The schematic view
of the pressure tubes inside a nuclear reactdrag/s in Figure 2.1 (a). During reactor operation,
pressure tubes face complex environments includirsgliation produced during the nuclear

fission reaction and absorption of deuterium geeerfrom the corrosion reaction of heavy water
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coolant with zirconium metal. These environmentsseadegradation in the mechanical properties
of pressure tubes, resulting in the structuralgntg challenges for the tubes [22]. In additidme t
operating pressure tubes exhibit continuous dinoaasichanges, which also impose limitation for

their operation till the designed life.

The life limiting factors of an operating pressuubde can therefore be broadly classified into

following two categories and are being discussdsdasguently.

1. In-reactor dimensional changes

2. Mechanical behavior degradation

2.2.1In-reactor Dimensional Changes

During reactor operation, pressure tubes undergdiramus dimensional changes comprising
sagging, axial elongation and diametral expansidrese in-reactor dimensional changes of the
tubes are primarily the consequences of the threehamisms viz., thermal creep, irradiation
growth and irradiation creep. Following sectionsatie these mechanisms and their outcomes,

in terms of individual dimensional changes of thesgure tubes.

I. Thermal Creep

The thermal creep (sometimes simply known as ‘¢jaspa time dependent deformation of a
material in the presence of a constant elasticitgadnder isothermal condition. Creep is the
function of temperature and applied magnitude k#sst Under ambient condition, in general the
creep rate of a material is too small to measumyeler it increases with temperature.
Additionally, creep rate also increases with thegni@de of applied stress. The creep of a
material at higher temperature/at higher stresspcated with a higher rate of deformation, is

commonly known as ‘accelerated creep'.
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During operation of PHWR220, pressure tubes caevit water as the primary coolant, at ~10
MPa pressure and ~300°C temperature. Because sfysieed heavy water, pressure tubes face
hoop and longitudinal stresses, which cause crédpedube and lead in the continuous diametral

expansion and elongation of the tube during reamperation.

[I. Irradiation Enhanced Dimensional Changes

During reactor operation, pressure tubes are exptms@eutron irradiation with an approximate
flux of 3.7x10> n/cnf/s and fluence of 3x£® n/cnf up to 30 years of design life [20]. This
irradiation enhances the creep rate of pressumstthrough the two modes; ‘irradiation growth’
and ‘irradiation creep’, and plays an importaneroi governing their operating lives. ‘Irradiation
growth’ represents the constant volume dimensichahges in pressure tube material caused by
irradiation in the absence of any applied stre8$. [Phis type of dimensional changes is primarily
caused by the selective absorption of vacanciesraarstitials along some of the crystallographic
planes within the material. The second importantienby which irradiation enhances dimensions
of the pressure tube is through ‘Irradiation creggiich represents the constant volume and stress
dependent dimensional changes under irradiatioditon [23]. The total dimensional change of
an operating pressure tube is, therefore, the amedboutcome of the changes associated with

thermal creep, irradiation growth and irradiatioeep mechanisms.

The early pressure tubes installed in the firseseNPHWRs and CANDU (‘CANada Deuterium
Uranium’) reactors were unable to survive up toirtd® years designed lives [20]. This was
chiefly because, at that time irradiation enhand®densional changes of the pressure tube were
unknown and the predictions of dimensional chawge® exclusively based on the experimental
data obtained from the out of reactor creep testivigch resulted in having insufficient design

allowances for 15 years of their operation. Later empirical relationships based on the
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periodical observations of tubedimensional changes [20kere developecto enhance the

accuracy of prediction.

In-reactor dimensional changetan operatingressure tube can be classified ithe following

three categories:

I. Sagging

During reactor operation, the pressure tubes stwelea the spacers, i.e., garter springs whict
fitted over themto prevent their contact with the surrounding carice cooler calandria tubes
[20]. In order to reducsagging between the spacers, ners of spacers have been increased -
two (as in the earlier tubes) to folin addition, the convention&bose fit garter springs hatoo
been replaced by the tight fitted garter spr to prevent change of its position during reau
operation. In ddition to sagging between spacethe whole fuel channels have also reportt
sagged during operatipmesulting in the corresponding saggiof the pressure tubes contai
within it, leading in the furtheenhancement of their sagged curvatyeesillustrated in Figure
2.1 and 22). Such fuel channel saggiis the consequence of the creguse b the dead weights

of fuel bundles & coolantontained within and also, self weighttf channel itsel
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Calandria Tube

Horizontal Reactivity
Control Mechanism
slide Tube

Figure 2.1: (a) Schematic illustration of the laoatof pressure tubes inside a nuclear reactor, and
(b) Schematic illustration of a sagged fuel chartheing reactor operation and position of the

reactivity control mechanism beneath it to prevenéxcessive sagging [20].

Such tube sagging has not been observed to impedeassage of fuel bundles and, therefore, is
also not a barrier for thirty years of tube’s desd life. As a precaution, a reactivity control

mechanism is provided below each of the fuel chisnteeprevent the extensive sagging (Figure
2.1 [20]). Also, periodic monitoring of the gap Wween the fuel channel and the reactivity control

mechanism is usually performed, especially in #s¢ half period of the designed life.

ii. Axial Elongation

As discussed earlier, during reactor operationptiessure tubes carry heavy water as the primary
coolant at ~10 MPa pressure and ~300°C temperaiime.axial stresses developed within the
pressure tubes because of pressurized heavy waise ¢heir elongation (Figure 2.2), through
thermal creep (as described in Section-2.2.1-Idif@hally, because of the irradiation, creep rate
gets accelerated through irradiation growth anddiation creep mechanisms (as described in
Section 2.2.1-1l). Therefore, the total elongatioha particular pressure tube is a combined

outcome of the thermal creep, irradiation growtd aradiation creep mechanisms [20]. Pressure
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tube elongation is one of the life limiting factalsring reactor operation, since it reduces the
space at both of tube’s ends leading in the intenige of the feeder pipes and other associated

structural components attached at tube’s ends.

The elongation of a pressure tube, in general asae linearly with the operation tim24].
Richinson et. al. [24] and Causey et. ab|[showed that the elongation rates of differenspuee
tubes of a CANDU reactor has considerable scatiién, the maximum elongation rate close to 5
mm/year. This rate is much higher than the antiegbdube elongation rate during the design of
the earlier CANDU and Indian pressure tubes, bexafisvhich the early pressure tubes were not
able to survive up to thirty years of their desigjtiee. Considering this, all of the current CANDU

pressure tubes have at least 75 mm bearing spaothadf their endsZ4].

lii. Diametral Expansion

During reactor operation, the hoop stress developétin pressure tubes because of the
pressurised heavy water passing through it, prignegsults in their diametral expansion, Figure
2.2 (a). Such diametral expansion may cause th&acbhetween the hot pressure tube and the
surrounding cooler calandria tube. This, therefooeild lead to the formation of cold zone at the
contact location, which hence results in the higgrmal gradient near the contact location. Such
high thermal gradient may cause the migration ofiteléum/hydrogen towards the contact
location, which after exceeding the solubility lirmay cause the formation of ‘hydride blister’ at
the contact location [26,27]. The hydride blistemy brittle in nature, in the presence of suffitie
tensile stress field could crack and, thereforey mesgult in the unstable failure of the pressure
tube. In addition to hydride blister formation, #m&r important reason for limiting the pressure
tube’s diametral expansion is the thermal hydrautiensideration of avoiding fuel bundle bypass
by the pressurized coolant and structural integragsideration to prevent pinching of calandria

tubes by garter springs. Therefore, diametral esipanof pressure tubes is one of the important
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life limiting factors for their safe operation. kigg 2.2 (b) shows the operating performance
(diametral strains) of the pressure tubes fabritateng various routes as a function of the fluence
level. As can be seen from this figure [2,11] tiiet tubes manufactured following the heat treated
fabrication routes, especially TMT-2 and the rolaiéowed for the Fugen pressure tubes showed

lower diametral strains, and therefore better dpeggperformance.

Before Operation (a)
A
v @ @ Axial
Diametral Elongatio
Expansion During Operation

10

—_

0.03

(b)

0.02 Pilgered/CW-A
TMT-1

0.01 cw

FUGEN/TMT-2

Diametral strain

0.00 —T 1 =T d T v — —
0 1 2 3 4 5 6 7 8

Fluence/10” n.m™*(E>1 MeV)

Figure 2.2: (a) Schematic illustration of the threeeactor deformation modes of an operating
pressure tube viz., sagging, axial elongation aiagnetral expansion [18], and (b) Operating

performance (diametral strains) of the pressureddabricated using different routes [2,11].
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Ells et al. P8 showed that for CANDU pressure tubes, the destjpwance for diametral
expansion is 5% of the initial pressure tube di@mefhe CANDU pressure tubes showed their
diametral expansion rates close to 0.1 mm/y24]. In the recent pressure tubes, garter spring
spacers of reduced diameter are being used, whiaVide sufficient space for the diametral
expansion without squeezing the garter spring batwihe pressure tube and the surrounding

calandria tube [20].

2.2.2 Mechanical Properties Degradation

During reactor operation, the pressure tubes facgptex environments including irradiation and
absorption of hydrogen/deuterium produced fromdreosion of zirconium metal with the heavy
water. These typical reactor environments degradertechanical properties of the pressure tubes,

and being discussed in detail in the following e,

I. Degradation from Hydrogen/Deuterium Ingress

As mentioned earlier that the pressure tubes inckear reactor serve as containment channels for
heavy water coolant at ~10 MPa pressure and 30&fpdrature. Under such operating condition,
heavy water reacts with zirconium metal, which é&al the generation of nascent deuterium. A
portion of this deuterium is absorbed by the pressube, which after exceeding the Terminal
Solid Solubility (TSS) results in the formation déuteride (commonly known by its isotopic
name, ‘hydride’) in the shape of plates. The alsampof deutrium both in the form of solid
solution and also hydride, induces embrittlemengressure tube, resulting in the drastic reduction
of its fracture toughness. The former form of emtlement is called 'hydrogen embrittlement’,
while later form of embrittlement is called 'hydgicembrittlement’ [21]. Therefore, deutrium
absorption induced from the reaction of heavy watslant with zirconium metal imposes the

structural integrity challenge for the pressurestib
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The hydride embritlement can be classified into tmajor categories viz., gross embrittlement and
localized embrittlement, depending on the influehoegion of emrbittlement. Hydride is a brittle
phase, and therefore its presence beyond a critotame fraction causes overall reduction in the
fracture toughness of pressure tube material. Tyge of hydride embrittlement is commonly
known as 'gross hydride embrittlement'. The seabasks of hydride embrittlement is the 'localized
hydride emrbittlement’, which is caused by the bgén migration under thermal and/or
hydrostatic stress gradient. Once the local hydrogmid solubility is exceeded brittle hydride
precipitates out. The brittle hydride undergoehifaiin an unstable manner under the presence of
a critical tensile stress field. Such crack prop@agadoes not occur continuously, rather in steps,
which individually are delayed by certain time lgguch delay for the crack propagation is
because of the time required for stress gradiehtaed deuterium migration towards crack tip and
the time required for the subsequent formation ofical size hydride. Such phenomenon
involving the discontinuous crack propagation, imaged from the brittle failure of hydride, is
commonly known as ‘Delayed Hydride Cracking’ (DHR),29-38]. DHC is a form of 'localized
hydride emrbittlement'. DHC process is principaharacterised in terms of the velocity of crack
propagation, symbolized asp\:' [35]. For pressure tube's structural integritinpof view, a low
Vpuc Is always desirable. 34c of pressure tube material is a function of theckrdriving force
represented by the stress intensity factor at thekctip (symbolized as K Below a threshold
value of the stress intensity factork Vouc becomes negligible, which therefore suppresses the

DHC process.

Zr-2.5Nb alloy pressure tubes exhibited comparableosion rates as that of the conventional
Zircaloy-2 pressure tubes [20]. However, Zr-2.5Nlbyapressure tubes showed lower hydrogen

pick up rate during reactor operation [20]. Funthere, the DHC velocity of Zr-2.5Nb alloy is
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higher as compared to that of Zircaloy-2 pressubes, because of the higher strength of former

material [19,20,36].

Improvements in the fabrication procedures of ZANh alloy pressure tubes have reduced the
possibilities of hydrogen/hydride embrittiement. éOaf such improvements was in the ingot
preparation stage, wherein the number of alloyimgkteps was increased from two to four. Such
increase in the number of alloy melting steps cduseduction in the impurity element
concentration such as hydrogen, chlorine, phospisoretc. within the ingot, which consequently
improved the fracture toughness of as-fabricatedsgure tube material. In contrast to
conventional double melted Zr-2.5Nb pressure tufgesitaining 5-15 wt. ppm hydrogen), the
guadruple melted pressure tubes contain hydrogeceatration of <5 ppm [39,40]. Furthermore,
the concentrations of other impurity elements sasshphosphorous (<10 ppm) and chlorine (<0.5
ppm) are also lower in the quadruple melted mdtefach reduced concentrations of impurity
elements in quadruple melted pressure tubes hawensltonsiderable improvement in their

fracture toughness [41].

[I. Irradiation Induced Degradation

During reactor operation, pressure tubes are exptzs@eutron irradiation with an approximate
flux of 3.7x103° n/cnf/s and fluence of 3xFOn/cnf up to 30 years of design life [20]. Irradiation
induces damage in the microstructure of pressupbe tuaterial and causes degradation of its
mechanical behavior. The major impacts of irradmatn pressure tube material include increase
in its strength and reduction in its ductility &afiture toughness. Increase in strength, caused by
irradiation, affects the DHC characteristic of m@® tube material; such that with continuing

operation, pressure tubes become more and moreilde to DHC failure, due to corresponding
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increase in Yuc. Such strength-Mc correlation follows a thumb rule, as per whichne tfold

rise in yield strength results for ~30 fold incre@s Vpuc [36].

The operating performances of earlier Pickering &ndce units showed that the mechanical
behavior degrades only upto certain level of imfdn fluence and subsequently remain
practically unaffected [40,41]. The variation oftidlate Tensile Strength (UTS) and fracture
toughness QCL parameter) with irradiation (as shown in Figurd)2espectively suggested the
influence upto ~ 1.5x¥9 and 2.5x1& n/n? fluence levels [40] under which UTS increased by

33% andCCL decreased by ~ 50%.
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Figure 2.3: Influence of irradiation fluence on (#jimate Tensile Strength, UTS and (b) fracture

toughness@CL parameter) of Zr-2.5Nb pressure tubes of Pickeaimd) Bruce units [41].

In terms of LBB criteria (as discussed in Sectiah Chapter 1), trend @@CL parameter suggests
that initially, the pressure tube has large safietlygin between LBB and rupture failures, however
with continuing operation, such margin reduces sutatsequently saturates, resulting in eventually

the higher probability of tube rupture.

Though, the degradation in mechanical propertie®pdrating pressure tubes has not been a
critical life limiting factor for 30 years of thenesigned life [41], it is desirable to improve the

mechanical behavior, so as to further reduce tissipiity of tube rupture.
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2.3 Zr-Nb Phase Diagram

The phase diagram of binary Zr-Nb system is shawfigure 2.4. Zr-Nb system comprises three
equilibrium phases vizg-Zr, B-Zr andp-Nb. Thea-Zr phase is a substitutional solid solution of
Nb in Hexagonal Closed Packed (HCP) Zr, with extrlgniimited equilibrium Nb concentration
(maximum 0.7 wt. % at 620°C). THeZr phase is a substitutional solid solution of INBody
Centred Cubic (BCC) Zr, having a maximum equilibritdb concentration of 19 wt. % at 620°C.
The B-Nb phase is a substitutional solid solution of INBBCC Zr, having very high equilibrium
Nb concentration varying from 92.2 to 100 wt. %eTdlloy having upto 0.7 wt. % Nb comprises
single a-Zr phase region upto gtransus temperature of 866°C and above it sH®&s phase.
With reference to present work, i.e., alloy contagn2.5 wt. % Nb shows first transformation at
620°C, from the two phase-¢r + f-Nb) regime to ¢-Zr + B-Zr) regime. In this transformation,

the-Nb phase dissociates inteZr andp-Zr.

In Zr-2.5Nb alloy, 844°C represents the secondsfaamation temperature (commonly known as
‘B-transus temperature’), at which the two phas&r(+ -Zr) regime transforms to singlgZr
phase regime. Here, it is important to note thaftiransus temperature of the alloy is a function
of the impurity elemental concentrations withinTihe B-transus temperature of Zr-2.5Nb alloy is
a strong function of its oxygen concentration, &itbws a thumb rule, as per which within an
oxygen concentration of 1000 ppm, every increasel®@y ppm results for 7°C increase fin
transus temperature. However, opposite to oxygen, nreduces th@-transus temperature. Alloy
having 19 wt.% Nb shows the mono-eutectoid tramsédion of ¢-Zr + f-Nb) to single phasg-

Nb region at 620°C.
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Figure 2.4: Phase diagram of binary Zr-Nb syste#j.[4

2.4 Fabrication of Pressure Tubes

As introduced in Section 1.1, Chapter 1 that priégethe Zr-2.5Nb pressure tubes are being
fabricated following different routes throughouetivorld. These fabrication routes include '‘Cold
Worked and Stress Relieved' (CWSR) route emplogedrfdian and CANDU PHWRs; 'Cold
Worked and Annealed' route employed for all Rus&#&tWRs (‘Reaktor Bolshoy Moshchnosti
Kanalniy’, Russian PHWRSs) of 1000 MWe capacity; t&/¥aQuenched and Aged' route employed
for the Japanese PHWR (‘Fugen’), Pakistani PHWRNWRP, Karachi Nuclear Power Plant) and
Russian PHWRs (RBMK, Ignalina-1) of 1500 MWe capgand 'Gas Quenched and Aged' route
for the RBMK 1500 MWe, Ignalina-2 reactor [1-4]. 8% fabrication routes are being discussed

in detail as follows.
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2.4.1 Cold Worked and Stress Relieved Route

The ‘Cold Worked and Stress Relieved’ route wagioally developed for fabricating the
Zircaloy-2 pressure tubes of Hanford reactor at Mraggon. In year 1962, for the first time,
Canadians used similar Zircaloy-2 pressure tublescited using the CWSR route for their first
CANDU reactor, Nuclear Power Demonstration (NPD)2@f MWe capacity. Later on, CWSR
route was used for fabricating Zircaloy-2 pressutees of the subsequent CANDU reactors viz.,
Douglas Point (200 MWe) and 500 MWe Pickering A&2). Subsequently, Canadians replaced
Zircaloy-2 with Zr-2.5Nb alloy for pressure tubékhis replacement was done because of the
several advantages of Zr-2.5Nb alloy over Zirce2oguch as superior creep resistance, higher
strength and lower absorption of hydrogen/deuteuming reactor operation (as discussed earlier
in Section 2.1). In year 1971, for the first tim@anadians used Zr-2.5Nb alloy pressure tubes
fabricated using the CWSR route in Pickering A (3% Later on, Zr-2.5Nb tubes under CWSR

condition were used in almost all the subsequemMiBW reactors and are still in operation.

The CWSR route comprises several fabrication stagelkiding ingot preparation through
multiple vacuum arc melting cycles, hot working rphase field for breaking down the cast
structure, log machining & preparation of hollovildds, beta quenching of billets, hot extrusion of
billets in two phaseatZr+3-Zr) field, cold working and the final autoclavitigatment. Figure 2.5
shows the comparison of Indian CWSR route [3] @uotlly being followed at Nuclear Fuel
Complex (NFC), Hyderabad [35]) and Canadian CWSRitero(commonly known as
‘Conventional route’) [43], highlighting differensan modes of hot working for breaking of the
ingot’s cast structure, reduction ratios followeadtridg extrusion, modes and degree of imparted
cold work. Different stages of CWSR fabrication tesiof Indian and Canadian pressure tubes are

being discussed below in detalil.
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Figure 2.5 CWSR fabrication routes, presently geiemployed for the pressure tubes
manufacturing of IPHWR220 and CANDU reactors [3].
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[. Ingot Preparation

Ingot preparation is the first stage of tube fadticm, which comprises melting of Zr-2.5Nb alloy
in a consumable electric arc furnace followed bstiog in cylindrical shape [20]. As discussed
earlier (in Section 2.2.2-1), multi stage alloy th&y is being practiced to minimize the impurity
concentrations in the ingot and therefore, in Hiwitated pressure tube. In addition to adjustment
in the number of melting cycles, modification iesdion of the raw materials has also ensured the
lower carbon content, which contributed to imprabe fracture toughness of the fabricated
material. The major impurity elements, which aruenced by the multiple stage of melting are
chlorine, phosphorous and hydrogen. Presence sé tingpurity elements in the pressure tube has
reportedly [44,45] proven their adverse influenceits fracture toughness through the formation
of low energy facets and fissures. Earlier, the@inged to be prepared following a double melting
step, under which it was melted twice with an imtediate cooling stage followed by casting. This
double melting step, as compared to single metadgced the concentration of impurity elements
to 5.5-8 ppm chlorine and 5-15 ppm hydrogen [45]view of further reducing the concentration
of these impurity elements, so as to improve thetfre toughness of as-fabricated pressure tube
material, the two stage melting was later on regaday four stage (quadruple) melting, in addition
to the use of selected raw materials. In cont@sbhventional double melting step, the quadruple
melting step confirmed the lower impurity concentna within pressure tube, having less than 0.5
ppm chlorine and less than 5 ppm hydrogen [45].hSogprovements caused around two fold
enhancement in the fracture toughness of as-fabdgaressure tube material [45]. This is why,

the quadruple melting step is being extensivellpfeéd during the ingot preparation.
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[I. Break Down of Cast Structure

The cast structure of ingot, in general, exhibéghogeneity in terms of grain morphology, its size
and chemical composition. In the vicinity of ingairface, because of experiencing the highest
cooling rate, grains are usually finer in size aedsonably equiaxed in shape. However, at the
inner section of ingot, because of experiencingtingdly lower cooling rate, grains are relatively
bigger in size with major dimension parallel to theat flow direction leading in their columnar
morphologies. The inhomogeneous chemical compaositib ingot can be understood as the
consequence of the difference in solid solubilitefssolid and liquid phases because of the
corresponding dissimilarities in the cooling rafEsese microstructural heterogeneities lead to the

non-uniform mechanical properties of ingot.

The main reason for breaking the cast structute make the ingot amenable to working during
subsequent fabrication steps. In addition, casticiire breakdown also creates uniform
microstructure for ensuring the uniform mechanipadperties [20]. The breakdown mode, its

degree and associated strain rate influence thei@inod structure breakdown.

In the CWSR fabrication routes of Indian 220MWesdsitand Canadian tubes, the cast structures
are being broken while preheating the ingots imgle phasep-Zr regime at 1000°C. These two
routes, however, have differences in the modegeadking the cast structure. In the Indian route,
cast structure is being broken through extrusiohijlevin the Canadian route, press (rotary)
forging is being used for breaking the cast stmgctuAdditionally, the recently fabricated
prototype pressure tubes to be used in future IPEVKRPS (Units 3 & 4) and RAPS (Units 7 &

8) of 700MWe capacities were manufactured by emptpyotary forging, similar to the Canadian

route [46].
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lll.  Log Machining and Billet Preparation

After cast break down, the logs are cut into sestiand subsequently machined in the form of
hollow billets. Finally, the surface oxide layerrted on the billet surface is removed to reduce

the oxygen concentration and also to ensure b&itéace finish.

V. Beta Quenching

To randomise the crystallographic texture, bill@ts heat treated at 1000°C for 30 min followed
by water quenching in both the Indian and Cana@#/SR routes [3]. This quenching treatment,
is performed in single phasgZr regime, and is commonly known @squenching'-quenching
results in the martensitic transformationpeZr phase, therefore eliminates the previous thermo
mechanical treatment history by creating a sindlasp microstructure. In addition to texture
randomizationp-quenching also ensures much superior chemical genety and grain structure

refinement for achieving better mechanical strength

Srivastava et al. [3] showed that syglyuenching produces martensite, which comprisel bot
coarser and finer plate sub-structures, as shoviguare 2.6. Thed-Zr phase first transforms to
the acicular martensite having coarser plates abdegjuently the autocatalytic nucleation results

in the generation of the finer plates between tiv@gry coarser plates [3].

Coarser martensite plates

e | & 4 ‘,ﬁf Intermediate region of
_— 2 :g" finer martensite plates
‘aﬁ%‘m m% hq‘qs,.\ a

“"M

e} u s P
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Figure 2.6: Microstructure df-quenched Zr-2.5Nb billet comprising primary (ce&grsartensite
plates after initial stage of transformation duripgta quenching treatment and later generation,

finer martensite plates obtained at final stageet& quenching [3].
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V. Hot Extrusion

After beta quenching, billets are hot extrudedvio fphase a-Zr+p-Zr regime. The Indian and

Canadian CWSR fabrication routes follow analogaxisusion temperatures, 800°C (Indian) and
817°C (Canadian), however with considerably diffiérextrusion ratios. In the Indian route, billets
are extruded at ~8:1 ratio, while in the Canadiaute, billets are extruded at relatively higher
ratio (11:1). Furthermore, Indian and Canadian usldd billets also have differences in the
cooling mediums, such as water spraying employednidian billets as compared to air cooling

employed of CANDU billets [3,47]. Cheadle [47] shexvthat the Canadian’s way of extrusion
has been recently modified, wherein the prehedtingace (gas medium) was replaced to electric

to minimise the hydrogen pickup.

Hot extrusion stage plays an important role in gowvg the microstructural features of the tube
such as stacking arrangements of phases, grair&ksmerphology, and crystallographic texture.
Therefore, hot extrusion stage has a strong infleeon the final microstructure of as-fabricated

pressure tubes.

Extrusion deformsi-Zr grains and arranges them in the form of lond #nn stringers, having
much thinner stacking of-Zr grains in between-Zr stringers, as shown in Figure 2.7 (a).
Cooling from extrusion temperature results in thierfation of two categories ofZr phases viz.,
oxygen enrichedr-Zr and oxygen depleted-Zr [12,47,48]. Here, it is important to note that
oxygen constitutes as an alloying element of ZNB.Jressure tube material to provide the
necessary strengthening effect and is specifiedinvi®00-1300 ppm levels. In Zr-Nb system,
oxygen acts ag-Zr stabilizer element [48], and therefore hastdrm&ency to migrate frofg+Zr to
a-Zr at extrusion temperature. This migration conseqly results in oxygen enrichment wZr
phase. Since-Zr is one of the equilibrium phases at room terapee, the oxygen enrichedZr

phase upon cooling from extrusion temperature resas it is and commonly known as ‘Primary
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a’. In contrast, during cooling, oxygen lefsZr phase transforms tZr (containing less oxygen)
and niobium enriched phase [47]. Furthermore, thg grains in Indian extruded material
reportedly [3] contain very fineo phase precipitates, as shown in Figure 2.7 (b)wéver,

because of the heterogeneity of Nb concentratiofisgrains, the density af phase is reportedly

[3] different within different grains.

Srivastava et al. [3] showed that the Indian hatugled microstructure comprises 72-80% volume
of a-Zr and remaining phase with respective Nb concentrations of 0.2 &i® wt. %. In
contrast, Cheadle [47] showed that the Canadiarextoitded microstructure comprises ~70%

Zr and remaining phase with respective Nb concentrations of 0.6 2havt.%. The observed
relatively lower Nb concentration withifs phase of the Indian extruded material can be
understood as the consequence of restricted Nhigairig because of the post extrusion cooling

at relatively higher rate caused by water spraying.

Holt and Ibrahim [49] suggested that the irradiatgrowth, one of pressure tube’s dimensional
changing mechanisms, dominates along the elongdim@ation ofa-Zr phase. Therefore, it is
always desired to have a minimwmrZr grain elongation so as to resist the operatirge’s
dimensional changes because of irradiation grow#.mentioned earlier that Indian pressure
tubes, in contrast to CANDU pressure tubes empdoyelatively lower extrusion ratio, which
therefore results in relatively lower aspect ratia-Zr grains, and thus reduces the possibility of
irradiation growth induced dimensional changes.ofmparison of the grain dimensions of hot

extruded Indian and Canadian tubes are shown ite ab [3,50].

In addition, extrusion performed at 800°C couldufesn dynamic re-crystallization of the
material, which consequently aids in replacingdlmgated grains by nearly strain-free equiaxed

grains. Because of this, the extruded microstrecbamprisesi-Zr stringers made up of a series
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of almost equiaxed grains. However, such microstinechas also reportedly [3] comprised some

minor traces of the incomplete recrystallized regio

Table 2.2: Grain morphologies @fZr andp phases under hot extruded condition fabricatewh fro

the Indian [3] and Canadian CWSR routes [43,50].

CWSR Route
. Canadian
Parameters lnd'a??,? oute Route
[43,50]
o-Zr
Phase p Phase | a-Zr Phase
Length (um) 10 to 15 5t0 8 15-25
Width (um) 0.8to1l4 0.1to0j2 1.5-2.5
Thickness (um) | 0.2t0o 0.4 <0.02 0.3-0.5
Aspect Ratio
(Length/ Width) 6to 10 50 to 80 15t0 20

Cheadle et. al [51] suggested that in generalusixin treatment reorients tleZr grains, such
that basal poles alignment dominates towards thmumiferential direction. Furthermore, with
increasing extrusion ratio, the intensity of bapale along circumferential direction further
increases. That is why, the Canadian extruded theesuse of using higher extrusion ratio (11:1)
have relatively intense basal pole density alomguanferential direction as compared to Indian
tubes, which are extruded at 8:1 ratio [3]. Sugtstedlographic texture results in anisotropy in the
mechanical behavior of extruded material. A higbasal poles alignment along circumferential

direction makes the extruded material strongergtmrcumferential direction [52].
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very fine distribution of
® phase precipitates

Figure 2.7: (a) Transmission electron micrographhaf Indian hot extruded Zr-2.5Nb alloy in
longitudinal (Axial-Circumferential) plane, and (byansmission electron (dark field) micrograph

of corresponding material, showing fine distribataf © phase precipitates insifigohase [3].

VI. Cold Working

The hot extruded tubes are provided final dimersiand required dislocation density through
subsequent cold working treatment. The Indian aada@ian CWSR routes differ in the modes
and degrees of cold working. In Indian fabricatronte, extruded tubes are cold worked through
pilgering operation performed in two stages. Thikguing operation ensures simultaneous
reductions of tube’s wall thickness and diameterrimy first stage pilgering, a 50-55% reduction
in wall thickness is achieved, while in second stpidgering, relatively lower (20-25%) thickness
reduction is provided. These pilgering stages a®ompanied by an intermediate annealing
treatment to facilitate the second stage pilgeopgration. In contrast, in Canadian fabrication
route, the extruded tubes are cold worked in omlg stage having 25% thickness reduction

through drawing operation.

The cold working operation causes further elongatd o-Zr and 3 phase stringers, however,
marginal increase in-Zr grain aspect ratio. The first stage pilgeringe@tion introduces a very

high dislocation density withia-Zr stringers [3].
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In general, pilgering operation is known to charlge crystallographic texture of material by
causing grain rotations. However, extent of sucingrotations is the function of presence of the
secondary phase particles on grain boundaries. presence of secondary phase causes the
deformation strain to localize within it, which tests the deformation within it and therefore,
preventing the rotation of nearby grain. The ciyetmaphic texture of Indian extruded tubes is
reportedly [3,53] insignificantly altered by thesli stage pilgering operation. The microstructure
of first stage pilgered Indian tube reportedly [SBpws minor discontinuity if-Zr phase along-

Zr boundaries, which causes insignificant alteratibthe crystallographic texture.

Here, it is important to note that the dislocataemsity in as-fabricated pressure tube plays an
important role in controlling its in-reactor creegte, in addition to its strength. Increase in
dislocation density not only increases the terstilength of pressure tube material, however, also
enhances its in-reactor creep rate during operdtyoimcreasing the extent of irradiation growth.
Adamson [54] and Leger & Fleck [55] have shown seffact of decrease in dislocation density
on decreasing the irradiation growth of Zircaloy@d Zr-2.5Nb alloy. Therefore, an optimum
dislocation density in fabricated tube is esserftialachieving an optimum combination of its
tensile strength and lower in-reactor creep rdteahim & Chedale [56] and Ibrahim [57] showed
that dislocation density of about 2.5%i@er nf in the fabricated Zr-2.5Nb pressure tube is
optimum for achieving such optimum combinationeidile strength and in-reactor creep, and can

be achieved by introducing 20-25% cold work infihal stage of tube fabrication.

Therefore, to reduce dislocation density and alsfacilitate second stage pilgering, the first stag
heavily pilgered materials are subsequently vacamealed at 550°C for 6 h. Selections of
annealing temperature (550°C) and soaking durgioh) are based on retaining the lamellar
structures ofa-Zr and B phases and retaining the dislocation density dfuded material.

Srivastava et al. [3] showed that the lamellarcitmes of bothu-Zr andp-Zr phases are necessary
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for achieving optimum tensile properties of Zr-2tblNressure tubes at service temperature of
~300°C and such structure can be retained if amgeémperature is kept lower than 575°C.
Furthermore, soaking of 6 h at 550°C causes neamhgplete re-crystallization of-Zr phase,

which therefore restores the dislocation densitgxtfuded material [3].

Such, annealing treatment causes the dissolutidm®to precipitates (formed during extrusion
stage) and results in the precipitationoefr within p phase, and therefore, make fhetringers
much thinner, Figure 2.8. ThisZr precipitation is associated with the Nb enrigmihof phase

up to 20%. Srivastava et al. [3] and Kumar et &B][showed that because of the change in
chemical free energy associated with such Nb emgctt and reduction in the interfacial enery,
stringers fragment and grains become nearly eqdiaXberefore, after annealing, stringers

become more discontinuous in the form of fine phes at the interface of stringers.

Discontinuous and fine

a-Zr Stringer distribution of B phase

Figure 2.8: Partially recrystallised microstructusé the first stage pilgered Zr-2.5Nb alloy,
annealed at 550°C for 3 hours [3].

After annealing, tubes are subjected to secondlffstage pilgering treatment with 20-25% wall
thickness reduction, to provide the final dimensido pressure tubes. This final stage pilgering
operation marginally alters the elongated morphel®f a-Zr and p phases [3]. However, it

generates more discontinuity in thghase onu-Zr interfaces. Figure 2.9 shows the second stage
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pilgered microstructure of the Indian pressure tgbewing such excessive discontinuitie§-ar
phase awu-Zr interfaces [3]. Because of such highly discombusp at o-Zr interfaces, second
stage cold working results in moreZr grain rotations, which thereby causes changéhen

crystallographic texture [53].

Highly discontinuous
— p phase

a-Zr Stringer

Figure 2.9: Second stage pilgered microstructure of3 Indian pressure tube, showing the
discontinous and very thih phase (black) in betweenZr stringers (white). At some locatiorfs,

phase can be seen to penetratextée stringers.

VII.  Autoclaving Treatment

After cold working, the tubes are finally autocldve steam environment. The main objective of
such autoclaving treatment is to form a hard, imijpeis and continuous zirconium oxide (ZrQ
layer over pressure tube surface, which providé®ibm-reactor corrosion resistance from the hot
heavy water coolant during reactor operation. Iditeah, the autoclaved layer also provides
superior wear resistance to the pressure tube.chaviog also acts as stress-relieving treatment,
however has insignificant role in altering the poers pilgered microstructure [3]. In both the
Indian and Canadian CWSR routes, autoclaving treatsnare performed at 400°C; however for
different soaking durations viz., 36 h (earlier Y 3]) for the Indian tubes and 24 h (earlier 72 h

[47]) for the Canadian tubes.
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In summary, the pressure tubes of Indian and CANEadtors fabricated using dissimilar CWSR
routes, as shown in Figure 2.5 comprise very final phase microstructure afZr andp phase
(~20% Nb). These phases are arranged in lamelteerps, in which relatively much fin@rphase

is sandwiched between the elongatedr phase stringers, Figure 2.10 (a). Both theadndand
Canadian pressure tubes have close dislocatioritiéend-5x10* lines per m (Indian tube [3])
and 5-7x1&* lines per mM (Canadian tube [43]). The crystallographic tex$uoé both the Indian
and Canadian tubes are such that maximum basa$ o aligned towards circumferential
direction. However, contrary to Indian tubes, tren@dian tubes, because of being fabricated with

relatively higher extrusion ratio contains slightljmore pronounced basal poles along

circumferential direction.

Figure 2.10: (a) Transmission electron micrographZe2.5Nb pressure tube of CANDU

reactor fabricated using CWSR route [2]. (b) Traission electron micrograph of Zr-2.5Nb
pressure tube fabricated using CWA route [2]. Sysilh®d and A respectively represent the
radial and axial directions of the pressure tube.

Table 2.3 summarizes the mechanical properties-¢dfaricated Indian and Canadian Zr-2.5Nb
pressure tubes, manufactured by respective CWSRsoWnder ambient condition, Indian
pressure tubes exhibit superior tensile strengtth dncility as compared to the Canadian
pressure tubes. However, at reactor operating texyye, 300°C both these tubes have nearly
comparable tensile properties. In contrast, undabient condition, the Canadian CWSR
material is tougher than Indian CWSR material. Hasveat 300°C both of the materials exhibit
comparable toughness. Table 2.4 sumarizes the topge@erformances of Canadian pressure

tubes fabricated using CWSR route. 40
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Table 2.3: Mechanical properties of as-fabricate@ BNb pressure tubes, manufactured from the

Indian and Canadian CWSR routes. In this tabledtta shown within parenthesis represents the

mean values.
Mechanical RT 300°C
: . CANDU : CANDU
Properties Indian CWSR PT CWSR PT Indian CWSR PT CWSR PT
0.2% offset YS 606, 565, 588 420, 409, 415
(MPa) (586) 545 [43] (414) 412 [45]
UTS 834, 807, 844 569, 548, 580
(MPa) (828) 747 [43] (566) 550 [45]
Total Elongation 17, 16, 16 17,17,21
%) (16) 13 [43] (18) 19 [45]
Fracture Toughness| 204, 227, 268 3?gé2)19 370, 390, 396 3?3?6’5;)00
(dJ/da) in MPa (239) [43,45] (385) [43,45]

Table 2.4: Operating performance of Canadian ZNB.pressure tubes fabricated through CWSR

route.
Challange TemE)O%I’)a re Parameter Magnitude
Effect of neutron 0.2% offset Yield Strength (MPa) -
irradiation 25 UTS (MPa) -
(Neutron Fluence Total Elongation (%) -
(>1MeV)):: 0.2% offset Yield Strength (MPa) 702 [43]
1.6x1G* neutrons 300 UTS (MPa) 756 [43]
per nf) Total Elongation (%) 7 [43]
In reactor Longitudnal growth rate (per hour)  1*4%10%[43]
dimensional change
(Neutron Fluenc§ 257
(>1MeV)): 5.3x10 Transverse growth rate (per hour 288<10[43]
per nf)
Corrosion Behavior
(from ASTM G 2 Weight gain (mg/dr) 20-27 [43]
tests)
DHC velocity -
. Hydride orientationangle
Eml_kl))r/i('?trlgrient - (circumferencial to radial direction)
under 280 MPa hoop stress at 302fC  50-60° [43]
for 2 h soaking followed by furnace
cooling
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2.4.2 Cold Worked and Annealed Route

The 'Cold Worked and Annealed' (CWA) fabricationtey as shown in Figure 2.11, is currently
being followed for the pressure tubes of all theviB1000 MWe reactors. The initial fabrication
stages of this route such as ingot prepration, Komgadown of cast structure, log & billet
prepration, beta quenching and hot extrusion arstlgnsimilar to those of the CWSR fabrication
routes of the Indian and Canadian pressure tulbeswv(sin Figure 2.5). However, these initial
stages do have marginal differences with the afergibned CWSR route such as breaking down
of cast structure at relatively lower temperatl@®0C), as compared to 1000°C and extrusion at
relatively lower temperature (700-750°C), in costr® at ~800°C followed in the CWSR routes.

The major differences between CWA and CWSR faliooatutes arise after extrusion stage.

The extrusion stage is followed by a three stade working, subsequent annealing, followed by
an autoclaving treatment. The first stage cold waykcomprises 55.5% reduction of wall

thickness. This is followed by annealing treatm@at;formed at 580°C for 3 h, to facilitate the
two succeeding cold working stages. The annealbdstiare subsequently sequencially cold
worked with 39.4 and 23% wall thickness reductibmsachieve final dimensions. These cold

worked tubes are then further annealed at 540°6 foto reduce the dislocation density.

These annealed tubes are finally autoclaved diivela lower temperature (290°C) for relatively
higher soaking duration (120 h) as compared tdOMSR routes, to form a stable oxide layer on
their surfaces, so as to reduce the corrosion fitenhot heavy water coolant and therefore to

reduce the deutrium ingress into pressure tubesgloperation.
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Ingot Preparation

Breaking the cast
structure
(Forging at 950°C)

I

Log machining & Billet
preparation

¥
B-guenching from
1050%C,/30 min

kL

Extrusion at 700-
T50°C with 10.5:1
reduction ratio

:

1% stage cold ralling
with 55.5 % reduction

h
Annealing at 580°C
for3hours

1

2™ stage cold rolling
with 39,4 % reduction

b J

3™ stage cold ralling
with 23 % reduction

!

Annealing at 540°C
fors hours

L
Autodaving
treatment at 290°C
for 120 hours

Figure 2.11: CWA route being followed by the Russifor fabrication of pressure tubes of all the

RBMK 1000 MWe reactors [2].
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This fabrication route is named as 'cold workednfaealed route’, because in this route, the cold
working is followed by an annealing treatment, prio autoclaving. This is in contrast to the
earlier discussed 'cold worked & stress relievagda®s, wherein the cold working step is directly

followed by autoclaving.

Coleman et al. [2] showed that the microstructureressure tubes fabricated using CWA route
comprises a mixture of elongated (non re-crystd)izznd equiaxed (re-crystalized)Zr grains
(having diameter of ~5 um) along with the discombias B-Nb precipitates within grains and
along grain boundaries (Figure 2.10 (b)). The textof CWA pressure tubes are also reportedly
[2] different from the CWSR pressure tubes, su@t thaximum basal poles align in between the
circumferencial and radial directions, and remainailong longitudnal direction. Furthermore,
tubes fabricated by this route contains about thirees lower dislocation density as compared to
the Canadian CWSR tubes [2], which therefore revirad effect of annealing treatment after cold

working in CWA route.

2.4.3 Water Quenched & Aged Route

The third important pressure tube fabrication ragt&@Vater Quenched & Aged’ (WQA) route.
Fabrication stages of WQA route, as shown in Figufe® (a) comprise common initial stages
similar to the CWSR route such as ingot preparatio@aking down of cast structure, log & billet
preparation, beta quenching and extrusion. Thesermm initial stages are followed by the three
important TMP stages, which distinguish WQA routari CWSR route. These stages are, SHT in
two phase d-Zr+p-Zr) field, followed by cold working and subsequemicuum aging treatment.
Takayam [5] showed that the pressure tubes undgr Baat treated condition, in contrast to
CWSR condition exhibit superior performance by éxkimg lower in-reactor dimensional changes

(~0.7% diametral creep in ~8.7 full power years ogieration), apart from having adequate
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resistance against rest of the in-reactor chaleny®QA route has, therefore, become an

important area of research with reference to predsibe fabrication in recent scenario.

At present, pressure tubes fabricated using the WQ#e are under operation in different
PHWRs throughout the world such as; Japanese ‘FuGamadian ‘Gentilly-1’, Russian RBMK
(1500 MWe) and Pakistani ‘KANUPP’, however withfdifent Zr-2.5Nb alloy chemistries [2,4,6-
11]. Furthermore, TMP parameters such as soakingpeeature during SHT stage, degree of
imparted cold work and soaking temperature durigona stage in the WQA routes of these
pressure tubes too have differences, as describ&8dble 1.1, Chapter 1. These TMP stages
govern the final microstructure and therefore, na@atal properties of pressure tubes fabricated
using WQA route. Following section individually debes these three TMP stages of WQA

route.
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(a) (b)

Ingot

Ingot

' !

Forging at 950°C Forging at 950°C

B-quenchi?gfmm B-guenching from
1050°%C 1050°C

Extrusion at 700-

790°C with 10.5:1
extrusion ratio

Extrusion at 700-
7S0°C with 10.5:1
extrision ratio

st f . l
1% cold rolling with 1% cald rolling with
o i
35.5% reduction 55.5% reduction
Annealing at 580°C annealing at 580°C

for 3 hours for 3 hours

2™ cold rolling with
39.4% reduction

2™ cold rolling with
39, 4% reduction

solution Heat Solution Heat
Treatment (SHT) from Treatment (SHT) from

850-870°C followed a50-8 70°C foll owed
by water guenching by coolingin He & Ar

gas mixture

nd . . ¢
3" cold rolling with
23% reduction

3™ cold rolling with
23% reduction

Thermal aging at Therrmal aging at 530-
S00°C for 24 hours S40°C for 24 hours

Autodaving at 250°C Autodaving at 290°C
for 120 hours for 120 hours

Figure 2.12: Fabrication flow sheets of (a) WQA &b GCA Zr-2.5Nb pressure tubes of RBMK
1500 reactors at Ignalina 1 and 2 respectively s&€Habrication routes are commonly known as
‘TMT-1" and ‘TMT-2’ respectively [2]. The highligletd TMP stages viz., SHT, cold working and
aging treatment control the final microstructurel éence, the mechanical properties of fabricated

pressure tubes.
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[. Solution Heat Treatment (SHT)

The solution heat treatment comprises soaking €1.ZNb tubes in two phase-Zr+p-Nb) field

at a temperature close to but less thartiransus temperature, followed by water quenchisy.
discussed earlier in Section 2{8fransus temperature represents the temperatuoge akhich
alloy contains single equilibrium phageZr. The SHT temperature is usually kept lower than
transus temperature, because abfyeansus, existence of single phaBeZr in the alloy may
cause significant grain coarsening, which repoyt@si,59] enhances the possibility of irradiation
induced embrittlement. Quenching from SHT tempeeatesults in diffusionless martensititc
transformation of-Zr, however ther-Zr phase remains as it is, thereby producing weeghase
microstructure comprising primary and martensite (commonly known a3 phases. Both of
these phases have Hexagonal Close Packed (HCRalcsymictures. Hunt and Niessen [60]
showed that the transformation ®#r during cooling is a function of both soakingngerature
and cooling rate. As the soaking temperature deesaa lower cooling rate is required for
martensitic transformation. Additionally, as theolwng rate increases, driving force for

martensitic transformation increases too.

Selections of SHT temperature and soaking durajmrern the microstructural features such as
phases, their volume fractions, grain sizes andnated compositions, which could consequently

influence the mechanical properties of water queddcr-2.5Nb alloy.

As mentioned earlier (in Section 2.4.1-V) that lgeirZr stabilizer, oxygen in Zr-Nb system has
the tendency to migrate frofaZr to a-Zr at SHT temperature [61]. Since at SHT tempeeatine
volume fraction ofa-Zr is much lower than that di-Zr, such oxygen partitioning may cause
excessive oxygen enrichment @Zr phase, if a higher soaking duration is useddifahally,
oxygen in Zr-Nb system also acts as a strengtheslieigent, which may induce embrittiement.

Therefore, a longer soaking duration at SHT tentpezamay cause the excessive embrittlement
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of a-Zr phase, which might result in its failure durisgbsequent cold working stage. Hence, the

SHT soaking duration is usually kep80 min to avoid such excessiveZr embrittlement.

Opposite to oxygen, niobium acts ap phase stabilizer element and has the tendencygaia
from a-Zr to B-Zr at SHT temperature. The kinetics for such NHif@ning, similar to oxygen is
governed by the magnitudes of soaking temperatmdedairation used during SHT. Higher the
soaking temperature and duration, faster will lzekiinetics and therefore larger will be the degree

of partitioning.

Literature[2,4,6-11 shows that the pressure tubes fabricated using Wspiee, currently being
used in different PHWRs throughout the world hasgsidilar alloy chemistries, especially among
their oxygen concentrations and also in the empldyelT temperatures, as shown in Table 1.1,
Chapter 1. The WQA pressure tubes of Russian's RBaaistor contain 400-700 ppm oxygen and
use SHT temperature in 850-870°C regime. In contdapanese pressure tubes of 'Fugen' reactor,
which contain relatively higher oxygen (900-1300nppuse 887°C as SHT temperature.
Furthermore, pressure tubes of Canadian 'Gentilgntl Pakistani 'KANUPP' reactors contain

similar 900-1300 ppm oxygen and use 880°C as Shipéeature.

[I. Cold Working

During SHT, water quenching produces martensitachvis super saturated with Nb. Literature
[62] shows that because of excessive niobium cdratgom, the solution heat treated Zr-2.5Nb
alloy possesses low resistance to corrosion, wisicdme of design criteria for the pressure tubes.
Therefore, in order to bring down such excessiwiom concentration, so as to improve the

corrosion resistance of the solution heat treatatkral, vacuum aging operation is performed.

However, for extracting such excessive niobium myiaging treatment, dislocation density plays

an important role. Being higher energy sites, datimns act as the nucleation sites for the fine
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precipitation of equilibriunp-Zr/B-Nb phase within metastabl® phase during aging treatment.
Therefore, to generate such necessary dislocagomonk, so as to extract Nb from phase, the
SHT stage is followed by a cold working stage. tidiion to dislocation network, the cold

working treatment also ensures final dimensiorntfiéogpressure tubes.

The degree of cold work imparted in this stage asvéver, restricted because of the higher
dislocation density, which reportedly enhancesitheeactor deformation rates of pressure tubes
[54,55]. Furthermore, a higher degree of impartald gvork on the solution heat treated materials
may also induce excessive embrittlement, and hencmdesirable. Therefore, selection of the
optimum degree of cold work is an important concduning fabrication of such heat treated
pressure tubes. The heat treated pressure tubesittyinstalled in different PHWRs throughout
the world were fabricated employing different amioah cold working, as shown in Table 1.1,
Chapter 1. For example, the pressure tubes of RB&#<tor were imparted 20-25% cold work,
those of Fugen reactor follow relatively lower calabrk (5-15%) and those of Gentilly-1 and

KANUUP reactors ~12% cold work.

[ll.  Vacuum Aging Treatment

The cold worked-solution heat treated pressurest@ne subsequently thermally aged in vacuum
for the equilibrium precipitation of finf phase, within the metastalidé phase. The dislocation
network generated during previous cold working stagd the precipitation of phase by

enhancing nucleation sites.

Analogous to the earlier discussed variations ifT $iperature and degree of cold working, the
aging temperatures employed for the fabrication\A pressure tubes are also different, as

shown in Table 1.1, Chapter 1. For example, thé tneated tubes of RBMK reactor are aged at

49



Chapter 2: Literature Review

515°C for 24 h duration, while those of Fugen, @lgnt and KANUUP reactors are aged at

500°C for same 24 h duration.

After aging, similar to the earlier discussed CW&Brication route, the pressure tubes are finally
autoclaved in steam environment to form hard &Istahrface oxide layer, so as to provide better
corrosion resistance from the hot heavy water cuotend therefore, to reduce the deuterium

ingress into pressure tubes during reactor operafibe autoclaving treatment does not change

microstructure (Figure 2.13 (a)) to a noticeablepi

Figure 2.13: (a) Transmission electron micrograplZie2.5Nb pressure tube fabricated using
WQA route [2]. (b) Transmission electron micrograghZr-2.5Nb pressure tube fabricated using
GCA route [2]. Symbols R and A respectively repnesihe radial and axial directions of the

pressure tube.

2.4.4 Gas Cooled & Aged Route

The fourth fabrication route, which is being emm@dyfor the manufacture of pressure tubes of
RBMK 1500 MWe reactors is ‘Gas Cooled & Aged’ (GCAjute. This fabrication route, as
shown in Figure 2.12 (b), is mostly similar to tiQA route, except for using gas cooling
(cooling in the mixture of He and Ar gasses) incplaf water quenching. Also, the GCA route
followed for RBMK reactor uses slightly higher agitemperature, 530-540°C, in contrast to 515
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and 500°C, as followed in the WQA routes of RBMKBOOMWe and Fugen, Gentilly-1 &

KANUPP pressure tubes.

Coleman et al. [2] showed that the microstructure GQCA pressure tubes comprises
widmanstratten, o-Zr along with the3-Nb precipitates, Figure 2.13 (b). This is in castrto the
microstructure of WQA pressure tube of RBMK 1000 MVeéactors, which comprises martensitic
o', primary (untransformedy-Zr along with 3-Nb precipitates. The crystallographic texture of
GCA pressure tubes is reportedly [2] comparabléh&d of the CWSR pressure tubes. Also, the
dislocation density of these GCA pressure tubeepertedly [41] similar to that of the CWA

pressure tubes.

2.5 Importance of Fracture Behavior for Pressurélube Integrity

The structural integrity of pressure tubes has ydameen a prime concern for their safe operation.
Fracture behavior of pressure tube material detemits resistance to crack propagation and
therefore, is central to assessing the major straktntegrity concerns. In addition, fracture
behavior also governs the extent of stable propamwgaif a crack, before the achievement of
unstable propagation situation. The limit for sgtdble crack propagation is called ‘Critical Crack
Length’, CCL. For pressure tube’s safe operati@@L governs the safety margin for the necessary
LBB situation and time available for the operatmtdke necessary remedial actions under coolant
leaking situations. As one of the design paramet€fBL of a pressure tube (a function of
propagation toughnesd;max) parameter) must be greater than 4 to 7 timesofat| thickness, so

as to prevent its catastrophic failure by ensuliBB type of failure. A higherCCL provides
greater safety margin to pressure tube for such sBlations and therefore is always desirable.
Therefore, for ensuring the higher operating lgegssure tube material must possess sufficient

resistance against fracture (crack initiation amdppgation), along with a great@CL limit.
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Figure 2.14 summarizes theportanc: of fracture behaviofor structural integrity oipressure

tubes.
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Figure 2.14 Flow chart illustrating the importance of fracutoughnes for assessment of

pressure tube's structural integr

2.6 Fracture Toughness Evaluation and Analysis Proceds

J-integral [63] is the most widely used fracture toughness paramethich represents tt

complementary strain energy aheof crack tip per unit area afrack extension. In contrast

stress intensity factorK( parameter) 64,65, which is valid for the brittle materials havil

insignificant plasticity J-integral has been identified as the parameter wtechbe used even f

the elasto-plastic materialsvhich are associated withigh crack tip plasticity [6-68].

Additionally, because ofl-integral, it has now become possible to charaaetie fracture
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toughness in terms of crack tip strain energy figdthg the specimens having lower thickness,

rather than using thicker specimens (as applidabli,c testing under plain strain condition [69]).

A number of approaches [70-77] have been propaséhdei literature to quantify th&parameter
for several cracked geometries. These approacledased on different ductile crack growth

(DCG) correction procedures.

ASTM E1820-11 [78], which is the one of the mostlely used standards for the evaluation of
fracture toughness, recommends the use of two D@@oads proposed by Ernst et al. [73] and
Wallin & Laukkanen [70] for the evaluation dfparameter. The former method requires single
specimen for the construction of fracture resista@@eR) curve, and evaluation of the fracture

toughness parameters. This method is referreceistdindard as ‘Resistance Curve Method (RC)'.
On the other hand, the methodology proposed by iWa&ll Laukkanen is a multi specimen

approach for determining the fracture toughnesss &pproach is referred in the standard as
‘Basic Test Method (BT). These two DCG methods aming described in the subsequent

sections.

2.6.1 Resistance Curve Method

The RC method is based on the DCG correction proeggroposed by Ernest et al. [73] in year
1981 at Westinghouse R&D centre for the evaluatiohparameter and therefore constructing the
J-R curve using the single specimen. Because of tipgirement of only one specimen rather than
the use of multiple specimens for constructing filaeture resistance curve (as in case of BT

method), the RC method is currently widely in pi@et

In the RC method, apart from measuring the load BbD, simultaneous crack extension
measurement in the specimen during the test isigakeAlthough, there are a number of ways to

guantify the crack extension during the test, theed methods are most common in practice,
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Unloading compliance (UC) [78,79], Potential dréfD{ [79-89] and the Normalization method
[78,90-93]. In the UC method, the assessment aftkcgrowth is made using the slope of load-
unloading LLD curve. However, in PD approach, cheng material’s electrical resistance as a
function of crack growth is measured. In the noinadion procedure, th& R curve is constructed
using the load-LLD data and the specimen’s crangtles before and after the test. The procedure

of determining the parameter using RC method is being presented below

The J parameter corresponding it data point can be considered as the summatiots efdstic

and plastic components, as shown in Equation 2.1.
Ty =Jetcy + Joi ) (2.1)

The elastic component dfparameter correspondingitbdata point (i.e.Je @) IS given by,

Ja@y = [M] (2.2)

E

where, the stress intensity facté(y) is a function of the applied load, specimen’srgetry and
dimensions such as; widtk\, thicknessB) and instantaneous crack lengtl) and is expressed

as,

_ P ai
Ky = [ hBBNm] f (W) (2.3)
The functionf (%) depends on the specimen’s geometry.

The DCG correction procedure for determination ddéspc component of] parameter is

represented as,

L , Mpl (i-1) Apl(i)—Apl(i—n] 1—v. (a(i)—a(i—1)>] 24
Jot @) []pl (i-1) +< b ) By (O o (2.4)

where, the incremental plastic area, representatidotermAy, - Ay (-1)iS given by Equation 2.5.

The functionsyy 1y and y1), which are the functions of the specimen’s dimemsii.e.,
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remaining un-cracked ligament &t1)" data pointgi.1)) andW, are represented by Equations 2.6

and 2.7 respectively.

[Pa)—P(rq)Hi;la)—sza—1ﬂ (2.5)

Apr iy = Apr-1) t

0.522 b;_
Mpl i1y = 2+ —— =2 (2.6)

Yi-1») = 1+0.76 b(i—l)/W (27)

The plastic components of LLD (after removing maefs effect) i.e.vp g and v 1), can be
determined by subtracting the respective elastopmments(i.e., v/G g and v/Gy.1)) from the

total LLD, v (after removing machine’s effect).

Here, the ternC, (), represents the instantaneous compliance of teeiragn, corresponding to

the crack lengtla;, and for C(T) geometry is given as,

Cu@)==ﬁé($j292[216304-12219(%)——20065(%)2—-Q9925(%)3+-2Q609(%)4—
9.9314 (“W)S] 08)

where, the ternB, is the effective specimen thickness, represergetyiEquation 2.9.

(B—Bp)?

B =B —"=

(2.9)
The J-integral values thereby determined are finally usedonstruct the fracture resistandeR)
curves, based on which, the fracture toughnessmedess such as initiation toughnedsg) (and
propagation toughness (such dd/dg can be determined using the standard proced&ie A5
per the recommendations of ASTM E1820-11 standa®j, jn order to determine the fracture
toughness parameters frodR curve, the data points that are bound by limitihotegral

parameter Jimit (expressed by Equation 2.10), and 0.15 mm & 1.5 exclusion lines (ELS)

should be called as the region of qualified datatgoand subsequently selected for a two
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parameter power law fit (Equation 2.11). The 0.b8 4.5 mm ELs are drawn parallel to the

construction line (expressed using Equation 2 \ih the offset of 0.15 and 1.5 mm respectively.

In addition to this, at least one data point migsbetween 0.15 mm EL and 0.5 mm offset line and

0.5 mm offset line & 1.5 mm EL. The magnitudeJdt the intersection of the power law fit curve

with the 0.2 mm offset line (commonly known as ‘Blung Line’ (BL)) represents the initiation

toughness Jp). Figure 4.15 shows the schematic representatiorthef analysis procedure

recommended by ASTM E1820-11 standard for the detetion of fracture toughness

parameters.
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Figure 2.15: Schematic representation of the argmjy®cedure recommended by ASTM E1820-

11 standard for the evaluation of fracture tougBrgrameters viz., initiation toughnedg)(and

propagation toughnesdJ/dg.
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2.6.2 Basic Test Method

Basic test (BT) method is another DCG procedurenmeuended by ASTM E1820-11 standard for
the evaluation of parameter. This method is based on the DCG carreptocedure proposed by
Wallin & Laukkanen in year 2004 at Technical ReskaCentre of Finland (VTT) to quantify the
J parameter and hence constructing JhR curve using multiple specimens [70]. In order to
constructJ-R curve, a number of specimens, which are exactiylai in geometry and size are
required to be individually tested for differenack growth levels. Test raw data obtained from
each specimen, finally results for the creatioroié data point on th&R curve. The amount of
crack growth occurring during the test in the indibal specimen is monitored by physically
marking of the crack advancement. Heat tinting #ttjue post cracking are the two most
commonly used methods to physically mark this crgekwvth region. In the former method, the
tested specimen is heated and soaked to form deger on the fracture surface, which
correspondingly results for differentiable colorntast between fractured and non fractured
regions. However, in the later method, crack grodining the test is determined by allowing
further crack growth using fatigue cycling to adiglly create physically differentiable fractured
and fatigue post cracked regions. After physicalbrking the crack growth region, specimens are
required to be torn apart into two halves, subsetiyi¢he marked region is optically measured

and the crack growth is determined using the stahdane point average’ method [78].

BT method involves two major stages for determoratnf J parameter, which is subsequently

used to construct theR curve. These stages are being discussed as follows

Stage | (J determination without considering crack growth)

In the first stage of BT method,parameters from the individual specimens are exatlion the
basis of the initial crack length, (assuming that there was no crack growth takiageglduring
the test). Subsequently, in the second stage, sualues are corrected for their respective actual
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crack growth levels using a DCG correction procedd0]. Thel parameter based on initial crack

length (i.e.Jo) can be considered as the summation of its elastigplastic components;

Jo = Jeto +]plo (2.13)
where, the elastic componentj64] is given by Equation 2.14.

(1-v2)k,?

Jero =[] (2.14)

The termK,, represents the stress intensity factor baseti@mitial crack length and is given by

Equation 2.15.

K, = bﬁ] (%) (2.15)

The termf(a,/W) in Equation 2.15 is a function of specimen geoynetnd size, such as initial

crack length4,), specimen widthW) and specimen thicknes8)(

The plastic component dfintegral [70,94,95] on the basis of initial crdekgth (pio) is given as,

Jpto = B2 (2.16)

Bnbo

where, the tern®r represents the area under load vs. plastic loaddisplacement curve and is
evaluated by assuming the unloading slope equit&tethat of initial loading slope i.e., without
considering the crack growth (as shown in Figurg6R.By, which represents the effective
thickness of the specimen after side grooving, lbanconsidered equivalent to the specimen

thickness B), if no side grooving is provided in the specimen.
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Figure 2.16: Plastic area under load vs. load diisplacement plot used for the calculation of the
plastic component aFintegral,J, in BT method [78].

The termyy represents the plastic eta factor, and is a funaibspecimen’s geometry and its
dimensions. This can be determined for the C(Tgispen geometry using Equation 2.17 [96].

Ny = 2 + 0.522 [%] 2.17)

Stage |l (Crack Growth Correction)

The J parameters derived from the individual specimarsch were determined in the first stage
on the basis of initial crack length, are requitedbe corrected for their respective actual crack

growth levels in the second stage. Initially, thdgerameters are corrected for the crack growth

as [70],

Jplo
] = Jeto +#ﬁ).5)m (2.18)

a+0.5/bo

where, parametet, which is a function of the specimen geometryaiseh as 1 for single edge

bend, SE(B) specimen and 0.9 for C(T) & disc shapmpact tension DC(T) specimens.

The J parameters, thereby determined, are required tditteel using power law equation

(Equation 2.19). For this regression analysis, dhly data points, which satisifa/b, > 0.05
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condition are considered. The power coefficienttamted from this regression analysis, is

subsequently used in the final crack growth comactas shown by Equation 2.20) [70].

] = JimmAa™ (2.19)
_ Iplo
] —]elo + 1+(£—r_z)2_z ZQ)

TheJ parameters, therefore determined using the aforeomed BT methodology are finally used
to construct the fracture resistank® curves, based on which, the fracture toughnesmpeters
such as, initiation toughnesdg] and the propagation toughneskfaxy and dJ/dg can be
determined following the standard procedure reconteé by the ASTM E1820-11standard as

discussed earlier [78].

2.6.3 Fracture Toughness Evaluation as per ISO Standard

International Organization for Standardization ()S12135:2002 [97,98] is another widely used
standard procedure for the evaluation of fractungghness of metallic materials. The ASTM
E1820-11 and ISO 12135:2002 standard proceduresatrenly based on different ductile crack
growth (DCG) correction methodologies to quantkig d integral parameter, but also differ in the
way of analysis of the fracture resistandeRR curve for the evaluation of fracture toughness
parameters. For the sake of continuity, brief dpion of DCG method and-R curve analysis

procedure recommended by the ISO 12135:2002 stmsldiscussed as under.

In contrast to the ASTM E1820-11standard, the I2035:2002 standard [97,98] recommends the
use of another DCG correction procedure to quarntie/J parameter. As per this standard, the

expression of parameter for C(T) specimens is given by Equaia@ai.

J = [(1— vEZ)KOZ] 4 [( NpiApi )(1 _ (0.75 npl—l)Aa)] 2.21)

By(W-ay,) W-a,
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The first term in Equation 2.21 represents thetiel@®mponent ofl integral based on the initial
crack length,a, (assuming that there was no crack extension takiage during the test).
However, the second term represents the crack groarrected plastic component dintegral.
In Equation 4.21, the stress intensity factor basedinitial crack length (i.e.K,) can be
determined in the manner similar to as discusselieedor ASTM procedure (using Equation

2.3), keeping the initial crack length, in place of instantaneous crack length,

In order to determine the fracture toughness patenni@s per 1ISO 12135:2002 standard,Jtie
curve is constructed and subsequently analyzedywsidifferent procedure from that discussed
earlier for the ASTM standard. In contrast to th®TM E1820-11 standard, the valid data points
of J-R curve as per ISO standard are bound by the 0.1 nua,.x ELs (drawn on the basis of
the construction line, defined by Equation 2.220)eTermAdanax represents the maximum crack
growth capacity of the specimen and is expressdeaation 2.23. In addition to this, at least six
data points must form th&R curve, and minimum one data point must reside wid@ch of the
four equal crack sectors between 0.1 mm daghx regime. Subsequently, these valid data points
are fitted using a three parameter power law (Hogna2.24) rather than using a two parameter
power law, Equation 2.13 as discussed earlier 8T standard. Similar to the ASTM standard,
the initiation toughnessl§) as per the ISO standard is defined by the magnitddeintegral at
the intersection of power law fit curve with 0.2 miL. Figure 2.17 shows the schematic
representation of the analysis procedures, recometeny ASTM E1820-11 and 1ISO 12135:2002

standards for the determination of fracture tougkrgarameters.

] = 3.750-UT5Aa (222)
Adpax = 0.1b, (2.23)
] =A+x(8a)” (2.24)
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Figure 2.17:Schematic representation of the analysis procedfrésicture resistancé-R curves
recommended by (a) ASTM and (b) ISO standards Her eévaluation of fracture toughness

parameters.

2.7 Limitation of Literature
As discussed, with reference to pressure tubedation, the WQA route has become an important
area of research in recent senario. Literature heh@vn that WQA routes being followed
throughout the world have differences among thdlPT parameters associated with SHT,
subsequent cold working and vacuum aging stagedlasated in Table 1.1, Chapter-1). These
TMP stages play an important role in governing nerostructure and fracture behavior of as-
fabricated pressure tube material. Therefore, foization of WQA fabrication route for future
applications, an optimum selection of TMP paransetassociated with these TMP stages is
important, so as to ensure favorable fracture behaf as-fabricated material. Furthermore, this
selection is also important for utilizing WQA routa pressure tubes of the modern reactors such
as, AHWR. The opern literature, however, doespmovide sufficient information regarding the

influence of these TMP parameters on fracture behadf Zr-2.5Nb alloy, so as to ensure an

optimum fracture behavior of as-fabricated WQA mate

Therefore, present work is focused to study théuémice of TMP parameters such as SHT

temperature & soaking duration, degree of subsdqe@d working and aging temperature on
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WQA Zr-2.5Nb alloy. The TMP parameters for this dstuwere chosen by working out a
comprehensive matrix of the TMP parameters usedherfabrication of heat-treated pressure

tubes.

63



CHAPTER 3
EXPERIMENTAL PROCEDURES

This chapter describes various experimental praesgdollowed during the course of work. The
chapter begins with introducing as-received Zr-h5Messure tube material, to which different
thermo-mechanical treatments were imparted. Sulesgigy methodology of assessifigransus
temperature of this material and precautions ua#lert are described, which subsequently formed
basis for selecting the SHT temperatures for ttudys Procedures of material procurement under
the three TMP stages viz., SHT, cold working anduvn aging are subsequently described. The
details of microstructural examinations such asattegraphy using optical microscopy and TEM
examinations, crystallographic texture using X-diffraction, Nb partitioning between primasy
and o' phases through EPMA and Nb measurement withia firprecipitates formed in aged
materials through carbon extraction replica areviddally described in detail. Subsequently,
procedures of mechanical testing including tenw#ing, micro-hardness and fracture toughness

evaluations along with the fractographic examinaiasing SEM are individually described.

3.1 Preliminary

A full length CWSR Zr-2.5Nb alloy quadruple meltpressure tube of 540 MWe IPHWR having
length of ~ 6 m, wall thickness of ~ 4.3 mm anckinal diameter of 103 mm, was received from
‘Nuclear Power Corporation of India Ltd.” (NPCILYrf this study. The chemical composition of
this pressure tube material is listed in Table Ble tube material contains on an average 2.61 wt.
% niobium as the major alloying element, and 1086 mxygen as minor alloying element. The
tube was manufactured from quadruple melted ing®ta result the concentrations of impurity
elements such as; hydrogen (3 ppm), chlorine (¢@&) and phosphorous (<10 ppm) were

considerably lower within this material.
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Table 3.1: Chemical composition of as-received BiNb pressure tube, used for present study.

Chemical Chemical
Symbol Amount Symbol Amount
Element Element
Niobium Nb 2.57-2.65 wt.% Copper Cu < 30 ppm
Oxygen O 990-1082 ppm Boron B < 0.5 ppm
Hafnium Hf <50 ppm Cadmium Cd < 0.5 ppm
Hydrogen H 2-4 ppm Lead Pb < 25 ppm
Chlorine Cl < 0.5 ppm Magnesium Mg <20 ppm
Nitrogen N 34-39 ppm Phosphorous P <10 ppm
Iron Fe 680-725 ppm Titanium Ti < 35 ppm
Carbon C 73-593 ppm Tungsten W <25 ppm
Aluminium Al 51-75 ppm Uranium U <1 ppm
Nickel Ni <70 ppm Vanadium \% <10 ppm
Tin Sn 25-28 ppm Chromium Cr 120-125 ppm
Manganese Mn 6-7 ppm Molybdenum Mo < 25 ppm
Silicon Si < 87 ppm Zirconium Zr Remaining

3.2 Establishment of-transus Temperature

In Zr-Nb system, the terng-transus’ is used to specify the temperature ofsfiamation of dual
phase ¢-Zr+B-Zr) to single phaseB-Zr. The B-transus temperature, therefore represents
temperature at and above which, material contamhgBZr phase. For binary Zr-2.5Nb alloy, the
B-transus temperature is 844°C (see the phase diagrdigure 2.4 [42]). For the heat treated
fabrication routes of Zr-2.5Nb pressure tubes (b@QA and GCA routes), th@-transus
temperature is an important parameter, especialyng the SHT stage, wherein the soaking
temperature is recommended to be close to buthessthe-transus temperature [58,59]. This is
because, abovp-transus temperature, existence of opd¥r phase enhances the possibility of
significant grain coarsening, which can have areask effect on ductility of the resulting material

and also enhances the possibility of irradiaticowgh [58,59].

As discussed in Section 2.3 (Chapter 2),ieansus temperature is a strong function of oxygen
concentration present in the alloy. Oxygen in Zrgystem acts asZr stabilizer element, which
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therefore, increases thgtransus temperature of alloy. This oxygen conegioin- 3-transus
temperature dependence follows a thumb rule, asvpeh, within an oxygen concentration of
1000 wt. ppm, every increase by 100 wt. ppm resaltsorresponding 7°C rise in tietransus
temperature [58]. In contrary to oxygen, iron bearfi}Zr stabilizer element, reduces f¢ransus
temperature of the alloy. Other impurity elementsild also have influence on tifetransus
temperature of the alloy. Therefore, it was regut@ determine the actupitransus temperature
of as-received pressure tube material, to decidestiaking temperatures of SHT stage for the

present study.

3.2.1 Methodology

B-transus temperature of the as-received pressbeematerial was experimentally determined by
water quenching the small coupons of this matérmah the hypothetical temperature, 910°C and
observing the resulting primary phase volume fraction. For this, a 12.5 mm wiahg nvas cut

from the middle section of as-received pressure,tiigure 3.1 (a). Six numbers of small samples
were subsequently cut from this ring and later leareed ultrasonically using acetone in order to
remove any lubricant or foreign particle presentitsnsurface, Figure 3.1 (b). In order to avoid
oxidation during the heat treatment, these sampkre sealed inside the quartz capsules filled

with helium gas at a pressure of 75 torr, Figufie(8).

(a) ()

(b)
S 1B

-

Ring cut from Sample, cut  Sealed sample inside
the as-received from the ring quartz capsule
pressure tube

Figure 3.1: Sample preparation stages forfHensus temperature assessment of as-received

pressure tube material. 66
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After sealing, sample was soaked at 910°C for 15 duration in a resistance heating furnace
followed by water quenching. The sample temperatms controlled using a standard K-type
thermocouple (Chromel-Alumel) tied on the sealednga using Nichrome wire. The
thermocouple tip was kept close to the samplesdo abtain accurate sample temperature. Before
heat treatment, furnace was allowed to attain 91@¥@r which the sample was loaded. The
sample was then allowed to attain the desired tesyoe, after which the soaking time was
counted. During water quenching, quartz capsule bvaken immediately after immersing the
capsule in water. During heat treatment, calibratedtimeter and K-type thermocouples were
used for sample temperature measurement. For negsample temperature, milivolt reading at
the cold junction of K-type thermocouple was meaduusing multimeter and corresponding
temperature was determined from the milivolt-terapume chart of K-type thermocouple. In order
to add cold junction compensation correction, terajee at the cold junction was added to this

temperature, so as to obtain the actual samplegetye.

Metallographic examination of the heat treated nltevas performed using optical microscopy.
For this, the heat treated sample was mounted ste@l ring using cold setting resin. After
solidification, sample was removed from the ring anbsequently sequentially manually polished
using abrasive silicon carbide papers of grit siZ&®, 320, 600 and 800. The polished sample was
subsequently swab etched using a solution of 108tdfiyioric acid (HF), 45% nitric acid (HN£D

and 45% water (kD). After etching, sample microstructure was exadiosing ‘ZEISS’ (model-
"Axiovert 40 MAT") optical microscope. The area [wme) fractions of the resulting phases were

determined through image analysis performed usiagbmmercial ‘Image J’ software.

Optical micrograph of the heat treated sample,hasve in Figure 3.2, showed minor traces of
primary a. (~ 1%) phase along with the martensidicphase. Such a low volume fraction of

primary a phase suggested that fhdransus temperature of as-received pressure taberial is
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very close to 91@. Therefore, this experiment nearly validates Hypothetical -transus

temperature as predicted by the thumb rule.

AR p—

A ER

Figure 3.2: Optical micrograph of as-received puesgube material after water quenching from
910C for 15 min soaking duration. The micrograph shaowisor traces of primary phase along

with the matrix of martensitie' phase.

3.3 Trial Heat Treatments and Selection of TMP Paameters

As discussed in Chapter 1 (Section 1.2), the WQsgure tubes presently being used in different
PHWRs throughout the world have variability in th&MP parameters and also in their alloy
chemistries. The SHT temperatures used for WQAguaege between 850-890°C, degree of cold
working is limited to 23% and aging temperaturesiar500-540°C range. The selections of TMP
parameters for this study were therefore done kingainto consideration the parameters used for

the manufacturing of heat treated tubes by vanoasufacturers.

The B-transus temperature of as-received pressure taterial (close to 910°C), as established
both experimentally and theoretically [99], formete basis for selecting actual SHT
temperatures, for the present study. Three SHT ¢eatyres viz., 850°C, 870°C and 890°C were
subsequently selected for performing the trial Hesatments on the as-received pressure tube

material. The objective of these trial heat treattsevas to finalize the three soaking temperatures
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to be used during the actual SHT. For this, a 10lang spool was cut from the as-received
pressure tube using ‘ITL KASTO’ (model no.- IT 30Pband saw. This spool was subsequently
axially slit at 120° angle to form three curvedtpta These curved plates were then flattened using
warm rolling at 400°C in a two high rolling mill.oF flattening, the warm rolling operation was
selected, since it results in lesser surface umagamnon the rolled material as compared to the cold
rolling operation. Additionally, the warm rollingperation, in contrast to cold rolling, also reqgsire

relatively lower deformation force.

The three flattened plates were later on indiviuablution heat treated by soaking at 855

8707 and 89%°°C for 15 min duration in a neutral salt bath furedollowed by water quenching.

Before individual heat treatments, the furnace wahswed to attain the desired temperature.
Temperature control of the furnace was within +2f@n the desired value. After attaining the
desired temperature, furnace was switched off dmadindividual plates, tied by the K-type

thermocouples were inserted inside the hot salh,bsd as to avoid any electrical shock.
Thereatfter, the furnace was re-switched on. The fimterval for which the furnace was switched
off was <10 seconds. Individual plate was thenvadld to attain the desired temperature, after
which soaking time was counted. After soaking, gdatvere immediately dipped in water for
guenching. The measurement of temperature usingo&-thermocouples was done in similar

manner, as discussed in the previous Section 3.2.2.

After heat treatment, metallographic examinatioristtte solution heat treated plates was
performed using optical microscopy. For this, snealipons were cut from the individual plates
and prepared following mounting, polishing and &tghn similar manner as discussed in Section-
3.2.2. Microstructures of these three heat treatederials were subsequently examined in
‘ZEISS’ (model-"Axiovert 40 MAT") optical microsc@p Figure 3.3 shows the optical

microstructures of the three solution heat treaederials comprising primary anda’ phases,
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having decreasing primaryo volume fraction wh increasing soaking temperatur
Corresponding to respecti@55*?, 8707 and 892*°C soaking temperatur (average values), the
measured primary. volume fractions were 38, 20.2 and 6%. Considesngh vaiation in
primary o volume fractionsthree SHT temperatures viz., 850, 870 and 890&g:gelected fc

performing the actual SHTer thisstudy.

Figure 3.3:Optical microstructures of -2.5Nb alloy under three preliminary trial solutibeat
treated conditions. Figures (a), (b) and (c) shoevrhicrostructures of materials soake®55?,
870 and 89%°°C (average values), respectively for 15 min duratfollowed by wate
guenching.

As discussed in Chapter(3ection ..4.1-1V) that oxygen being-Zr phase stabilizer element, t
tendency to migrate frofi-Zr phase tau-Zr phase at the SHT temperatures. Oxygen -Nb
system, als@cts as a strengthening element, which simultamgauduces embrittlement. At tf
SHT temperature, since volume fractionp-Zr phase is far higher than that«-Zr phase, such
oxygen segregatiorould resultin significant embrittlement o6-Zr phase, depending on t
soaking duration used. As the soaking duration pamicular SHT temperature increases,
amount of oxygen partitioned increases too, therebylting in thegreaterembrittlement ofx-Zr
phase [12] Therefore, considering this, a maximum <ng for 30 min duration apart from 1

min was planned to be usddring SHTSs, for this study.

In order to study the influence of degree of colorking on solution heat treatedaterials, two

degrees of cold working viz1L0 and 20% were plannec be impartedn the solution heat treat
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materials. The cold working was limited to 20%,csira further higher cold work (> 20%) could

result in cracking of the solution heat treatederiat.

To study the influence of aging temperature ondblel worked-solution heat treated Zr-2.5Nb
alloy, aging was planned to be performed at twkisgatemperatures, 500 and 540°C for 24 h
under vacuum followed by furnace cooling, so aexamine the influence d¥-Zr and p-Nb

precipitations [9].

3.4 Test Matrix Formulation

The three SHT temperatures (850, 870 and 890°GH, twio soaking durations (15 and 30 min),
followed by two degrees of cold working (10 and 320%nd subsequent aging at two soaking
temperatures (500 and 540°C) for 24 h duratiordgl24 number of variable TMP conditions (as
discussed in Chapter 1). Under each of these 24 gdmlitions, fracture behavior was planned to
be examined at ambient and 3Q0Oafter each sub-stage (i.e., SHT/CW/Aging), todgtthe

evolution of fracture behavior in these sub-stadgezmble 3.2 shows the material designations
followed in this work to represent 24 conditionsraj with individual sub-stages, for examining

fracture behavior of Zr-2.5Nb alloy.
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Thermo-mechanical Processing Parameters

Table 3.2: Material designations used in the preesterly

Thermo-mechanical Processing Parameters

S. Solution Heat  Cold Working ~ Vacuum Aging Condition

No. Treatment Ratio Treatment Code
1 850°C, 15Min 10% 500°C, 24 h

11 850°C, 15Min - - Al
1.2 850°C, 15Min 10% - Al1B1
1.3 850°C, 15Min 10% 500°C, 24 h A1B1C1
2 850°C, 15Min 20% 500°C, 24 h

2.2 850°C, 15Min 20% - A1B2
2.3 850°C, 15Min 20% 500°C, 24 h A1B2C1
3 85C°C, 15Min 10% 54C°C, 24 h

3.3 850°C, 15Min 10% 540°C, 24 h A1B1C2
4 850°C, 15Min 20% 540°C, 24 h

4.3 850°C, 15Min 20% 540°C, 24 h A1B2C2
5 870°C, 15Min 10% 500°C, 24 h

5.1 870°C, 15Min - - A2
5.2 870°C, 15Min 10% - A2B1
5.3 870°C, 15Min 10% 500°C, 24 h A2B1C1
6 870°C, 15Min 20% 500°C, 24 h

6.2 870°C, 15Min 20% - A2B2
6.3 870°C, 15Min 20% 500°C, 24 h A2B2C1
7 87C°C, 15Min 10% 54C°C, 24 h

7.3 870°C, 15Min 10% 540°C, 24 h A2B1C2
8 87C°C, 15Min 20% 54C°C, 24 h

8.3 870°C, 15Min 20% 540°C, 24 h A2B2C2
9 89(°C, 15Min 10% 500°C, 24 h

9.1 89(°C, 15Min - - A3
9.2 89(°C, 15Min 10% - A3B1
9.3 890C°C, 15Min 10% 500°C, 24 h A3B1C1
10 89(°C, 15Min 20% 500°C, 24 h

10.2  890C°C, 15Min 20% - A3B2

10.3  890C°C, 15Min 20% 500°C, 24 h A3B2C1
11 89C°C, 15Min 10% 54C°C, 24 h

11.3  89(°C, 15Min 10% 540°C, 24 h A3B1C2
12 89(°C, 15Min 20% 540°C, 24 h

12.3  89(°C, 15Min 20% 540°C, 24 h A3B2C1

S. Solution Heat  Cold Working ~ Vacuum Aging Condition
No. Treatment Ratio Treatment Code
13 85C°C, 30Min 10% 500°C, 24 h
13.1  850°C, 30Min - - Ad
13.2  850°C, 30Min 10% - A4B1
13.3  850°C, 30Min 10% 500°C, 24 h A4B1C1
14 85C°C, 30Min 20% 500°C, 24 h
14.2  850°C, 30Min 20% - A4B2
14.3  850°C, 30Min 20% 500°C, 24 h A4B2C1
15 850°C, 30Min 10% 540°C, 24 h
15.3  850°C, 30Min 10% 540°C, 24 h A4B1C2
16 85C°C, 30Min 20% 54C°C, 24 h
16.3  850°C, 30Min 20% 540°C,24h  A4B2C2
17 87C°C, 30Min 10% 500°C, 24 h
17.1  870°C, 30Min - - A5
17.2  870°C, 30Min 10% - A5B1
17.3  870°C, 30Min 10% 500°C, 24 h A5B1C1
18 87C°C, 30Min 20% 500°C, 24 h

18.2  870°C, 30Min 20% - A5B2
18.3 870°C, 30Min 20% 500°C, 24 h A5B2C1
19 87C°C, 30Min 10% 54C°C, 24 h

19.3 870°C, 30Min 10% 540°C, 24 h A5B1C2
20 87C°C, 30Min 20% 540°C, 24 h
20.3  870°C, 30Min 20% 540°C, 24 h A5B2C2
21 89C°C, 30Min 10% 500°C, 24 h
21.1  890°C, 30Min - - A6
21.2  890°C, 30Min 10% - A6B1
21.3  890°C, 30Min 10% 500°C, 24 h A6B1C1
22 89C°C, 30Min 20% 500°C, 24 h
22.2  890°C, 30Min 20% - A6B2
22.3  890°C, 30Min 20% 500°C, 24 h A6B2C1
23 89C°C, 30Min 10% 540°C, 24 h
23.3  890°C, 30Min 10% 540°C, 24 h A6B1C2
24 89C°C, 30Min 20% 54C°C, 24 h
24.3  890°C, 30Min 20% 540°C, 24 h A6B2C1




3.5 Material Preparation and Thermo-mechanical Tratments

In order to study the fracture behavior of Zr-2.5Hloy under different thermo-mechanical
conditions, a total sixteen number of spools (twehaving 18 cm length and four having 40 cm
length) were cut from the as-received pressure tiddeg ‘ITL KASTO’ (model no.-IT300PH)

band saw. The individual tube spools were subsdtyuaxially slit at 120° angle into three curved

plates. These axially slit sections were laterlattdned using warm rolling at 400°C.

3.5.1 Solution Heat Treatment

After flattening, Zr-2.5Nb alloy plates were indivially solution heat treated in two phase regime
(a-Zr + B-Zr) at 8507 8702 and 89¢7°C (average values) for two soaking durations, A& 30

min in the salt bath furnace followed by water quieng. Table 3.3 shows the heat treatment
matrix of Zr-2.5Nb alloy plates. The heat treatmpricedure and precautions undertaken were
similar to as followed during the trial heat treatnts (discussed in Section 3.3). After soaking in

salt bath, plates were immediately dipped in wiieguenching.

Table 3.3: Details of Zr-2.5Nb alloy plates subgetto solution heat treatment in this work.

SHT Soaking Time Number
Temperature -
o (Min) of plates
G
15 7
850 30 7
15 7
870 30 7
15 7
890 30 7

Total number of plates
solution heat treated
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3.5.2 Cold Rolling

Out of 42 number of solution heat treated plat&splates were subsequently cold rolled with
either of 10 or 20% thickness reduction ratios iKARL DOELITZSCH’ two high rolling mill.

The details of cold rolled-solution heat treated24Nb alloy plates are listed in Table 3.4.
Rolling direction was along the plate length (iadgng the length of as-received pressure tube), as
shown in Figure 3.4. Rolling operation was perfodme multiple passes with ~2% thickness
reduction in each pass, so as to minimize the piisgiof plate failure during rolling. Rolling
resulted in the average plate elongation by ~ 2396 corresponding to respective 10 and 20%
thickness reductions, with minor average alteratotheir widths (by < 2%). For a given degree
of cold work, three plates were cold rolled, onetfee cold work stage characterization, and rest

two for the characterization after subsequent atgegtments at 500 and 540°C.

Table 3.4: Test matrix showing different cold waddution heat treatment conditions, considered
in the present study.

SHT Parameters Degree of
S. ” Soaking Soaking cold work Number
Condition . . of plates
No temperature | duration | (% thlckness rolled
(°C) (Min) reduction)
1 850°C-15Min-WQ+10%CW 850 15 10 3
2 870°C-15Min-WQ+10%CW 870 15 10 3
3 890°C-15Min-WQ+10%CW 890 15 10 3
4 850°C-30Min-WQ+10%CW 850 30 10 3
5 870°C-30Min-WQ+10%CW 870 30 10 3
6 890°C-30Min-WQ+10%CW 890 30 10 3
7 850°C-15Min-WQ+20%CW 850 15 20 3
8 870°C-15Min-WQ+20%CW 870 15 20 3
9 890°C-15Min-WQ+20%CW 890 15 20 3
10 | 850°C-30Min-WQ+20%CW 850 30 20 3
11 | 870°C-30Min-WQ+20%CW 870 30 20 3
12 | 890°C-30Min-WQ+20%CW 890 30 20 3
Total number of solution heat treated plates, whiclwere cold rolled 36
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(a)

Radial ) ) Jrongitudinal 1

Figure 3.4: Schematic showirg) three orthogonal directions of theessure tube sp¢, and (b)

orientation of plateluring rollingin a two high rolling mill.

3.5.3 VacuumAging Treatment

To examine the influence of aging temperatureZr-2.5Nb alloy undedifferent cold worke-
solution heat treated conditignaut of every three cold rolled plates having 8mEHT and CW
histories (as listed in Table 3,4wo plateswerethermally aged under vacuutone at 500°C and
another at 540°C for 24 followed by furnace coolir). Therefore, a total 24 numbers of ple
were thermally agetbr this stud. Before aging, these 24 plates were sealed ibahehes of 1.
plates intwo galvanized steel boxes. On each box, one copber was brazed at the centre
remove the residual awithin it, by connecting tube to the vacuum purSubsequently, these
boxes were evacuated using vacuum pump. Aftemattaia vacuum of < 2 towithin the boxes,
individual copper tubes were cold shut by hammerin@hree thermocoupl, positioned at the
left, right and middle regions of the tkes, were spot welded overtd monitol the temperature

during aging.

Before individual aging treatrnts, furnace was allowed to attain the desired &ratpre.
Temperature control of the furnace was within £3f@nf thesetvalue. After attaining thset
furnace temperature, furnace was switched off dedindividual boxes were placed inside

furnaceso as to avoid any electrical shock. Thereaftar ftlnace was -switched on. The tim
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interval for which the furnace was switched off wakb seconds. The box was then allowed to
attain the desired temperature, after which soakimg was counted. Later on, after 24 h of
soaking, the boxes were allowed to be furnace dodter measuring temperature using K-type

thermocouples, similar procedure was followed asuised in Section 3.3.

3.6 Characterization

3.6.1 Microstructural Characterization

I. Microstructure Examinations

Metallographic examinations of Zr-2.5Nb alloy undetution heat treated, cold worked and aged
conditions were performed using optical microscdpygr this, coupons of dimension ~10 mm x
10 mm were cut from the individual solution heaated, cold worked and aged plates. These
samples were subsequently mounted in the sted tsigg cold setting resin. During mounting, a
specific color code was assigned for each TMP ¢mmdiAfter solidification, mounted samples
were removed from the rings and later on, sequgnti@anually polished using abrasive silicon
carbide papers of grit sizes 150, 320, 600 and 866.polished samples were subsequently swab
etched using the solution of 10% HF, 45% HN(Dd 45% HO. After etching, microstructures of
the samples were examined in ‘OLYMPUS’ (Model No-GX) optical microscope. The area
(volume) fractions of phases were determined thmotlge image analysis performed using

commercial ‘Image J’ software.

lI. Crystallographic Texture Examinations

SHTSs result in two phase microstructures, compgisiarying volume fractions of primaxy and
o’ phases. Both of these phases have HCP crystaltgtes. The basal pole textures of solution

heat treated, subsequently cold worked and vacuyed anaterials were examined using X-ray
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diffraction technique following Kearns method [106or this, samples under such heat treated
conditions with varying thermo-mechanical procegsifMP) parameters such as solution heat
treatment (SHT) temperature, degree of cold worland aging were prepared and scanned in a
X-ray diffractometer, withy angle varying from 0 to 75° argdangle varying from 0 to 360° with

5° increments. The basal pole figures were extedpdlfory angle regime of 75 to 90° based on
five pole figures viz., <100>, <002>, <101>, <102rd <110>. Finally, the Kearns parameters
representing texture anisotropy along the threeualiyt perpendicular directions viz., axiah)(f
transverse (f and radial () were determined using the commercial ‘LaboTexXtvgare. These
Kearns parameters provide an effective volume ifsacdf basal poles distributed in transverse,
radial and axial directions. The effective volunraction of orientation parameter (f) of a

particular crystal plane in a particular tube dii@tis given as, [100].

th/z

o lgsing cos?e de

f=

f;/z Iy sing do (3'1)

where |}, is the average X-ray intensity (in units of timesidom) at an angle of tilty of the

diffraction plane of a crystal oriented with resptca reference sample direction.

For the texture analysis, samples (10 mm x 10 merevgequentially manually polished using
abrasive silicon carbide papers of grit sizes &0, 600, 800, 1200 and 2400. These manually
polished samples were subsequently chemically lpadisising a solution of 70% HN@nd 30%
HF, diluted by 100% water, so as to remove any wacked surface layer formed during manual
polishing operation. The polished samples were eyloently cleaned using the soap solution

followed by an ultrasonic cleaning in acetone.

1l . EPMA Examinations

As mentioned in Chapter 2 (Section 2.4.3-I) thatbiim in Zr-Nb system acts [a stabilizer

element and has the tendency to migrate fro@r to B-Zr phase at SHT temperature. A
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qualitative study for Nb concentrations in the tpleases viz., primary anda’ was performed to
examine the extent of Nb partitioned betweefr andp-Zr phases at SHT temperature. For this
purpose, Nb concentrations in these two phasesrumde extreme SHT conditions (850°C-
15Min-WQ and 890°C-30Min-WQ) were estimated usingwdlength Dispersive Spectroscopy
(WDS) through an Electro Probe Micro Analyzer (EPMAhese two SHT conditions were
chosen, in order to estimate the extent of Nb fp@ming that occurred betweenrZr and -Zr
phases for the two extreme conditions among th&BHiXs. For this, samples having dimension of
10 mm x 10 mm were sequentially manually polishgidgiabrasive silicon carbide papers of grit
sizes 150, 320, 600 and 800. To locate the phassesanning electron microscope during EPMA
examination, the polished samples were lightly setdhed using solution comprising 10% HF,
45% HNG and 45% HO. Later on, these samples were cleaned usingsaapon followed by
an ultrasonic cleaning in acetone. For the EPMAm@ration, a voltage of 20 kV and a current of

20 mA was used

V. TEM Examinations

Aging treatments at 500 and 540°C for 24 h resulbe fine precipitation g§ phase, which is few
tens of nanometer in size, and therefore too stoabe visible under optical microscope. To
investigate the formation of such firfe precipitates and to study their size, morphologd a
location, thin foils of WQA materials were prepamatt examined through TEM. For this, foils of
~100 um thickness were prepared and subsequemityr@ipolished using a solution of 80%
methanol (CHOH) and 20% perchloric acid (HCiP(commonly known as '80-20' solution) in
'Struers' (Model: Tenupol-5) jet thinner. The eleqtolishing operation was performed at -48°C
under 20 volt supply. The electro-polished samptagained a small hole, near which the material

was too thin to be electron transparent. The elqudtished samples were cleaned using methanol,
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and subsequently examined under a 'PHILIPS' (model 'CM 200') transmission electron

microscope.

To examine thep precipitate chemistry, in terms of Nb concentmatidcnergy Dispersive
Spectroscopy (EDS) examination of these thin fisilessentially not the accurate approach. This
is primarily because of the effect of matrix thauld be added while analyzing the precipitates,
which consequently result in getting biased Nb eot@tions offf precipitates. Therefore, for
precipitate chemistry examinations, 'carbon eximacteplica' technique was used, under which
the finep precipitates were extracted from the materialuglocarbon replicas and subsequently
examined through EDS. For this, samples from agatkmnals were initially deeply etched, so as
to weaken the precipitate embedded in the mathes& deeply etched samples were subsequently
coated with thin carbon film using 'BAL-TEC' (modeb: 'MED 020") carbon evaporation coater.
Before coating, individual sample was placed iroating chamber and a vacuum of the order of
10° mbar was attained. Sample was carbon coated thrspark action by supplying a current of
90 amps for 65 sec duration. To easily extractcdmbon film, small square markings were made
on the coating. The coated sample was subsequdipthed in a dilute solution of 6% nitric acid
and 2% hydrofluoric acid in 92% water. The film semts instantaneously extracted from the
sample within a short duration of 10-20 seconds #aodted in the solution. Subsequently,
individual extracted carbon film segments wereaxittd through the copper grids, subsequently
cleaned in methanol and later on examined for Nficeotration through an energy dispersive

spectroscope attached with the transmission eleatioroscope.
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3.6.2 Mechanical Behavior Examinations

Influence of different TMP parameters such as Sefperature & soaking duration, degree of
cold working and aging temperature on Zr-2.5Nbyaik@s studied in terms of tensile properties,
micro-hardness and fracture toughness parameteltswing sub-sections describe the details of

specimen fabrication and individual examinatiorges.

I. Specimen Fabrication

During reactor operation, pressure tubes face dlmasfold stress along circumferential direction
as compared to longitudinal direction. Therefor, gressure tube's structural integrity point of
view, axial crack propagation resistance is morigicat than transverse crack propagation
resistance. During pressure tube fabrication, sidrudirection is along the axial direction of the
tube. The solution heat treated materials, becatibaving nearly equiaxed grain morphologies,
should exhibit specimen orientation independentlcrgrowth resistance. However, after cold
working, crack growth resistance of the solutioathteeated materials could become the function
of specimen orientation. Considering this, for gresent work, the ‘Compact Tension’, C(T)
specimens used for fracture toughness evaluatidntiam tensile specimens were oriented such
that the loading direction remained perpendicutaaxial direction. Figure 3.5 shows schematic
illustration of the location of tensile and C(T)espmens in one of Zr-2.5Nb alloy plates.
Specimens from the individual plates were machumgdg wire-cut Electric Discharge Machining
(EDM) process. To avoid specimen machining fromeheé sections of the plates, a safety margin
of 10 mm was provided at both the ends of indivigiiate. Detailed drawings of tensile and C(T)
specimens used for the present study are showngurds 3.6 and 3.7. After machining, C(T)

specimens were ground to achieve 3.17 mm thickness.
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Figure 3.5: Schematic illustration of the locatiand orientation of tensile and C(T) specimens
machined from the individual plates.
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Figure 3.6: Detailed drawing of flat tensile speeimused in the present work for tensile
properties evaluation. In this drawing, all dimems are in mm.
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Figure 3.7: Detailed drawing of C(T) specimen ugedhe present work for fracture toughness

evaluation. In this drawing, the dimensions arenm.

[I. Tensile Property Examinations

In order to study the influence of SHT parametdegree of cold working and aging temperature
on tensile properties of Zr-2.5Nb alloy, tensilstsewere conducted on an electro-mechanical
‘Zwick/Roell’ universal testing machine (Model NOKAPPA 100 DS’) at RT (~25°C) and
reactor operating temperature, 300°C under a ndrsirain rate of 18 /s. A three zone resistance
heating furnace was used for high temperature ngeséind the specimen temperature was
controlled within £1°C during the test. During thests, specimen temperature was controlled
using three K-type thermocouples, tied on the tloeations of the parallel portion of specimen
using ‘Nichrome’ wires. A maximum sample heatingeraf 15°C per min was used. For high
temperature tests, before actual testing indivica@dcimens were soaked for one hour after
attaining the desired temperature, in order tdratteermal equilibrium throughout the specimen’s
cross-section. Under each TMP condition, one daf®itest was performed at both RT and 300°C.
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[1l. Micro-Hardness Examinations

To study the micro-hardness of Zr-2.5Nb alloy undiéfierent TMP conditions, Vickers hardness
were examined using ‘ESEWAY’ (Model No- ‘NEXUS-43Phardness tester. The tests were
conducted using a standard pyramidal shape dianmmtehter with 1kg-f load and 10 sec dwell
duration. To determine scatter in hardness datajnrmim five measurements were taken for
individual condition. Samples used for the hardrtesting were sequentially manually polished
using silicon carbide papers of grit sizes 150,,22D, 600, 1200, and 2400. Subsequently, for
removing any minor cold worked layer formed on thalished surface, these samples were
chemically polished using a solution of 70% HN&hd 30% HF, diluted by 100% water. To study
the anisotropy in material behavior, hardness wasneed on the three mutually perpendicular
planes viz., Axial-Circumferential (AC), Axial-Radi (AR) and Radial-Circumferential (RC).
Additionally, to investigate the hardness gradi@oitoss material thickness, tests were conducted

at different depth levels from the free surface.

IV. Fracture Toughness Examinations

For the fracture toughness evaluation of Zr-2.5Nlbyaunder different thermo-mechanical
processing conditions, C(T) specimens having 17 wdth and 3.17 mm thickness were used.
The fracture mechanics theory is based on the ggsumof sharp crack tip. Fatigue cycling is
one of the methods for creating the sharp crackatig is recommended by ASTM E1820-11
standard [78]. Therefore, before testing, in otdeobtain sharp initial crack tip, these specimens
were pre-cracked using fatigue cycling in a higigfrency resonance fatigue machine ‘RUMUL’
at ~ 70 Hz frequency upto an initial normalizedckréength,a,/W of 0.5. The fatigue pre-cracking
was done in four sequentially decreasing maximuswiloy steps (650, 550, 450 and 350N) with a

load ratio of 0.1.
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During fatigue pre-cracking, magnitude of the aggblioad governs the plastic zone size ahead of
crack tip, which consequently affects the sharpéske crack tip. Loads of low magnitudes are
always preferred during this operation in orderathieve minimum crack tip blunting and
maximum sharpness. However, it is always a chaltentask to pre-crack the specimen at lower
loads, since lower loads require long time for krampagation. Moreover, at such lower loads, it
is usually very difficult to in-situ visualize there-cracked length within the specimen domain.
Therefore, while performing pre-cracking operatignis very important to select the optimum
load in order to minimize the crack tip blunting fnsuring the sharper crack tip and to in-situ

visualize the pre-cracking length.

Pre-cracking loads were decided according to thdegjnes of ASTM E1820-11 standard [78].
Limiting conditions for the fatigue load to be usedthe first pre-cracking step are governed by

the following two criteria:

a. Criteria-1: Maximum Stress I ntensity Factor (Kyax)
As per this criteria, maximum stress intensity dacit the machined notch and subsequently first

stage crack tip is limited by [78],
f
Kyax = (%) (0.0630%)MPavm (3.2)
YS
where, ol and o35 are material's yield strength at respective fatiqare-cracking and test

temperatures. These yield strengths are alongdahgepdicular direction of crack propagation.

Calculations of the first step fatigue pre-crackiogd for the solution heat treated Zr-2.5Nb alloys
are shown below. Similar calculations were perfatrfa the corresponding fatigue loads of the

subsequently cold worked and aged materials.

The minimum and hence conservative value of afondimeed limiting stress intensity factor
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should be corresponding to the maximum vyield stiteod different solution heat treated materials
having variable SHT temperature and soaking durdtistories. The maximum yield strength of
different solution heat treated Zr-2.5Nb alloys sidered in this study was 813.42 MPa (Details

are provided in Chapter 4).

Therefore, from Equation 3.2, limiting value of tbieess intensity factor ggx) ahead crack tip

during first fatigue pre-cracking step was calocedbas,

f

(0}

Kyax = <G—‘T(S> (0.0630%5) MPavm
YS

—_— . X . avm
81342) (0.063 x 813.42) MPav/!

813.42

~51.25 MPam

For C(T) specimen geometry, the stress intensitiofak; is related to forcePand crack length

g as,
K = s/ () 3
ahere, f (%) _ {(2+%)[0.886+4.64(%)—13.32(3W;)2+14.72(%)3—5.6(%)4]} o)
2

aj
(1-%)
Here, B represents specimen thicknessrdpresents net thickness, (distance between tis ob

the side grooves in side grooved specimen) andpiésents the specimen width.

For the present C(T) specimen geometry, B=B17 mm (since the specimens do not have side
grooves); W=17 mm; and the original crack size.(ighysical crack size at the start of pre-

cracking) @= 6.8 mm.
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Therefore, from Equation 3.4,

, (i) _ {(2 + %) [0.886 + 4.64 (31}) —13.32 (?) +14.72 (%) ~56 (%) ]}

(1-

{(2+68)[0886+464(68)—1332(6

oo} §|_m

17 1

(1-3)

) +172(33) -56(39) |

Nwl

~ 4.0108
Finally, the maximum limiting load (Rx) for first fatigue pre-cracking step was calcutbses,

KmaxL(BByW)%?
Pyvax = a;
7 (W)

_ (51.25%vV1000)x(3.17%3.17x17)05
- 4.0108

=5280.85 N

b. Criteria-2: P,

The maximum limiting load (F), according to this criterion is represented by&pn 3.5.

0.4Bb3oy

P.. =
m 2W+a,

(3.5)

Where, R is ‘original un-cracked ligament’ i.e., distangerh the original crack front (machined
notch) to the back edge of C(T) specimen (i.e +W-&); ov is the flow stress of material, taken

as the mean of yield and ultimate tensile strengths

0.4x3.17x(17—6.8)*x850.88
(2x17)+6.8

B, =

=2751.24 N

Therefore, the selected 650N load, for first fagigure-cracking step is highly conservative as
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compared to the corresponding load recommendedd®ASTM E1820-11 [78] standard. The

variation of stress intensity factors ahead thelctgp of C(T) specimens in the four fatigue pre-
cracking steps are shown in Figure 3.8. From fiesfourth stage, the stress intensity factor
decreases continuously because of using relativelgr pre-cracking loads. Moreover, because of
increasing crack length, under the individual pracking steps, the stress intensity factor
increases too. In the first stage, maximum stressity factor ranged from ~ 12 to 13 Mifg

while in the last step, it has variation from &tMPa/m.
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Figure 3.8: Variation of stress intensity factowsidg the four fatigue pre-cracking steps.

Fracture toughness examinations of these fatigaecacked C(T) specimens were performed in
an electro-mechanical ‘Zwick/Roell’ universal testemodel ‘KAPPA 100 DS’) at 0.2 mm/min
pulling rate. During testing, ‘Direct Current Pdti@h Drop’ (DCPD) technique was used for
monitoring the crack growth [65]. For this purposeconstant direct current of 6 Amps was
supplied to the specimen through 1 mm diameter eopgads [66]. The DCPD voltage was
measured using 0.2 mm diameter platinum wires, kviniere spot welded within 1 mm distance
from the notch opening of the specimen. FiguresB®ws the details of experimental set-up used
for fracture toughness examination. For each TMRditmn, one duplicate test was performed at

both RT and 300°C.
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Figure 3.9: Schematic representation of the DCPiDinira fracture toughness testing.

The fracture toughness was evaluated in termsl-imitegral parameters. For this, fracture
resistanceJ-R curves were constructed and subsequently analygied) the ASTM E1820-11
[78] and ISO 12135:2002 [97,98] standards. Thetdractoughness was determined in terms of

initiation toughness]g and propagation toughnedsmaxanddJ/daparameters.

V. Fractographic Examinations

Fracture surfaces of the broken C(T) specimens wgeenined in a 'Nanoeye' mini Scanning
Electron Microscope (SEM), in view of investigatirige failure mechanisms responsible for
fracture. For this, comprehensive fractographidist at different fractured locations viz., fatigue

pre-cracked, stretched zone and slanted & stréigbitured regions were performed.
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CHAPTER 4
INFLUENCE OF SOLUTION HEAT TREATMENT
PARAMETERS ON FRACTURE BEHAVIOR OF
Zr-2.5Nb ALLOY

This chapter describes the influence of SHT paramsgsoaking temperature within 850-890°C
domain and duration within 15-30 min domains orctinee behavior of Zr-2.5Nb alloy. Chapter
commences by describing the influence of SHT patarseon the microstructural features
comprising phase volume fractions and grain sizsguoptical microscopy, basal pole texture
using X-ray diffraction and Nb partitioning using?EMA examinations. Followed by this, the
influence of SHT parameters on mechanical propektie. micro-hardness, tensile properties and
fracture toughness is presented. Subsequentiydy sif the influence of different evaluation
procedures on fracture toughness parameters ismegs which include the influence of single
specimen (Resistance Curve) and multi-specimeni¢Basst) methods and that of the test
standards viz., ASTM E1820 and ISO 12135. Subsdiyiema comprehensive study of the
fractographic features at different fractured lamag studied using SEM and their correlation with
the observations is presented. Finally, correlabetween the microstructural features with the

tensile properties and fracture toughness paramisteliscussed.

4.1 Microstructural Observations

4.1.1 Optical Microstructures

Solution heat treatments of Zr-2.5Nb alloy in twwape regimeofZr+p3-Zr) at 850, 870 and 890°C
for two soaking durations (15 and 30 min) followsdwater quenching resulted in the two phase
microstructures comprising primawy and martensite (commonly known &3 phases. They
phase is the product of diffusion-less transfororabf-Zr phase during water quenching. Figure

4.1 shows the optical microstructures of Zr-2.5Nloyasolution heat treated from 850-890°C
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regime for 15 and 30 min soaking durations on tR&lACircumferential (AC) plane. The primary

a phase was practically featureless, howewephase exhibited typical martensitic relief after
etching, especially under differential interferenmantrast (DIC) mode of optical microscopy.
Image analysis of the micrographs through ‘Imagsoware was performed to determine volume
fractions of the two phases. For this, under edcth® six SHT conditions, five micrographs,
covering a sample area of ~ 0.014 mmere analyzed to determine volume fractions oftie
phases. Image analysis revealed that with incremseaking temperatures from 850 to 890°C,
primary a volume fraction decreased, and thatophase increased, as shown in Figure 4.2 (a).
With increase in SHT temperature from 850-890°CQun fraction of primary phase decreased
considerably, from 35.75+2.48% to 6.37+0.44% amumfr30.36+0.47% to 5.14+0.46% under

respective 15 and 30 min soaking durations.

As shown in Figure 4.2 (b) that SHT temperature hadk influence on the primany size.
Nevertheless, increase in soaking duration fromtdl30 min at a particular SHT temperature
caused marginal grain coarsening of primarylhe priorp (i.e., @’) grain size had considerable
dependence on both soaking temperature and durdtiorease in soaking temperature within
850-890°C domain resulted in increasentfrain size by more than 100% (as can be seen from
Figure 4.2 (c)). Also, increase in soaking duratiespecially at higher SHT temperature resulted

in much coarser size of.
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Figure 4.1: Optical microstructures of-2.5Nb alloy under six solution heat treated coodsgi In

these micrographs, symbols A and C respectivelsesgmt the axial and circumferential directic
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Figure 4.2: Influence of SHT parameters; soakimgperature and duration on (a) primarphase

volume fraction, and (b) primaky& (c) o’ (i.e., prior) grain sizes.

4.1.2 Crystallographic Texture

Before solution heat treatment, the as-receive@d.ZNb alloy (under CWSR condition) exhibited
strong texture by having significant variations agdhe basal pole texture coefficients (Kearns
parameters) along axial (0.05), transverse (0.58)radial (0.43) directions. After solution heat
treatment within 850-890°C regime followed by wateenching, the resulting primasyando’
phases have hexagonal close packed crystal steuclure texture of solution heat treated
materials, as shown in Figure 4.3 represents tleeathbasal pole alignment along three mutually
perpendicular axial, transverse and radial direstioAfter solution heat treatment, texture

coefficients along axial, transverse and radiatations became nearly equal, suggesting random
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texture of the SHT material. Furthermore, with eage in SHT temperature and duration, the
degree of randomness along three mutually perpeladidirections increased. The pole figures of
Zr-2.5Nb alloy, as shown in Figure 4.4 suggest thattexture after solution heat treatment as

compared to parent CWSR condition is much weaker.

The texture of both 15 and 30 min soaked matedakls suggested that as the SHT temperature
increases, more and more basal poles got alignedirds the axial direction with the
corresponding reduction along transverse and ratiiactions. As a result, after solution heat
treatment, the basal pole texture became pragticalhdomised having nearly one third

distribution along each of the three orthogonatctions.
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Figure 4.3: Influence of SHT temperature on theabpsle texture (Kearns Parameters) of water
guenched Zr-2.5Nb alloy along three mutually pedoedar, axial (f), transverse or
circumferential ( and radial () directions. Figure (a) and (b) respectively shive Kearns

parameters of the alloy soaked for 15 and 30 mratdns.
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Figure 4.4: Additional basal Pole Figures (APFs¥t-2.5Nb alloy before (a) and after soluti
heat treatment (b) &c). Figure (b) and (c) respectively show the ABFalloy heat treated frot
850 and 890°C after being soaked for 30 min dumatodlowed by water quenching. Symbols
and T respectively indicate the axial and transvelisections.Sample normal was ong radial

direction.

4.1.3 Chemical Composition Analysis (Study of Nb Partitiming)

Nb, the major alloying element, acts asp stabilizer in Zr-Nb alloy As discussed, wat
guenching from two phase-¢Zr + B-Zr) regime results in diffusiofess transformations w-Zr
and B-Zr to respective primary. and o’ phases. Increasing soaking temperature and duai
during SHT is expected to decrease the Nb cheessti phases. To study such Nb segrega
the water quenched materialinder two extreme SHT conditions viB50°C-15Min-WQ and
890°C-30MInWQ were examined in an Electron Probe M-analyzer (EPMA) usin

Wavelength Dispersive Spectroscopy (WDS) techn

Figures 4.5 and 4.6 show the rate of photons opexic wavelength, emitted frorthe Nb
element present in primary and o’ phases in terms of counts per seconds (CPS)h®rtwo
extreme solution heat treatedndition:. As can be seen from these figsithat the combination
higher soaking temperature and duration resulteal lower Nb counts from the primasyphase

This therefore, emphasizes that increasing soakimgerature and duration causes decrease
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concentration inu-Zr (therefore, primary) phase. This fact can be understood from the phase
diagram also. Figure 4.7 (a) shows the reportefi ph8se diagrams of Zr-2.5Nb alloy with three
different oxygen concentrations viz., 170, 1400d &350 ppm. However, the Zr-2.5Nb alloy,
considered in this study contains on an averagés Xj8n of oxygen. To estimate the phase
transformation lines for the alloy having 1036 pprygen, a linear interpolation of the phase
transformation lines of 170 and 1400 ppm was paréat. The interpolated transformation line
was subsequently shifted to achieve fhieansus temperature for 2.5 wt. % Nb concentrasisn
915°C, as earlier (Chapter-3) experimentally egghbt for the present material. As can be seen
from this figure (Figure 4.7 (b)) that with increasn temperature from 850-890°C, the Nb
concentration ofa-Zr phase decreases. Such Nb concentration depsmdeha-Zr with
temperature is shown in Table 4.1. Also, a longaksg duration is expected to decrease the Nb
concentration im-Zr phase. This therefore, also correlates thergbddower Nb counts obtained

from the primaryn phase at higher soaking temperature and duration.
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Figure 4.5: (a) EPMA derived Nb CPS spectra fronmpry o ando’ phases in the solution heat
treated Zr-2.5Nb alloy, soaked at 850°C for 15 gurmation. Figure (b) shows the yellow line covering

the two phase regions, along which WDS scanningpea®rmed.
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Figure 4.6: (a) EPMA derived Nb CPS spectra froompry o anda’ phases in the solution heat
treated Zr-2.5Nb alloy, soaked at 890°C for 30 mhumation. Figure (b) shows the yellow line

covering the two phase regions, along which WD®sicey was performed.
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5350 ppm [58] and (b) Phase diagram of Zr-Nb altigrived from Figure (a) for 1036 ppm oxygen
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present investigation.
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Table 4.1: Variation of Nb concentrations arZr phase with SHT temperatures, as quantified
from the phase diagram of the alloy having 1036pptn oxygen (as shown in Figure 4.7 (b)).

S. | Temperature | Nb in a-Zr
No. (°C) (wt. %)

1 850 0.92

2 870 0.84

3 890 0.73

4.2 Mechanical Behavior
4.2.1 Micro-Hardness

In order to examine material’s anisotropy, Vické&erdness of Zr-2.5Nb alloy under both the
parent (as-received material under CWSR conditaong solution heat treated conditions were
investigated on the three mutually perpendicular AR and RC planes. The as-received material
exhibited hardness in the range of 2.24 to 2.6a @R8.3 to 266.7HV1) and showed anisotropy,
under which maximum hardness was observed on th@laRe (ranging from 2.45 to 2.62 GPa,
i.e., 249.4 to 266.7HV1) and minimum on the RC plémanging from 2.24 to 2.38 GPa, i.e., 228.3
to 242.2HV1), see Figure 4.8 (a). A typical indendfile observed after the indentation during
hardness testing is shown in Figure 4.8 (b). Urddkg-f load, the indent diagonal lengths on AC,

AR and RC planes were respectively 85.9-88.5, 88.2-and 87.5-91.9 um.

The solution heat treated materials were foundaetsharp hardness gradient in the vicinity of
free surface. While approaching towards the deptmffree surface, hardness decreased
drastically, and subsequently gets practicallyrsada. Up to a depth of 200-225 um from the free
surface (i.e., below 4-6 % of material’s thicknesgrdness showed such sharp transition. Such
evolution of hardness in the solution heat treatederials as a function of depth from the free

surface is shown in Figure 4.9.
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Figure 4.8: (a) Vickers hardness anisotropy inexeived Zr-2.5Nb alloy under CWSR condition.
Plot shows the hardness variation on three mutyeipendicular AC, AR, and RC planes of as-
received pressure tube material. In this Figurer @ach bar group, the average hardness value
along with corresponding standard deviation (witperentheses) is shown. (b) Typical indent
impression formed on the surface during hardneststge The indent diagonal lengths for parent
CWSR material were between 83.4-91.9 um under 1&gs.
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Figure 4.9: Variation of Vickers hardness with defsom the free surface in solution heat treated
Zr-2.5Nb alloy on AC plane. Plots (a) & (b) arepestively for the materials soaked for 15 and 30

min durations during solution heat treatment.
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The saturated mid section hardness (hardness medasur the middle section of specimen

thickness) of the solution heat treated Zr-2.5Nbyabn AC, AR and RC planes is shown in

Figures 4.10 (a)-(c). After solution heat treatmemardness with respect to parent (CWSR)
material increased by 2.4 to 9.2 % depending orstlag&ing temperature and duration used during
the heat treatment. In contrast to as-receivede(priCWSR material, the solution heat treated
materials were nearly isotropic and exhibited nraabivariation of hardness on three mutually
perpendicular planes. During solution heat treatmesith increasing soaking temperature and
duration, hardness decreased. Though, within th&iisg temperature regime of 850-890°C and
soaking duration regime of 15-30 min, such inflleem@s insignificant, as shown in Figures 4.10

(a)-(c). Under 1 kg-f load, the indent diagonalgégmwas lying in the band of 80-85 microns.

Figure 4.10 (d) shows the dependence of hardnes®aking temperature under 15 and 30 min
durations on the three mutually perpendicular @akiere the soaking temperature dependence of

hardness at a particular plane was calculatedraSqetion 4.1.

Hardness dependence on SHT temperature = w X 100 (4.1)
850°C

In Equation 4.1, terms dsh-c and Hgo-c respectively represent the hardness of matemeakesl at

850°C and 890°C on a particular plane.

Out of AC, AR and RC planes, hardness on the AG@g)lahowed highest dependence on soaking
temperature (as, within 850-890°C regime, harddesseased by 5.3 and 2.8 % under respective
15 and 30 min soaking durations). On the AR planeh dependence was comparatively lower
(as, respective reductions were 3.9 and 2.3 %) oanthe RC plane, hardness was observed to be
least dependent on the soaking temperature (apeatdge reductions were 3.3 and 0.8 %).
Therefore, higher soaking duration during the sofuheat treatment results in the lower soaking

temperature dependent hardness.
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Vickers hardness of Zr-2.5Nb alloy on (a) AC, (bR Aand (c) RC planes. Figure (d) shows the
dependency of hardness on soaking temperaturerm8%0-890°C regime on these three planes.
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4.2.2 Tensile Properties

I. Tensile Strengths

Influence of solution heat treatment parameterthertensile behavior of Zr-2.5Nb alloy is shown
in Figures 4.11-4.16. The flow curves of Zr-2.5Now under different solution heat treated

conditions are illustrated in Figure 4.11.
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Figure 4.11: Lower bound flow curves of Zr-2.5Noglunder different SHT conditions at (a) RT
and (b) 300°C.

During solution heat treatment, with increase iaksog temperature from 850-890°C and soaking
duration from 15 to 30 min, the tensile strengthZre2.5Nb alloy decreased, though the observed
variations were not significant. Figure 4.12 shathe influence of soaking temperature and
duration during solution heat treatment on theiters¢rengths (0.2 % offset yield strength, YS and
ultimate tensile strength, UTS) of Zr-2.5Nb alldynder 15 min soaking period, increase in
soaking temperature from 850-890°C resulted inan® 5 % reductions in the respective YS and
UTS parameters. As the soaking duration increabedensile strengths decrease and became less
sensitive to the soaking temperatures. Under 30 saiaking duration, increase in soaking
temperature from 850-890°C resulted in the respecimparatively lower reductions (by < 5 %).
The dependence of tensile strengths on soakingpgeatecreased as the soaking temperature

increased. For 890°C soaking temperature, the RSiléestrengths were almost similar for the two
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soaking durations (as the deviation was < 0.5 %¥hown in Figure 4.12 (a) and (b). However, at
300°C, the deviations in the tensile strengthssoédd 30 min soaked materials were within 3-5 %

respectively.
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Figure 4.12: Influence of SHT parameters on (ap@@ffset yield strength, and (b) ultimate
tensile strength of Zr-2.5Nb alloy.

[I. Uniform Elongation

The uniform elongation (UE), which represents tkiert of homogenous deformation within the
specimen during uni-axial testing and measureti@sntagnitude of plastic strain corresponding to
the point of maximum stress, is shown in Figure84dr Zr-2.5Nb alloy under different solution
heat treated conditions. The solution heat treatatkerials examined in this work showed UE in
the range of 2-4 %. Under ambient condition, UEeased with increase in soaking temperature
from 850-890°C. For 15 min soaked material, UE e@ased almost linearly with soaking
temperature. However, for 30 min soaked materiéd,sdowed comparatively less dependence on
soaking temperature (by 16.3 %). At 300°C, oppomitambient condition, UE decreased with

increase in soaking temperature (by less than 30%dth soaking periods).
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Figure 4.13: Influence of SHT parameters on thdoam elongation of heat-treated Zr-2.5Nb

alloy.

[ll. Ductility

The ductility of Zr-2.5Nb alloy under different sion heat treated conditions were determined in
terms of total elongation (TE) and reduction inssrasection area at fractured location and is

shown in Figure 4.14.

For the measurement of ductility in terms of TE¢ tparallel lines having a gage length of 25 mm
were marked on the parallel section of the speciraed TE was calculated as per the Equation

4.2.

TE (in % age) = % x 100 (4.2)

In Equation 4.2, Land L represent the initial (before test, i.e., 25 mmgj &nal (after fracture of

the specimen) gage lengths.

In contrast to the other tensile properties, TEapeter exhibited considerable scatter. Under
ambient condition, the average trend showed thahglisolution heat treatment, as the soaking

temperature increased from 850-890°C, TE increasadjinally, by < 8%. However, at 300°C,
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the average TE trend was unaffected upto the 87€5&king temperature, though reduced
afterwards, as shown in Figure 4.14 (a). With iaseein soaking duration at a given temperature
from 15 to 30 min, TE exhibited reduction. Oppoditethe general behavior of ductility with

temperature, TE of these solution heat treated .ZXH2 alloy decreased with increase in

temperature.

The second ductility parameter viz., reduction ross-sectional area at fractured location was
found to be practically insensitive to the soakiegperature, as shown in Figure 4.14 (b). As the
soaking duration during solution heat treatmentréased, reduction in cross-sectional area

increased.
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Figure 4.14: Influence of SHT on the ductility of-Z5Nb alloy. Plot (a) shows the variation of
total elongation, and plot (b) shows the variatbbmeduction in fracture cross-sectional area ef th
Zr-2.5Nb alloy under different solution heat treht®nditions.

V. Strain Hardening Behavior

The strain hardening parameters of the solution theated Zr-2.5Nb alloy were determined using
the Holloman’s empirical power law hardening relaghip [102], given as;

c = Ke," 4.3)
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where,o represents the true stress corresponding to tieepliastic straingp; coefficients K & n

respectively represent the strength coefficientstrelin hardening exponent.

During solution heat treatment, as the soaking tratpre increases, strain hardening exponent of
the heat treated material increases, as showngurd-i4.15 (a) though the observed variations
were marginal. Under 15 min soaking condition, wmit®50-890°C temperature domain such

increase was ~30 and 20% respectively at RT an8CG3a8igher soaking duration at a particular

temperature resulted in higher and comparativedg Igoaking temperature sensitive hardening
exponent of the resulting material. The materialksal for 30 min, as compared to 15 min showed
practically soaking temperature insensitive expbn@s the soaking temperature increased, the
difference in hardening exponents of 15 and 30 suaked materials decreased and at 890°C

soaking temperature, such deviation became nelgigib

The strength coefficient was practically insensitto the soaking temperature and duration used
during the solution heat treatment, as shown imeigt.15 (b). In contrast to RT, at (300°C), the

coefficients exhibited ~10% reduction.
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Figure 4.15: Influence of SHT parameters on thdd#abn’s strain hardening parameters of Zr-
2.5Nb alloy. Plots show the variation of (a) strdiardening exponent, and (b) strength

coefficient of Zr-2.5Nb alloy under different salut heat treated conditions.

105



Chapter 4. Influence of Solution Heat Treatment
Parameters on Fracture Behavior of Zr-2.5Nb alloy

Therefore, in summary, during SHT, variation oflsng temperature within 850-890°C regime
and soaking duration within 15-30 min domain ingfigantly influenced the tensile properties of
Zr-2.5Nb alloy. Furthermore, with increase in sogkduration from 15-30 min, the dependency of
most of the tensile properties on soaking tempegaitthin 850-890°C domain decreased. Such
dependencies of different tensile properties orstieking temperature can be seen in Figure 4.16.

The dependency parameters in Figure 4.16 werelastduas follows;

SHT Temperature Dependency of P, = Fiwsoo-Pi@00) o 1) (4.4)

Pj (850°C)

In Equation 4.4P, represents thé"itensile property of the solution heat treated miglteind
P, (ss0°c) & Pi (g90°c) respectively represent th& property of solution heat treated material soaked

at 850 & 890°C.
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Figure 4.16: Dependency of different tensile prtps on the soaking temperature within 850-
890°C domain for 15 and 30 min soaked conditiorletsP(a) and (b) respectively show the
dependency at RT and 300°C. Here, the dependendensile properties within 850-890°C

soaking temperature regime was determined usingtifou4.3.

4.2.3 Fracture Toughness Parameters

For the evaluation of fracture toughness parametieZs-2.5Nb alloy under different solution heat

treated conditions, C(T) specimens having 17 mnthwaechd 3.17 mm thickness were used. During
testing, crack growth in the specimen was monitarsidg the DCPD technique [103]. The details
of specimen preparation stages, specimen grindifigti§ue pre-cracking and the fracture testing

procedure are described in Section 3.6.2 (1V), Gdrap

. Test Raw Data

Figure 4.17 shows the raw data obtained after theture testing of one of the solution heat
treated materials. The raw data comprised the tiependent load, load line displacement (LLD)

and DCPD signals. The DCPD signal comprised thagalhe regions: initial LLD independent

107



Chapter 4. Influence of Solution Heat Treatment
Parameters on Fracture Behavior of Zr-2.5Nb alloy

region (lying within the initial linear region ob&d-LLD plot), followed by the two successive
higher slope regions. In contrast to ambient camdlitthe DCPD-LLD curve at 300°C, had
relatively lower slope, which thereby indicates ttlilhe material’s crack growth resistance

increased with temperature.
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Figure 4.17: Typical raw data of the fracture {@bdts of load vs. load line displacement, in solid
lines and DCPD vs. load line displacement, in dddimes) performed at (a) RT and (b) 300°C.

lI. J-R Curve Analysis

A. Resistance Curve Test Method

The schematic illustration of thkR curve analysis procedure recommended by ASTM E1820
standard (using Resistance Curve Test Methodh®etvaluation of fracture toughness parameters
for one of the solution heat treated materialshews in Figure 4.18. In contrast to ambient
condition (Figure 4.18 (a)), theR curve (as shown by the hollow circles) exhibitéghler slope

at 300°C (Figure 4.18 (b)), which indicates inceescrack growth resistance with temperature.

108



Chapter 4. Influence of Solution Heat Treatment
Parameters on Fracture Behavior of Zr-2.5Nb alloy

600

600 - ;

(b) ;.“. .“/f Powerl.a\wit )

500 / Power Law Fit = Linear Regression

400 + 400

Nﬁ NA
E E / / oz
g 300 / g’ 300 4 / ."F /// | dJida
S / = - =
!" / /
/ /
200 4 / o Jpdata point 200 / )4' O Jgdata point
Construction Line "‘,// y Construction Line
/ 0.15 mm offset EL +7 A7) \ 0.15 mm offset EL
100 1 / —— 0.2 mm offset Line 100 ;’ —— 0.2 mm offset Line
0.5 mm offset Line / Ja 0.5 mm offset Line
1.5 mm offset EL / / 1.5 mm offset EL
0 T T T T T 0 T T T T T
0.0 04 0.8 1.2 1.6 20 24 0.0 04 08 12 1.6 20 24
Aa (mm) Aa (mm)

Figure 4.18: Schematic illustration of tldeR curve analysis procedure for the evaluation of
fracture toughness parameters for one of the solteat treated Zr-2.5Nb alloy. Plots (a) and (b)
represent theJ-R curve analysis using data obtained from testsopmdd at RT and 300°C

respectively.

I. Fracture Resistance (J-R) Curves

The lower bound fracture resistance behavior o BNb alloy under six solution heat treated
conditions is illustrated in Figure 4.19. Variatomf SHT parameters do not cause drastic
difference on the lower bound fracture resistadeR,curves of water quenched Zr-2.5Nb alloy.
Nevertheless, at RT, for 15 min soaking at SHT temature, theJ-values for a given LLD
marginally shifts to higher values with increaseSHT temperature. For 30 min soaking, fhe
values for a given LLD are comparable for 850 ai@@ &nd higher for 890°C condition. Thus,
890°C condition shows higher lower bouddalues for both 15 and 30 min soaking, which is
good as the higher resistance requirement is nmoperntant at RT. Increase in test temperature
from RT to 300°C caused substantial improvemerthe-values at a given LLD value, which
therefore suggests the improved fracture resistaficeolution heat treated Zr-2.5Nb alloys at

elevated test temperature, Figure 4.19 (b).
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Figure 4.19: Influence of SHT parameters on thetfna resistance)-R curves of Zr-2.5Nb alloy;
(a) Plot of lower bound-R curves under different SHT conditions at RT, (biresponding plot at
300°C.

ii.  Initiation Toughness, J, parameter

Figure 4.20 shows the influence of SHT parametarthe initiation toughness of Zr-2.5Nb alloy.
Under ambient condition, the linear fit suggestt the initiation toughness had weak dependence
on the SHT temperature and soaking duration. Isangaemperature from RT to 300°C caused
considerable improvement in the initiation touglmeAlso, at 300°C, the initiation toughness
exhibited considerable scatter. At 300°C, matersmiaked for 15 min duration had practically
independent initiation toughness with SHT tempeestuMaterials soaked for longer duration (30
min) during SHT showed improvement in the initiatimughness (by 15-20%). These materials
had dependence of initiation toughness with SHTpenatures, as per the linear trend, increasing

SHT temperature from 850-890°C resulted in decreatmighness.
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Figure 4.20: Influence of SHT parameters on théaiton fracture toughnessgy of Zr-2.5Nb

alloy.

iii. Propagation toughness, Jgmax Parameter

As discussed earliefrmax parameter represents the magnitud€ parameter corresponding to
the point of maximum load during the test and heisxcene of the propagation toughness
parameters. Figure 4.21 shows the influence of $HEmMeters on thd-max) parameter of Zr-
2.5Nb alloy. The linear fit suggests that under @micondition, thelgmax) parameter was weakly
dependent on the SHT temperature and soaking doraith increase in temperature from RT to
300°C, theJrmaxparameter showed considerable improvement ( by }508% 300°C, materials,
especially soaked at lower SHT temperatures, shawgaovement in Jrmax) parameter with

increase in soaking duration.
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Figure 4.21: Influence of SHT parameters on theagation toughnessgmax parameter of Zr-
2.5Nb alloy.

iv. Propagation toughness (dJ/da Parameter)

The dJ/da parameter represents the slope of qualified regiothe J-R curve, and therefore is
another propagation toughness parameter. Figuesh@ws the influence of SHT parameters on
the dJ/da parameter of Zr-2.5Nb alloy. Here again, the lingand suggests that under ambient
condition, thedJ/da parameter had weak dependence on the SHT temperahd soaking
duration. Increasing temperature from RT to 30040sed considerable improvement in ddéda
parameters. At 300°C, the trend shows slight depecelon SHT temperature; as with increase in
SHT temperaturegdJ/da exhibited slight improvement. Furthermore, at 3DAést temperature,
increasing soaking duration from 15-30 min at imdliial SHT temperature resulted in the

consistent improvement ohJ/daparameters.
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Figure 4.22: Influence of SHT parameters on anopiepagation toughness, parameterda of
Zr-2.5Nb alloy.

Therefore, in summary, the fracture toughness peiens of Zr-2.5Nb alloy had weak dependence
on SHT parameters, especially under ambient camditiowever, a longer soaking at a particular
SHT temperature during SHT resulted in the improseimin fracture toughness parameters,

especially at 300°C.

B. Basic Test Method

One of the major novelty of the current evaluatepproach is in the determination of fracture

toughness parameters using BT method (the mulsip&eimen approach) with single specimen
data. In order to determine the fracture toughpesameters using BT method, instead of testing
multiple equivalent dimension specimens for différerack extension levels and constructing the
J-R curves based on the physically marked crack gravetia, thelJ-R curves were constructed

based on the crack extension monitored using tigdesspecimen DCPD technique. Therefore, in
the present evaluation approach, the multiple spexs based BT methodology is applied as the

single specimen method, based on the crack extedsia obtained from DCPD technique.
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I. Fracture Resistance (J-R) curves
For a given crack extension, the BT method, in @sitto RC method estimates highkr

parameter, resulting in the corresponding highBrcurves, as shown in Figures 4.23 and 4.24.
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Figure 4.23: Comparison of RT-lower boud«R curves of solution heat treated Zr-2.5Nb alloy,
derived using BT and RC methods under (a) 15 mih(ep30 min SHT soaking conditions.
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Figure 4.24: Comparison of the lower boulR curves of solution heat treated Zr-2.5Nb alloy,
derived using BT and RC methods at 300°C undetFand (b) 30 min SHT soaking conditions.
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Figure 4.25 shows the deviations in thealues as a function of normalized crack lengHese,

the deviations were calculated as per Equation 4.5.

J ai —J ai
G G
Deviation (in %) = —~2L—RC fT, YRC % 100 (4.5)

at
(W)RC

In Equation 4.5, termg respectively represent thé parameter at"}

@ and J (3_;

)BT )RC

normalized crack lengtla{W) derived using BT and RC methods.

The deviations inJ-R curves derived following these two methods incedasvith the crack

growth, Figure 4.25. For smaller crack extensiafW(< ~ 0.54), the deviation in the resistance
curves obtained using the two methods were insaamf (< 5%), however with the subsequent
crack growth, the deviation increased rapidly. €sponding t@/W of 0.63, the deviation reached

to ~20%. With increase in test temperature fromtRBO00°C, the deviation in thé& parameter

decreased.
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Figure 4.25: Deviations in thBR curves derived using BT and RC methods as a fomact crack
extension. Plot (a) shows the deviations in3Hecurves for 15 min soaked solution heat treated

materials and plot (b) shows the correspondingaden for 30 min soaked materials.
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li. Initiation Toughness

Figure 4.26 shows the comparison of initiation toggss evaluated from tldeR curves using BT
and RC methods. BT method, in contrast to RC metsionated marginally higher (by < 5%)
initiation toughness of the six solution heat teglatmaterials. This deviation was observed to
decrease with increase in the test temperature eMenythe dependency of initiation toughness on
the solution heat treatment parameters; soakingeeamure (850-890°C) and soaking duration
(15-30 min) remained equivalent to that as shownhieyRC method. Similar to RC method, the
initiation toughness data derived using the BT meéthxhibited significant scatter, especially at

300°C.

As summary, the RC method, in contrast to BT metbodservatively estimated the initiation
toughness under six solution heat treatment camditi Deviations in initiation toughness data

obtained from the two standard approaches wereinaygspecially at 300°C test temperature.
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Figure 4.26: Influence of BT and RC methodologiastiee initiation toughnessg parameters of
(a) 15 and (b) 30 min soaked solution heat treAte2l5Nb alloy.
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i, Jrmax) Parameter

Similar to initiation toughness, th&max parameter derived using BT method was found to be
marginally higher as compared to the RC methodHersix solution heat treatment conditions,

shown in Figure 4.27. The corresponding deviationghis parameter were close to 6% under
ambient condition and 3% at 300°C. Here againBfhienethod showed analogous dependence of

Jrmaxyon SHT parameters, as evaluated by the RC method.
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Figure 4.27: Influence of BT and RC methodologigs the propagation toughneskmax)
parameters of (a) 15 and (b) 30 min soaked soliteat treated Zr-2.5Nb alloy.

iv. dJ/da Parameter

In contrast to the earlier discussed initiationgtmess Jg) and propagation toughnesk fax)
parameters, in which the two DCG approaches havgina influence on the results, td/da
parameter showed significant dependency on thesleaion approaches (shown in Figure 4.28).
Similar to Jo and Jrmax) parametersRC method conservatively estimates thE¥da parameter.
Under RT and 300°C, the deviation betweklda parameters obtained from the two methods

were respectively ~15 and 8%. The dependenayJafaon solution heat treatment parameters;
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soaking temperature (850-890°C) and soaking durgtl®-30 min) remained equivalent to that

shown by the RC method.
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Figure 4.28: Influence of BT and RC methodologias the propagation toughnesktl/da
parameters of (a) 15 and (b) 30 min soaked soliteat treated Zr-2.5Nb alloy.

Therefore, in summary, the RC method in contrasBTomethod, conservatively estimates the
fracture toughness of Zr-2.5Nb alloy under six 8olu heat treated conditions. Though the
recommended evaluation methodologies suggestethddyASTM E1820-11 standard does not
have much influence odg and Jrmax) parameters, the slope of the resistance curvagiro

depends on the method of evaluation.

C. Fracture Toughness Evaluation as per ISO Standard

As discussed in Section 2.5 (c), Chapter 2 that,ntlajor difference between the ASTM and I1SO
standard procedures lies not only in the expredsiod, but also in the analysis procedure of the
J-R curve to determine the fracture toughness parameteollowing sections describe the

influence of ASTM and ISO standard procedures antéire behavior of solution heat treated Zr-

2.5Nb alloy.
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I. Fracture Resistance (J-R) Curves

Comparisons of the ASTM and ISO derived lower bod#Ricurves of Zr-2.5Nb alloy under six
SHT conditions are shown in Figure 4.29 and 4.30eapective RT and 300°C. The ASTM
standard, in contrast to ISO showed conservatitienason of theJ-R curves. Nevertheless, the
deviations between ASTM and ISO derivkedarameters at a particular crack extension leesew

marginal, especially at 300°C.
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Figure 4.29: Comparison of the ASTM and I1SO deriiRdlower bound]-R curves of Zr-2.5Nb
alloy, solution heat treated for (a) 15 & (b) 30nnsoaking durations. As is evident from this
figure, for a given crack extension tdeparameters derived using the ISO method are Blight

higher.
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Figure 4.30: Comparison of the ASTM and ISO derileger boundJ-R curves at 300°C for Zr-
2.5Nb alloy, solution heat treated for (a) 15 & 86) min soaking durations. As is evident from this
figure that at a particular crack extension, Ifparameters are practically independent to the ASTM
and I1SO standards
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Figure 4.31 shows the deviations in thealues as a function of normalized crack lengHese,
the deviations were computed as per Equation 4.6.

] ai =J ai

72 )
Deviation (in %) = —% ’]SO_ WASTM 100 (4.6)
at
W) asTm

In Equation 4.6, termg and J

ISO

respectively represent thé parameter at™

G G ASTM

normalized crack lengtla(W) derived using ISO and ASTM procedures.

Under ambient test condition, the deviations in 3k curves initially increased with the crack
extension, reached to ~ 6%V of ~ 0.55 and later on became almost saturatedigeee 4.31.
In contrast to RT, the magnitudes of deviationsheJ-R curves derived from the two standards
were almost half at 300°C for the six SHT condisioBimilar to RT, at 300°C the magnitude of
deviation between thd parameter increased marginally within a very sneadick extension

regime,a/W< ~ 0.5. However, with the further crack growth,rgiaal reduction in the deviations

were observed.
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Figure 4.31: Deviation in th@ parameters derived as per ASTM and ISO standardgfetent
crack extension levels for Zr-2.5Nb alloy solutioeat treated for (a) 15 and (b) 30 min soaking
durations.
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Therefore, thel-R curves of the six solution heat treated matedaisved as per the ASTM and

ISO standards were very close, especially at 300°C.

ii. Initiation Toughness

The initiation toughness of the six solution heatted materials determined as per ISO standard
were found to be less than that determined usiegABTM standard. The difference in the
evaluation procedures suggested by the two stamdeedling to the deviation in the initiation
toughness data is shown in Figure 4.32. Under amhlsiendition, deviation in thé, parameters
derived using the two standards was < 10%. Howete300°C, the deviation reached to 30-50%
(Figure 4.33). Nevertheless, the trends of inbiatioughness determined from the two standards
with the solution heat treatment parameters, sgat@mperature and duration were analogous.
Therefore, though the deviations in th® curves derived using the two standards were malrgin

the Jo parameters evaluated from these resistance cuagesignificant difference.
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Figure 4.32: Comparison of the evaluation procesluvé initiation toughnessJ4 ) and
propagation toughnessdJ/dg parameters suggested by ASTM E1820-11 and ISO
12135:2002 standards. 121
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Figure 4.33: Influence of ASTM and ISO evaluatiorogedures on the initiation fracture
toughness parametedq] of Zr-2.5Nb alloy, solution heat treated from tiieree soaking

temperatures for (a) 15 min and (b) 30 min soakiugtions.

Figure 4.34 shows the influence of material's flswess on the deviation in ASTM and ISO
derived initiation toughness parameters. Herentirenalized difference between ASTM and ISO
derived initiation toughness data (i.éy,astmandJqg 1so respectively) for the six different solution
heat treated conditions determined at both RT &9d@G are simultaneously plotted and compared
with respect to corresponding flow stress. The Itiegu trend suggested that such deviation

decreased with increase in material’'s flow stress.
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Figure 4.34: Influence of material's flow stress the normalized difference between the

ASTM and ISO derived initiation toughness paranseter
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. Jrmax) Parameter

Unlike initiation toughness, th&maxparameters derived using the two standard appreaghee
almost comparable, especially at 300°C, Figure .4R5RT, the ISO derivedrmax parameters
were ~ 5% higher than those derived from the ASTahdard, whereas at 300°C, the deviations

became as close as 1%.
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Figure 4.35: Influence of ASTM and ISO evaluatiawgedures on th@rmax parameters of Zr-

2.5Nb alloy, solution heat treated from the threaking temperatures for (a) 15 min and (b) 30
min soaking durations.

Therefore, unlike the initiation toughness, the ASBtandard, in contrast to ISO standard
conservatively estimates thkmax parameter. The marginal deviations observed betvihe
Jrmaxparameters derived from the two standards ardatédl to the insignificant deviations in the

J-Rcurves derived as per these standards, as shawgures 4.29 and 4.30.

When the entireJrmax) data derived from the two standards at both RT &a06°C were

simultaneously compared, the trend (Figure 4.3@)gested that though the deviations were

marginal, it increased with the flow stress.
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Figure 4.36: Influence of material’s flow stresstbe normalized difference between the ASTM

and I1SO derivedgmaxparameters.

iv. dJ/da Parameter

In contrast to the initiation toughness alghax) parameter, thedJ/daparameters determined from
the two standards exhibited appreciable differemseshown in Figure 4.37. Similar 3max)
ASTM standard resulted for the conservative estonabf dJ/daparameter. The deviation in the
dJ/daparameter was observed to be > 50%. Such appleddference in thelJ/daparameters

because of the difference in the analysis procedtithe two standards is illustrated in Figure

4.34.
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Figure 4.37: Influence of ASTM and ISO evaluatialmgedures on thdJ/daparameters of Zr-
2.5Nb alloy, solution heat treated from the threakeng temperatures for (a) 15 min and (b) 30

min soaking durations.

To compare the extent of variationsdd&/da parameters derived from ASTM and ISO standards,
the normalized difference betweed/da data derived from these standards for the six isolut
heat treated conditions were simultaneously plott@t respective flow stress values in Figure
4.38. Significant normalized deviations @dd/da parameters obtained by the two methods were
practically insensitive to material’s flow stred¢evertheless, as shown earlier in Figure 4.37 that
in terms of absolute differences (without normal@i, material tested under ambient condition

(having higher strength) showed relatively lowevidgons indJ/daparameters.
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Figure 4.38: Influence of material’s flow stresstbie normalized difference between the ASTM

and ISO derivedJ/daparameters.

Therefore, in summary, th&R curves of six heat treated materials derived ftbemASTM and
ISO standards had marginal deviations. Howeverctira toughness parameters (initiation
toughness Jp) and slope of qualified-R region ¢J/dg) derived from these standards had

appreciable differences, especially at 300°C.

However, theJrmax)parameter showed practically insensitiveness tsetlevaluation approaches.
Earlier, this parameter has also showed practicalignsitiveness to the RC and BT evaluation
methodologies. This therefore, emphasizes thalCik parameters of solution heat treated Zr-
2.5Nb alloy (which are the function odrmax parameters, as described in Section 2.5, Chapter 2

will also be practically insensitive to these as@&yapproaches.
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4.3 Study of Fracture Surface

The fracture surfaces of the broken C(T) specimewusaled typical mixed mode failure (mode |
& 1) comprised of 45 oriented fracture surfaces, as shown in Figur®.432ich 45° oriented
surfaces were accompanied by central narrow flgione The fracture surfaces were broadly
classified into the two major categories: uni-pla@d bi-planer fracture. In the uni-planer
fracture, the specimen failed from one plane, Fegut.39 (a) & (b), whereas, in case of bi-planer
fracture, the specimen failed from the two plafegures 4.39 (c) & (d). The fracture surfaces, in

case of bi-planer fracture had typical ‘hill & v&yf appearance, as shown in Figure 4.39 (d).

;i “Uni planer, ~45°
FIRLRESETR Tagien 5 oriented fracture

= - ce ] 5
Tearing 45" oriented EUE

region Fracture surface

4 Illéd iate (d:l
- flat fracture !
surface -

fftcture surfaces

Figure 4.39: Fracture surfaces of solution heattée Zr-2.5 Nb alloy, illustrating (a) & (b) uni-
planner shear failure and (c) & (d) bi-planner sHagure.
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Table 4.2 shows the stable crack growth fracturtase areas of the broken C(T) specimens under
various solution heat treated conditions. Theseasaneere measured by the image analysis
performed using the ‘Image-J’ software. On an ayerdhe total fracture surface areas were ~
10.8 mnf under ambient condition, and marginally lower, m&f¢ under 300°C. The intermediate
narrow flat region covers ~13-28 % region of th&altdractured area. This mixed mode failure
suggests that the state of stress ahead of thk ttipawas close to plane stress condition, under

which, the material in general shows specimendgeendent higher fracture toughness.

Table 4.2: Fracture surface areas of the broker) §f§@&cimens of Zr-2.5Nb alloy under different
solution heat treated conditions.

. . Fracture Surface Area
Soaking Soaking Test Total Flat | Fraction
Temperature | Duration Temperature
°C) (Min) °C) area area flat area
(mm%) | (mm°) (%)

850 15 25 11.89 1.65 13.91
15 25 12.57 1.72 13.70

870 15 25 9.05 1.69 18.67
15 25 11.16 1.36 12.18

890 15 25 9.66 2.28 23.63
15 25 11.66 1.78 15.29

850 30 25 10.52 2.48 23.57
30 25 10.82 2.44 22.52

870 30 25 11.03 1.56 14.12
30 25 11.05 1.57 14.21

890 30 25 10.42 2.59 24.86
850 15 300 9.15 1.73 18.90
15 300 9.54 1.83 19.16

870 15 300 8.93 1.82 20.42
15 300 9.08 2.52 27.75

890 15 300 7.93 1.87 23.63
15 300 8.94 1.82 20.35

850 30 300 8.33 1.88 22.59
30 300 7.53 2.13 28.22

870 30 300 9.10 1.77 19.47
30 300 11.94 1.97 16.49

890 30 300 9.23 1.76 19.09
30 300 8.76 1.94 22.18

In order to ensure the specimen size independehtaaver bound fracture toughness, the plane
strain state of stress must prevail ahead the ctigickFor such plane strain condition, the

specimen’s thickness must exceed a critical vafeeording to the ASTM E1820-11 standard
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[78], in order to attain the plane strain conditidallowing specimen thickness criteria must
satisfy.

B >2xe 4.7)

Oy
In Equation 4.7B represents the specimen thicknggds the initiation fracture toughness, and

is the material’s flow stress along the loadingdiion in the fracture test.

Table 4.3 lists the critical specimen thicknessunexgl to achieve the plane strain condition for Zr-
2.5Nb alloy under six solution heat treated condgi Under ambient condition, in majority of

cases, this critical thickness was lower than tbedu3.17 mm thickness. However, under 300°C
fracture condition, the critical thickness increhsgpreciably and found to be much higher than

the used thickness.

Table 4.3: Critical specimen thickness requiredabsfy plane strain condition in C(T) specimens
(as suggested by ASTM E 1820-11 standard, Equdtionfor Zr-2.5Nb alloy under six solution

heat treated conditions.

Minimum specimen

S. SHT Condition thickness requi_red
No. for plane strain
condition (mm)

RT 300°C
1 850°C-15Min-WQ 1.69 4.92
2 870°C-15Min-WQ 2.81 6.40
3 890°C-15Min-WQ 3.11 5.71
4 850°C-30Min-WQ 2.70 7.77
5 870°C-30Min-WQ 2.53 7.17
6 890°C-30Min-WQ 3.80 5.78
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4.3.1. SEM Fractography

|. Pre-cracked Surface

Visually, the fatigue pre-cracked surfaces exhibtigical shiny and flat appearence (as shown in
Figure 4.39). The SEM fractography revealed sevpfateaus presented on the pre-cracked
surface, over which the fatigue crack propagateghawn in Figure 4.40. Most of these plateaus
were oriented along the direction of crack propagatin addition, the fracture surfaces exhibited

some micro-cracks, oriented at ~ 45° angle to thekcgrowth direction.

Il. Fracture Surface

The fractographic features of the broken C(T) gpeais of Zr-2.5Nb alloy under six solution heat
treated conditions are shown in Figures 4.41-414% fracture surfaces showed typical dimple
structure characteristic of a ductile failure, signg the operating fracture mechanism was micro-
void coalescence. On the basis of morphology, tieewved dimples fell into the two categories;
dimples having marginally parabolic (elongated)mEhand dimples having equiaxed shape. On the
45° oriented fracture surface, the major axes efghrabolic dimples were along the specimen
thickness, especially at 300°C, suggesting therstgeéailure on this surface as shown in Figure
4.42. In contrast, on the flat fractured regiorg thajor axes of the parabolic dimples were along
the specimen width direction, emphasizing the apeerti.e., tearing) failure on this surface, see
Figure 4.44. Most of the parabolic dimples were cmnpletely surrounded by the lips; however,
few of them were having oval shape. The existeridhase two types of dimples suggests mixed
mode failure (mode-I & Ill) of these materials. Tdienples had in-homogeneity in terms of their
sizes and therefore suggested the non uniformdistsn of their nucleation sites. Under ambient
fracture condition, the dimples had sizes rangmgif< ~ 1 um to as big as ~ 6 um. The fracture
at 300°C temperature resulted in the formatioretdtively bigger and deeper dimples, having size

in-homogeneity ranging from ~ 2 um to as long &)+4m. In addition, these dimples, in contrast
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to those formed at ambient condition containedcigbdeformation markings on their walls. The
bigger & deeper dimple size and the deformationkings on its walls are the characteristic
features of the considerable plastic deformatioa ofaterial [103,104]. The observed increase in
dimple size with test temperature suggests thantheber of nucleation sites decreases and the
spacing among them increases with test temperd@eause of this, after nucleation, the void has
to grow considerably before its coalescence with tiearest growing void. The higher crack
growth resistance shown by Zr-2.5Nb alloy underssibution heat treated conditions at 300°C, in
contrast to ambient condition, can be seen as dmsegjuence of such reduction in the void

nucleation sites and increase in the spacing artiaryg.

[11. Stretched Zone Ahead of Pre-cracked Region

During testing, material ahead of pre-cracked tipCi(T) specimen deforms plastically before
getting fractured. Therefore, before the crackister propagate, material ahead the pre-cracked
region undergoes certain stretching, leading inftmmation of a distinguished zone ahead pre-
cracked region, which is called ‘Stretched ZonéjuFes 4.45 and 4.46 shows the stretched zones
ahead of pre-cracked regions in Zr-2.5Nb alloy wrsibe solution heat treated conditions tested at
RT and 300°C respectively. Under ambient test daordi SHT parameters did not show any
significant influence on the streched zone widtBZWs) of Zr-2.5Nb alloy. At this condition,
average SZWs were ranging between 45-67 um. Nelest at 300°C fractured condition, the
materials soaked for 30 min duration, in contrastd min during SHT, exhibited relatively wider

stretched zones.
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Pre-cracked Surface

870°C-15Min-WQ

Crack Growth
Crack Growth
Cfacl; Growth

Specimen Thickness

- 850°C-30Min-WQ

Crack Growth
Crac_k Growth

Ok 5 KV x3.0k 5 KV

Soecimen Thickness Soecimen Thickness

Soecimen Thickness

Figure 4.40: SEM fractographs illustrating tfeigue pr-cracked surfaces of the broken C(T) specimensiinsolution heat treated conditic
(mentioned above the fractograph$he arrow marked on the individual fractogrepoints towards the microrack, oriented at typically ~4 to the
crack growth directior

132



Chapter 4:Influence of Solution Heat Treatme
Parameters oRractur¢ Behavior of Zr-2.5Nb alloy

45° Oriented Fracture Surfaces Demonstrating Fractte at RT
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Figure 4.41: SEM fractograplitustrating the inclined fractu surfaces of the broken C(T) specimensiinsolution heat treated conditic (mentioned
above the fractographs), tested under ambient tondDistinguished fracture features are indicated byatinews. Feature A shovthe fine size dimple,
B shows the big dimple, C shows the dimple, notgletely surrounded by its lip aiD shows thalimple having oval shag
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45° Oriented Fracture Surfaces Demonstrating Fractte at 300°C
870°C-15Min- WQ

850°C-15Min-WQ_

890°C-15Min-W
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Specimen Width
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Figure 4.42: SEM fractographs illustrating the inet fracture surfaces of the broken C(T) specimerssx solution heat treated conditions (mentioned

above the fractographs), tested at 300 °C. Disigngul fracture features are indicated by the arréwature A shows the fine size dimple, B shows the

big dimple, C shows the dimple, not completely sunded by its lip, D shows the dimple having ovee and E shows typical deformation markings
within dimples.
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Flat Fractured Surface Showing Finer Dimple Formaton During Fracture at RT
1850°‘015in-WQ 870°C-15Min-WQ 890°C-15Min-WQ
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Figure 4.43: SEM fractographs illustrating the fi@ctured regions of the broken C(T) specimenthésix solution heat treated conditions, (mentibne
above the fractographs), tested under ambient tondi
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Flat Fractured Surface Showing Coarser Dimple Form#on During Fracture at 300°C
850 C 15M|n WQ 870°C- 15M|n -WQ 890°C-15Min-WQ

Crack Growth
Crack Growth
Crack Growth

Specimen Thickness Specimen Thickness

_850°C- 3OM_|n WQ - | 870°C-30Min-WQ

Specimen Thickness

890°C-30Min-WQ
7 S

Crack Growth
Crack Growth

Snecimen Thickness Spnecimen Thickness Snecimen Thickness

Figure 4.44: SEM fractographs illustrating the flaictured regions of the broken C(T) specimenénsix solution heat treated conditions, (mentibne
above the fractographs), tested at 300°C.
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Stretched Zone Formation Ahead of Pre-cracked Regroat RT

Specimen Thickness Specimen Thickness Specimen Thickness
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P

Figure 4.45: SEM fractographs illustrating the tetned zone formations ahead of pre-cracked regiobsoken C(T) specimens under six SHT conditions,
(mentioned above the fractographs), tested at R1hd individual fractograph, stretched zone ()danded by the yellow lines, which separate tlee pr
. cracked (P) region from the tearing (T) region.
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Figure 4.46: SEM fractographs illustrating the tetned zone formations ahead of pre-cracked regiorsoken C(T) specimens under six SHT
conditions, (mentioned above the fractographsj)etkeat 300°C. In the individual fractograph, sthett zone (S) is bounded by the yellow lines, which
separate the pre-cracked (P) region from the tgdfinregion.
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4.4 Discussion

Influence of SHT parameters on the microstructieatures and the mechanical properties
including tensile properties, micro-hardness aratttire behavior of Zr-2.5Nb alloy were

described in this chapter. These effects are bdisrgssed as under:

The present study has shown that increase in Skipdrature within 850-890°C, for up to
30 min soaking duration causes considerable mitrcstral changes. This includes
reduction in primaryx volume fraction and increase in grain sizes (dsfigof prior B, i.e.,

a’). Another important microstructural change cobklthe degree of super saturation of the
B stabilizer Nb withino’ phase. Assuming that after 30 min of soaking,ghase equilibrium
has been reached, the Nb concentratioff phase (therefore’ phase) for different SHT

conditions can be determined as below:

From the phase diagram, following ‘Inverse Liverie:

_ Nbpg—2.5
@ " Nbg—Nbg

(4.8)

where, the termV, represents volume fractions afZr; terms Nb, & Nb; respectively

represent the Nb concentrations (in wt. %y-afr & B-Zr phases.

Therefore, the average Nb concentratioft-&@r (hence, degree of Nb super saturation’jn

Nb,) is given by;

_ 2.5—(VgXNby) __

Here, the ternV, (volume fraction of primary) for the six solution heat treated conditions

has been described at the beginning of this chélptgure 4.2 (a)). The variation dfb, with

SHT temperature has been illustrated in Table dsldetermined from the phase diagram
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(Figure 4.7 (b)). Using these values one can coenfi, for the six solution heat treated

conditions, as described below.

A. For 850°C/15Min

Nby = 2.5-(0.36x0.92)  _ 338 wt. %
(1-0.36)

B. For 870°C/15Min

_ 2.5-(0.16X0.84)

—_ 0,
Nbg = (1-016) =2.81wt. %
C. _For 890°C/15Min
Nbg = 2.5-(0.06x0.73)  _ 2 62 wt. %
(1-0.06)
D. For 850°C/30Min
Nbg = 2.5-(0.30x092)  _ 3.19 wt. %
(1-0.30)
E. For 870°C/30Min
Nbg = 2.5-(0.15x0.84)  _ 2 79 wt. %
(1-0.15)
F. For 890°C/30Min
Nbg = 2.5-(0.05x0.73)  _ 2 60 wt. %

(1-0.05)

Therefore, in summary, the variations of SHT terapee within 850-890°C and soaking
duration within 15-30 min domains results in theiaon in primaryo volume fraction,

grain sizes of primary and priorp (o') and degree of Nb super saturatiormbphase. These
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microstructural variability associated with the Slg@rameters variations are illustrated in

Table 4.4.

Table 4.4: Influence of SHT parameters on the nsicuatural features of Zr-2.5Nb alloy.

Microstructural Features
SHT | Soaking Primary o Primary a Prior B (o) Degree of
S. T . Volume o o Nb super
No. | TeMPp- Dura_ltlon Fraction grain size grain size | . oonin
(°C) (Min) (%) (Hm) (Hm) o
Avg. | SD | Avg.| SD | Avg.] SD (wt. %)
1 850 15 35.8| 350 2.1 | 0.29| 6.6| 0.81 3.38
2 30 304| 066 25 | 0.39| 7.2| 1.74 3.19
3 870 15 156| 0.3 2.2 | 0.26| 7.9| 1.44 2.81
4 30 15.0] 0.40 2.8 | 0.40| 10.3] 2.01 2.79
5 890 15 6.4 | 063 24 | 0.30| 14.6] 2.94 2.62
6 30 51| 0.65 3.2 | 0.82| 19.8] 3.71 2.60

The present study shows that increase in soakirggida from 15-30 min at a particular SHT
temperature decreases the tensile strength ofi@olbéat treated material. With increase in
soaking duration at a particular SHT temperature nbajor microstructural change was grain
coarsening (especially of). In addition to this, increase in soaking duvatialso caused
insignificant reduction in primary volume fraction and therefore in the degree ofsNper
saturation ino’ (Table 4.4). Increase in grain size, in principbavers the strength of a
material. This is because, the grain boundariesaacbarrier for dislocation motion, and
hence for the slip, by which most of the crystalimaterials deform plastically. A coarser
grain size therefore decreases the amount of graindaries and dislocation interaction, and
hence the strength of the material. Another readdhe observed decrease in strength with
increasing soaking duration could be the reductiodegree of Nb super saturationdh
Here, it is important to note that Nb, [& stabilizer element, causes solid solution
strengthening in Zr-Nb alloys. The reduction in ey of super saturation of Nb i
therefore emphasizes for corresponding decreasieeistrength of’ and hence of the heat

treated material. In addition, oxygen, arstabilizer element, also acts as the strengthening
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element in Zr. At SHT temperature, oxygen has #meléncy to segregate fravZr to a-Zr.
Such oxygen partitioning is a function of the sogkduration at SHT temperature. A higher
soaking duration causes a higher degree of oxygéeitipning, and consequently lowers the
oxygen concentration ifi-Zr (and hence in') [12]. Therefore, the reduction in oxygen
concentration int’ due to longer soaking also emphasizes for theesponding decrease in
the strength oft’ and hence of the heat treated material. Theretbee reduction in tensile
strength with increasing SHT soaking duration cdatdunderstood as the consequence of
increasing grain size and reduction in degree ofshper saturation af’ along with the
higher degree of oxygen depletion di caused by increased oxygen partitioning at SHT

temperatures.

This study showed that an increase in SHT temperdtam 850 to 890°C causes reduction
in tensile strengths and micro-hardness. As caseke from Table 4.4 that such increase in
SHT temperature caused considerable reductionimapy o volume fraction, increase in
grain size (especially of pridy, i.e.,a’), and Nb depletion if8-Zr phase, resulting in a lower
degree of Nb super saturationdh In addition to this, at higher SHT temperatuaehigher
degree of oxygen partitioning, therefore, highegrde of oxygen depletion o’ is also
expected. This is because of the increased driareg (i.e., kinetics) for oxygen partitioning
at higher soaking temperature. Out of these miarottral changes, the grain coarsening,
reduced degree of Nb super saturatiom’iand increased degree of oxygen deplitioruin
are expected to decrease the strength of heaedreatterial (as explained earlier). In
contrast, reduction in primary volume fraction; in other words, increase dhvolume
fraction is expected to increase the strength ofera because of increasing fraction of
martensitic phase. Therefore, the observed reduatidensile strength and micro-hardness
with increasing SHT temperature could be unders@othe combined result of changes in

metallurgical parameters viz., decrease in printayolume fraction, increase in grain size
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(especially ofa’ phase), and decrease in Nb super-saturatiari afong with higher degree

of oxygen depletion i’

The influence of microstructural features on tengtoperties of solution heat treated Zr-
2.5Nb alloy is illustrated in Figure 4.47. As canumderstood from this figure that the tensile
properties, other than strength; including dugtibind strain hardening characteristics have

weak dependence on the microstructural features.

Degree of Nb saturation in a' (wt. %)
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Figure 4.47: Correlation of microstructural featimgith tensile properties of solution heat
treated Zr-2.5Nb alloy.
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Another important observation of the present stwdg that longer soaking results in lower
dependence of tensile properties on SHT temperaiith increase in soaking duration, the
difference in microstructural parameters viz., @mgnoe volume fraction and degree of Nb
super saturation in’ corresponding to 850 and 890°C decreases. lrother words, longer
soaking makes lower dependence of the aforementiomerostructural features on SHT
temperature. This phenomenon is illustrated in f@gu48 (a). In this figure, the dependence

of microstructural features on soaking durationshawn.
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Figure 4.48: (a) Influence of soaking duration ddTStemperature dependence of the
microstructural features. (b) Correlation of thealdng temperature dependence of
microstructural features with that of tensile pntigs of solution heat treated Zr-2.5Nb

alloy. 144
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Such lower dependence of microstructural featureSHT temperatures could explain the
cause of obtaining the lower dependence of tepsdeerties on SHT temperatures. Figure
4.48 (b) shows the correlation between the chang®imaryao volume fraction and degree
of Nb super saturation within 850-890°C regime vaémsitivity of tensile properties on SHT

temperatures.

The fracture toughness parameters of solution treated Zr-2.5Nb alloy were weakly

sensitive to the SHT parameters viz., soaking teatpee and duration, especially under
ambient condition. Such weak dependence of fradtahavior could therefore be understood
as the net outcome of the combined play among sjporeding microstructural changes viz.,
primary a volume fraction, grain size, and degree of Nb swgaguration ino’, along with

degree of oxygen depletion i

The present study showed that the solution heattettlematerials exhibit hardness gradient in
the vicinity of the free surface. Within a narroegime of ~200-225 um below from the free
surface, hardness shows such sharp transition ltipigrg substantial reduction followed by
saturation. Such hardness gradient with depth fitvenfree surface in solution heat treated
materials could be understood as the consequernmar@sponding variations in temperature
gradients during water quenching, resulting in egponding variations in cooling rates as a
function of depth from the free surface. BecaushaMing highest temperature gradient, the
free surface experiences highest cooling rate. &afproaching towards depth from free
surface, because of having relatively lower temjpeeagradient, cooling rate decreases. In
the vicinity of free surface, such temperature gnais are much higher than that at the inside
region. Therefore, the cooling rates exhibit dashanges in the vicinity the free surface, as
compared to the inside region. Therefore, the resslivariation dominates in the vicinity of
the free surface. In the inside region, the cootatg variations are not to be too high to cause

notable changes in the hardness.
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This study showed that the fracture surfaces of hleken C(T) specimens comprised
sufficiently high fraction of the 45° oriented ftace region with a narrow intermediate flat
region. This indicates that the specimens werdurad under nearly plane stress condition.
The nature of stress field ahead the crack tip, (pkane stress or plane strain) is primarily
controlled by the thickness of test specimen dufmagture test along with the strength of
material. A thicker specimen results in a stresflfcloser to plane strain condition under
which, the material, which tries to deform alongkiness direction due to the application of
load, faces significantly high constraint. Such staaint is usually provided by the stress
component acting along the direction opposite ioktiess direction. On the other hand,
under plane stress condition, such stress compdmeeoimes negligible. Because of this, the
material is free to deform along the thicknessdiioa, resulting in the formation of a plastic
zone size ahead the crack tip, which is nearlyethiraes to that under plane strain condition
[105,106]. The fracture toughness under planestresdition is higher than that under plane
strain condition. Under plane stress conditionhsaihigher fracture toughness is due to the
additional resistance to the material fracture éotihan bond energy), which is provided by
the formation of plastic zone ahead of crack tid aammonly known as ‘plastic dissipation
energy’. The plane strain fracture toughness ispeddent of the constraint conditions ahead
the crack tip and thereby follows 'similitude’ miple, which is why it behaves as the
material property. However, because of being depeindn the crack tip constraint

conditions, the plane stress fracture toughnesssentially not a material property.

The fractographic investigations of the broken Cff¢cimens showed microvoid coalescence
fracture mechanism and therefore, indicated thatfrlacture was typically ductile under the
six SHT conditions. The higher dimple size, as ole=# during the fracture at 300°C,

correlates the observed higher fracture toughniefese materials at elevated temperature.
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4.4.1. Influence of Analysis Procedures on FractureToughness

Parameters

A. Resistance Curve and Basic Test Methodologies

The magnitude of crack extensiotaj corresponding to the initiation toughnesg)(was in
the range of ~0.28 to 0.45 (which is correspondang/W of ~0.49 to 0.52). At such lower
a/W, the deviation betweehparameters derived from the two standard methadmarginal
both at 25 and 300°C. Therefore, initiation tougtsderived using RC and BT methods
showed marginal deviation and, therefore, it wasrgmally dependent on these two

methods.

Similarly, corresponding to maximum load, the magphé ofa/W was observed to be closer
to that of initiation toughness (i.e., a/W~0.55hefefore the marginal deviation observed in
Jmax parameters obtained from the two standard metimasdtributed to the insignificant

deviation in thel-Rcurves at such loweyW.

In contrast talg andJnax parameters, appreciable deviation observetlidadata of RC and
BT methods can be understood as the consequertibe observed higher deviation between

theJ parameter at higher crack extension levels.

As discussed in Chapter 2 (Equations 2.18 and 224 in BT methodga is the only
parameter, which can be varied, though it has lassigned the fixed value of 1 for SE(B)
specimen and 0.9 for Compact Tension, C(T) & Disen@act Tension, DC(T) specimens
[78]. In order to investigate the reason of inciegsleviation in thel parameter with crack
extension, a parametric study was performed byingrthis parameter to examine its effect
on the magnitude of deviation between JRR curves obtained from the two methods. It was
observed that parametergovern the respective magnitude of deviation betwtheJ-R

curves. The effect of parameteon the deviation between tleR curves obtained from BT
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and RC methods is shown in Figures 4.49 and 4.6&Toand 300°C, respectively. As the
magnitude oftx parameter increases, the slopd-&t curve decreases, which correspondingly
decreases the deviation between 3 curves obtained from these methods. At 300°C test
temperature, the optimum value of parametéat whichJ-R curves obtained from the two
methods showed marginal deviations) was lying i@ tange of 2.9 to 3.9 for different
solution heat treated conditions (Figure 4.50)cdntrast, at RT (Figure 4.49), with increase
in parameter. from 0.9 to 10, sharp drop in the deviation wasesbed. However, beyond
this (for a > 10), the magnitude of deviation became insersitd this parameter such that
with increase oft from 10 to 25 and from 25 to even 75, thR curves of the two methods

were not overlapping.
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Figure 4.49: Influence of ductile crack growth emtion parametex on (a) RT-J-R curves
derived from the BT method, and (b) their respectieviations from thd-R curve derived
from the RC method. The plots are shown for SHTdd@n viz., 850°C-15Min-WQ. For
rest of the five SHT conditions, paramatdrad similar influence.
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Figure 4.50: Influence of ductile crack growth @mtion parameten on (a)J-R curves
derived from the BT method at 300°C, and (b) thespective deviations from tleR curve
derived from the RC method. The plots are shownSHT condition viz., 850°C-15Min-

WQ. For rest of the five SHT conditions, parametéiad similar influence.

Therefore, the optimum value of which results for marginal deviations between Jie
curves of the RC and BT methods, was observed tofbaction of material’s flow stress. At
high temperature, where the flow stress was ranfgorg 591 to 659 MPa, optimum value of
parameteron was lying in the range of 2.9 to 3.9. HoweverRat, where material’'s flow
stress was in the range of 795 to 847 MPa, evemagbnot optimum value for the respective

deviations.

Therefore, this study concludes that the assigrn@ddlue fora parameter is attributed to the

observed increase in deviationdiparameter with crack extension.

B. Influence of Test Standards

The ASTM and ISO standard procedures differ noy amlsuggesting different expressions
for the evaluation ofl parameter, but also the analysis procedures reemied by these

standards for evaluating the fracture toughnesanpaters are also different. The major
differences in the analysis procedures of thesedatals include differences in the

recommended slopes of construction lines, diffezeno the recommended exclusion lines to

149



Chapter 4: Influence of Solution Heat Treatment
Parameters on Fracture Behavior of Zr-2.5Nb alloy

bound the validJ-R region and differences in the power law equatio@.,(two or three
parameter) to fit the valid-R curve. Because of the observed small differencatead-R
curves determined from the two standadigyaxdata derived from these standards showed
marginal differences. The observed difference i ithitiation toughness data is primarily
because of using blunting lines of different slopklowever, the contribution for the
deviation in the initiation toughness data becaoké¢he difference in power law fitting
equations used by the two standards is effectilebg. The difference in propagation
toughness datal{/dg is mainly attributed to the use of dissimilar leston lines for binding
the validJ-Rregion. In the following sections, the influenceddference in the two standard

procedures on the evaluated fracture toughnesksésbeing discussed in detail.

Despite the observed negligible difference betwiberd-R curves derived using ASTM [78]
and ISO [97,98] standards, particularly at elevaest temperature (i.e., 300°C), for all the
heat treated conditions (Figure 4.30), the fractongghness parameters such as initiation
toughness Jp) and dJ/da showed appreciable difference (> 30%). This sugg#sit the
difference in theJ-R curve analysis procedures of the two standardsirgaes over the

difference in the expressionsbparameter to construct tdeR curve.

The slope of construction line and therefore 0.2 mffset line (‘Blunting Line’, BL)
recommended by the ISO standard was found to besaltwice as compared to the ASTM
standard (as shown in Figure 4.51). It can be $emn Figure 4.52 that as the slope of
blunting line increases, the magnitude of initiatiltoughness reduces. Therefore, the
initiation toughness derived from ASTM standardyeveigher than those derived from ISO
standard (Figure 4.33). Furthermore, from Table #.8an be seen that the difference in the
magnitude of coefficientx@ndy) of the two power law equations used for fittimg tvalid
J-Rcurves region is effectively less (as the coefitA was closer to zero in majority of the

cases). Therefore, difference in the power law ggus recommended by the two standards
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does not contribute much to the observed differendde initiation toughness parameters;
rather, the difference is primarily because of th#erence in the blunting line slopes

recommended by these standards.
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Figure 4.51: Influence of test standards on thestrantion line slopes of Zr-2.5Nb alloy
under different solution heat treated conditionaRT and (b) 300°C.

The blunting lines are supposed to model the Inpiation of J-R curve. Therefore, the ISO
standard, in contrast to ASTM standard, becauseasimmending higher BL slope, appears
better for such initial region. In addition, intii@an toughness determined from ISO standard

is conservative for safety view point.
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Table 4.5: Comparison of the coefficientsJeR curve power law fitting equations, suggested
by ASTM E1820-11 (two parameter) and ISO 12135:2(8&e parameters) for Zr-2.5Nb
alloy under different solution heat treated cormahis.

CX)Se;f:\jl,gr:\t;OOf Coefficients of ISO’S_, three
, . parameter equation parameter equation
Soaking Soaking Test o y Equation: J=A+ X (4a)"
Temperature | Duration | Temperature | Eduation: J=x (42)
(°C) (Min) (°C) Units 3 in kJ/m? Units: J in kJ/m? and dain
and4ain mm mm
X y A X Y
850 15 25 123.1 0.56 1.28E-08 136/4 0.63
870 15 25 252.8 0.54 1.96E-08 27410 0.61
15 25 131.4 0.59 2.40E+01 122]7 0.86
890 15 25 162.3 0.50 9.64E+00  166/5 0.60
15 25 215.2 0.52 1.25E-07 2398 0.63
850 30 25 174.5 0.52 7.99E-08 1923 0.60
30 25 179.3 0.55 2.96E-08 195/9 0.61
870 30 25 176.9 0.59 2.04E+01 175]5 0.79
30 25 159.0 0.51 1.81E+00 176/6 0.6
890 30 25 210.9 0.46 2.44E-0Y  230,2 0.55
850 15 300 242.3 0.75 2.21E-0§ 2710 0.9p
15 300 253.6 0.44 3.37E-07  283|6 0.5p
870 15 300 285.8 0.72 9.65E-1( 317/5 0.9
15 300 303.4 0.58 1.61E-0¢ 3173 0.6
890 15 300 312.6 0.60 1.25E-07 337]1 0.7B
15 300 254.0 0.67 2.21E-07  277(7 0.8p
850 30 300 291.0 0.63 1.61E-0¢ 317/0 0.8p
30 300 358.4 0.56 4.79E-08 3895 0.78
870 30 300 297.4 0.60 4.15E-09  321)0 0.7p
30 300 312.4 0.65 6.04E-09  339|6 0.8
890 30 300 320.3 0.59 2.08E-07 342|6 0.7p
30 300 297.2 0.89 2.98E-0§ 3027 1.0

Compared to RT, at 300°C, significant deviationnitiation toughness parameters derived
from the ASTM and ISO standards were observed. iEhdue to the fact that as the test
temperature increases, because of increasing teaghthe slope &R curve increases too.
Because of this, difference between the intersggbimints of ASTM and ISO derive#tR
curves with the respective blunting lines increagdss correspondingly resulted in larger
deviations observed in the high temperature imitatoughness parameters obtained by the

two standards. Figure 4.52 shows a schematic riditish of such phenomenon, which
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resulted in higher deviation between the initiattonghness parameters obtained from the

two standards at elevated temperature.
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Figure 4.52: Plot showing a magnified view of tiersection of four power law fi-R
curves (ISO derived curve at RT & 300°C and ASTMiw curve at RT & 300°C) with
respective blunting lines to determine the initattoughness for 870°C-15Min-WQ SHT
condition. In this figure solid and hollow circlgrsbols respectively represent the valiR
curve data points as per ISO and ASTM standard®TatSimilarly, the solid and hollow
triangle symbols represent the respective datatpa@in300°C. It is evident from this figure
that with increasing test temperature, the diffeesn between the initiation toughness
parameter derived from the two standards incre&ieslar behavior was observed for the

other five heat treatment conditions.

From the present study it was observed that tHerdiice betweed:maxdata obtained from
the two standards was insignificant (maximum ~58&s) shown in Figure 4.36) for all heat
treated conditions. Since tlgmaxparameter represents the magnitudé ocbrresponding to

maximum load during the test, such small differenae the Jrmax) parameters can be
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understood as the consequence of the insignifidaatations betweed-R curves derived

from these standards (as shown earlier in Figu#)4.

According to the recommendation of ASTM standarfl],[0.15 and 1.5 mm offset crack
extension ELs are used to define the qualifiedaregf theJ-R curve. However, the ISO
standard recommends ELs with offset of 0.1 mm crextension and maximum crack
extension capacity of the specimen (i.#an.) to define the qualified)-R region (as
described in Figure 2.17, Chapter 2). Since themtade ofdanaxas per the ISO standard is
typically about 40 % lower than 1.5 mm (as evidiotn Figure 4.32), the ISO standard
considers smaller range of crack extensions fadviaR curve data points as compared to the
ASTM standard. These data points lie at smalleckcextension during whicldi shows a
strong dependency on crack extension. Therefoeesltipe of validl-R curve regiongdJ/da
derived using the ISO standard was markedly higisecompared to the ASTM standard.
This phenomenon is schematically illustrated inuFég4.53. In contrast to RT, the higher
difference observed in this parameter at 300°C &aipre is due to the additional effect of
increase in the slope JFR curve with test temperature (which can be alscsiciemed in

terms of increase in material’s fracture toughvedls test temperature).
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Figure 4.53: Schematic justification for obtainihggher propagation toughness parameter
(dJ/dg from ISO standard as compared to ASTM standaedsalution heat treated material.
Plot shows the difference in the qualifideR regions recommended by ASTM and ISO
standards. 1SO standard considers smaller rangeaok extensions as valiiR curve data
points as compared to ASTM standard, which consgtueesults in higher ISO derived

dJ/daparameter.

The maximuml integral Jmay and crack extensioménay capacities recommended by the
two standards also have differences, as shown uatitps 4.10 & 4.11 and 4.12 & 4.13.
ASTM standard in contrast to 1ISO, recommends alalt).xand 2.5 folddanax capacities

(as shown in Table 4.6). The materials soakedgktenitemperature, and for longer duration
during solution heat treatment exhibited relativielywer Jnax Capacity. This is because water
guenching from higher soaking temperature and Voitlger soaking duration results in the
corresponding lower strength of Zr-2.5Nb alloy, (described earlier). Reduction in

material's strength caused by increase in testaeatyre from RT to 300°C resulted in nearly
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25% reduction in théaxcapacity. In contrast, sinetamaxis the only function of specimen's

initial un-cracked ligament, the six heat treateaterials had samdamn.x capacity.

. (booy B
o = min (2252) (.10

ao(oystoyrs) Bl(oys+oyrs) bo(0Y5+O'UTs)) (4.11)
40 ! 40 ’ 40 )

]max,so = min(
AamaxASTM = 0.25p, (4.12)

Az so = 0-1b, (4.13)

Table 4.6: MaximumJ-integral and crack extension capacities recomnerge ASTM
E1820-11 and ISO 12135:2002 standards for Zr-2.&8My under six solution heat treated

conditions.

Soaking Soaking Test Jimex (KI/M?) Admax (MM)
Temperature | Duration Temperature
°C) (Min) °C) ASTM ISO ASTM ISO
850 15 25 253.3 127.3
870 15 25 247.8 123.9
15 25 247.0 123.5
890 15 25 240.1 120.0
15 25 240.8 120.4 213 0.85
850 30 25 244.6 122.3 ' '
30 25 247.9 123.9
870 30 25 241.9 121.0
30 25 2443 122.2
890 30 25 241.1 120.5
850 15 300 194.0 97.0
15 300 200.0 100.0
870 15 300 179.5 91.1
15 300 183.8 93.2
890 15 300 184.2 93.4
15 300 184.2 93.4 213 0.85
850 30 300 182.0 91.0 ' '
30 300 180.8 90.4
870 30 300 177.7 89.5
30 300 179.5 90.4
890 30 300 175.8 87.9
30 300 178.8 89.4

The difference inJ-R curves derived from ASTM and ISO standards wasddo be smaller

at 300°C than RT for all the heat treated matewalssidered in the present investigation.

156



Chapter 4: Influence of Solution Heat Treatment
Parameters on Fracture Behavior of Zr-2.5Nb alloy

Conversely, the difference between fracture tougbngarameters such ds and dJ/da
derived from these resistance curves following d@halysis procedure of ASTM and I1SO
standards were observed to be higher at 300°C RiarfFigure 4.33 and 4.37). Since the
fracture toughness parametedsg &nddJ/dg of these materials at 300°C were considerably
higher than at RT, these two competing phenomeggest that with increasing material’s
fracture toughness, even if the difference betwleacture resistance curves derived as per
ASTM and ISO standards decreases, the differentkeeid-R curve analysis procedures of

these standards leads to increase the differenkganddJ/daparameters.
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4.5 Summary

Present study showed the influence of solution treatment parameters on fracture behavior

of Zr-2.5Nb alloy and is summarized as follows:

Solution heat treatment of Zr-2.5Nb alloy from 8580°C temperature regime
resulted in two phase (primary and o’) microstructures. Variation in soaking
temperature (850-890°C) and duration (15-30 minjndguSHT caused variation in
the microstructural features comprising phase veluiractions, grain sizes and
composition. With increasing SHT temperature frof®-890°C, primary. volume
fraction exhibited considerable reduction (from6-t8 5%). Primary grain size was
weakly dependent on the SHT parameters; howevaease in SHT temperature and
soaking duration caused substantial grain coargewifirprior 3 (i.e., o’). Increasing
soaking temperature and duration also decreasedetiree of Nb super saturation in
o’. In addition, increasing soaking temperature aodation was also expected to
increase the degree of oxygen depletion’in

SHT, especially performed at higher soaking tentpeeafor longer soaking duration,
resulted in the randomization of basal pole textwith nearly one third distribution
along the three principal directions viz., axiatcemferential and radial.

Increasing soaking temperature from 850-890°C amdtmn from 15-30 min caused
reduction in the tensile strength of solution h&aated Zr-2.5Nb alloy. Under
ambient condition, the fracture toughness parametérsolution heat treated Zr-
2.5Nb alloy were practically independent of the SpArameters. Nevertheless, at
300°C, longer SHT soaking showed improvement irctin@ resistance. These
observations suggested the combined effect of mstierctural changes associated
with increasing soaking temperature viz., decreaserimary o volume fraction,

increase in grain size (especially fphase), decrease in Nb super-saturation’ of
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Vi.

and increase in degree of oxygen depletiow’;imnd those associated with increasing
soaking duration viz., grain coarsening along vd#trease in degree of Nb super-
saturation ofa’ and increase in degree of oxygen depletion’ion the tensile and
fracture behavior.

During SHT, soaking duration governed the sensigs of tensile properties on
SHT temperatures, such as longer soaking resultseimower dependence of tensile
properties on SHT temperature. This study showed ftbr longer soaking, the
microstructural features viz., primaky volume fraction and degree of Nb super
saturation i’ have lower dependence on SHT temperatures. Swofrldependence
of microstructural features on SHT temperaturedcctherefore explain the cause of
obtaining lower dependence of tensile propertieSHdi temperatures.

Zr-2.5Nb alloy under the six solution heat treatesditions, as considered in this
study showed typical dimple structure charactesstf a ductile failure, signifying
the micro-void coalescence fracture mechanism. tér@cat elevated temperature
(300°C), in contrast to RT resulted in the formatiof relatively coarser dimples,
having typical deformation markings on their sueisc Under ambient fracture
condition, the dimple had size variation from < ~ufin to as big as ~ 6 um. In
contrast, during fracture at 300°C, the dimple ke variation from ~ 2 um to as
high as ~ 30 um. Such coarser dimple formationndufiacture at 300°C, correlated
with the observed improvement in crack growth tesise of these solution heat
treated materials at elevated temperature.

The fractographic investigations of the broken Cg§pecimens of Zr-2.5Nb alloy
under different solution heat treated conditionsvatd the stretched zone formation
ahead of the pre-cracked tip. Under ambient camditthe SHT parameters had no

drastic influence on the streched zone widths, SZa¥sthe average SZWs varried
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between 45-67 um. Nevertheless, at 300°C fractweadition, longer soaking
resulted in the formation of relatively wider stie¢d zones. The SZWs therefore
showed good agreement with the observed influeric&HT parameters on the
fractrue behavior.

In this study, influence of analysis approacheshsag ASTM recommended single
specimen (RC) method, Multi-specimen (BT) methodl 480 methodology on
fracture toughness parameters of solution heatetledr-2.5Nb alloy is described.
The study showed thdkmaxparameter was practically insensitiveness to b&h&R
BT evaluation methodologies and ASTM and ISO ew#&naapproaches. This
therefore suggests that tRECL parameter (function algmax)parameter) of solution
heat treated Zr-2.5Nb alloy is practically indepemtdto these fracture toughness

analysis approaches.
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CHAPTER 5
INFLUENCE OF DEGREE OF COLD WORKING ON
FRACTURE BEHAVIOR OF SOLUTION HEAT
TREATED Zr-2.5Nb ALLOY

This chapter presents the influence of degree lof working (10 and 20%) on fracture behavior
of Zr-2.5Nb alloy, solution heat treated in two pbg:-Zr+p-Zr) regime at 850, 870 and 890°C
for 15 or 30 min soaking durations followed by watgienching. The chapter commences with
describing the influence of cold working on the rmastructural features including microstructure
gradient in the vicinity of sample thickness usomical microscopy and the evolution of basal
pole texture using X-ray diffraction technique. Sedquently, influence on the mechanical
properties such as micro-hardness, tensile pr@seatid fracture toughness are presented. Fracture
toughness parameters including initiation and pgagan toughness, evaluated as per the ASTM
standard are discussed. Subsequently, a studydfabture surface of broken C(T) specimens is
illustrated, which includes the quantitative asses# of fracture surface areas through image

analysis approach and fractographic investigatairtifferent surface regions through SEM.

5.1 Microstructural Observations

5.1.1 Optical Microstructures

As described in Chapter 4 that water quenching fi@mphaseo-Zr+3-Zr) regime at 850-890°C
results in diffusionless martensitic transformatioh p-Zr phase too', whereasa-Zr phase
remained as it is after quenching (and commonlyaknas ‘primarya’). The solution heat treated
materials therefore, comprise two phase (prima@nda’) microstructures having considerable
reduction in primaryx volume fraction from ~ 36 to ~ 6% with increasi@f T temperature from

850-890°C for 15-30 min soaking duration.
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Figures 5.1 and 5.2 show the evolution of micradtmes of Zr-2.5Nb alloy, under different
solution heat treated conditions with increasingrde of cold rolling. As can be seen from these

figures that the cold rolling treatment resultecelangated grain microstructures of solution heat

treated materials.
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5.1.2 Microstructure Gradient in the Vicinity of Free Surface

After cold working, the solution heat treated Z8I2b alloy exhibited a sharp gradient of primary
a volume fraction in the vicility of free surfaceigbre 5.3 shows such microstructue gradient in
the vicility of free surface in a cold worked maaérobtained using Electron Back Scatter
Diffraction (EBSD) derived band contrast imagingdaoWhile approaching towards depth from
free surface, within a tiny regime, primary volume fraction decreased substantially and
subsequently got saturte. Such sharp transitiopriofiary a volume fraction exsisted within a
region of ~268 microns below the free surface (eajant to 7% of the material thickness), in
which the primaryx volume fraction decreased from ~78% (at the fraase) to ~6%. Similar
feature was observed for all other cold worked maite

Microstructure Gradient in

Vicinity of Free Surface
Free Surface —p—

Microstructure at near to Free Surface
(AC Plane)

Depth from Free Surface

Figure 5.3: EBSD derived band contrast microstma;tshowing the primary gradient in the vicinity
of free surface in cold worked-solution heat trdateaterial. This material was solution heat treated
890°C for 30 min followed by 10% cold working.
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5.1.3 Crystallographic Texture

Figure 5.4 shows the influence of degree of coldkvem basal pole texture (Kearns parameters) of
Zr-2.5Nb alloy under two extreme solution heat tedaconditions along plate’s axial (rolling),
transverse (width) and radial (thickness) diredioks mentioned in Chapter 4 that both primary
and o’ phases have hexagonal close packed crystal gteucexture shown in Figure 5.4
represents the fractions of total basal poles (bbgrimarya & o’ phases) aligned in a particular
direction i.e., axial, transverse or radial. Figbrg® shows the basal pole figures of Zr-2.5Nb alloy

before and after cold working.

With the subsequent cold rolling treatment, basdé @lignment became more prominent along
radial (i.e., compressive strain) direction withrregponding reduction along axial (i.e., rolling)
direction. Nevertheless, upto 20% cold working,hsalbanges in the basal pole texture of solution
heat treated Zr-2.5Nb alloy are not significante Thaterials, previously solution heat treated at a
higher soaking temperature (890°C), as comparé&b@3C still after cold working showed much

randomized texture.
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Figure 5.4: Influence of degree of cold workingthe basal pole texture (Kearns parameters) of
Zr-2.5Nb alloy, solution heat treated from (a) 85Q®mperature for 30 min duration and (b)

890°C temperature for 30 min duration followed katev quenching.
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Figure 5.5 Additional basal Pole Figures (APFs) of-2.5Nb alloy under two extreme soluti
heat treated and cold worked conditions. Symbolandl T respectively indicate the axial ¢

transverse directionsagple normal was along raddirection.

5.2 MechanicalBehavior

5.2.1 Micro-Hardness

Hardness of solution heat treated material inckagigh increasing cgree of cold working
Figure 5.6 (a) shows sudependence chardness on degFeof cold working fc one of solution
heat treated Z2-5Nb alloy on the three mutually perpendicular AR and RC planes. As can
understood from this figure that similar to solatibeat treated condition, after cold working,

materials are still practically isotrop by exhibiting close variation of hardness on theedl
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mutually perpendicular planes. Similar isotropitéé@or were shown by the rest of cold worked-

solution heat treated materials.
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‘
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Vickers Hardness (GPa)
Vickers Hardness (GPa)
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Figure 5.6: (a) Orientation dependence of mid-sectickers hardness in cold worked-solution
heat treated Zr-2.5Nb alloy, and (b) Variation a€kérs hardness as a function of depth from the

free surface in this material, before and afted sebrking.

After cold working, the solution heat treated miasrexhibited a sharp hardness gradient in the
vicinity of their free surfaces, similar to befoteld working. While approaching towards depth
from the free surface, within a very small regidn~@00 pm, the hardness showed such sharp
transition by exhibiting ~35% reduction, followeg baturation with further increase in depth.
Figure 5.6 (b) shows the variation of hardness wé#pth from the free surface in one of solution
heat treated materials. An important observatiothisf study was that within such small transition
region, the hardness of cold worked material wasgmally lower than that of its parent (i.e.,
solution heat treated) condition. This phenomersolater on explained in Discussion section, in
terms of the accumulation of primaayin the vicinity of free surface and its possibtasequence

in reducing the hardness within such small tramsitegion.
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5.2.2 Tensile Properties

. Flow curves

Figure 5.7 shows the influence of degree of coldkig on the lower bound flow behavior of Zr-

2.5Nb alloy under different solution heat treatemhditions. The flow stress showed strong

dependence on the initial 10% cold working, by bkilig a maximum 12% increase at RT. In

contrast, the subsequent additional 10% cold wgrkiad relatively less effect (maximum 4%) in

further increasing the flow stress.
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SHT Soaking at 890°C
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Figure 5.7: The lower bound flow behavior of Zr{Qlballoy under different cold worked-solution
heat treated conditions. Figures (a), (c) anddspectively represent the RT-flow behavior of the
materials previously heat treated from 850, 870 886°C temperatures during solution heat
treatment stage and Figures (b), (d) and (f) reprethe corresponding flow behavior at 300°C.

As discussed in Chapter 4 that increase in SHT ¢eatpre and soaking duration though, does not
have significant influence on the flow stress; heare decreased the flow stress of solution heat
treated material. After cold working, such depergeaf flow stress on SHT parameter became
further weaker. Increasing temperature from RT @0°€, resulted in the appreciable reduction

(by 20-25%) of flow stress.

lI. Tensile Strength

Figures 5.8 and 5.10 respectively show the infleesfadegree of cold working on tensile strength;
0.2% offset yield strength (YS) and UTS of Zr-2.5Mboy, having different solution heat
treatment histories. Tensile strengths of the sixten heat treated materials, considered in this
study, increased with increase in degree of coldking. Initial 10% cold working, in contrast to
the additional 10% cold working had relatively sigoinfluence on the tensile strength. After
initial 10% cold working, YS exhibited ~5% and ~15f6rease at RT and 300°C respectively. In

contrast, with subsequent additional 10% cold wagkifurther increase in YS of these materials
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were comparatively lower (<5%). Similar dependen€dJTS on degree of cold working was

observed.

Another important observation was that the matesalution heat treated from higher temperature
still exhibited relatively lower tensile strengtlesjen after cold working. However, such strengths
dependence on SHT temperatures is relatively weatfker cold working. In addition to this, the

materials soaked for longer duration have relayivebak SHT temperature sensitive tensile

strengths, even after cold working.

900 900
£ 800 A T £ 800
[=)] o E‘J
[ =
5 £
n »
T~ o=
oo ]
&0 4 s O 700
2: g 700 % E
@
£ 2
S 600 S 600 o
—0— 850°C-15Min-WQ —Oo— 850“C-BOM!n-WQ
—&— B70°C-15Min-WQ —A— 87090-30an-wo
890°C-15Min-WQ 890°C-30Min-WQ
500 T T T 500 T T T
0 10 20 0 10 20
Degree of Cold Work Degree of Cold Work
(% Thickness Reduction) (% Thickness Reduction)
900 900
(C) —Oo— 850°C-15Min-WQ (d) —o— 850°C-30Min-WQ
—&— 870°C-15Min-WQ —&— 870°C-30Min-WQ
890°C-15Min-WQ 890°C-30Min-WQ
= 800 £ 800
=2 =
& o
n 2]
o~ T
o0 Qo
oo i Q700 A
=< 700 % s
5 <
0 (Z]
= —A = 3
=] = © ¥
xR /(O N //*f7
N ! 4
S 600 N/ PRI /
i
500 T T T 500 T T :
0 10 20 0 10 20
Degree of Cold Work Degree of Cold Work

(% Thickness Reduction)

(% Thickness Reduction)

Figure 5.8: Influence of degree of cold work on%.2ffset yield strength of Zr-2.5Nb alloy under
different solution heat treated conditions. Pla} & (b) respectively show the RT-YS of the cold
worked materials, previously soaked for 15 min tdaraduring solution heat treatment stage. Plots (c

& (d) show the respective YS variations at 300°C.
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Figure 5.9: Influence of degree of cold work onrmdte tensile strengths of different solution heat
treated Zr-2.5Nb alloy. Plots (a) & (b) respectvedhow the RT-UTS of the cold worked
materials, previously soaked for 15 min durationirty solution heat treatment stage. Plots (c) &

(d) show the respective UTS variations at 300°C.

[ll.  Uniform Elongation

Figure 5.10 shows the influence of degree of cotdkwon the uniform elongations, UEs (plastic
strain corresponding to maximum stress) of Zr-2.%\by under different solution heat treated
conditions. The UEs, in general decreased withesse in degree of cold working, especially
under ambient condition, Figure 5.10 (a) & (b). Hmer, at 300°C, UEs showed relatively weak

dependence on the cold working treatment, Figut® £c) & (d). Another important observation
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was that the UEs of cold worked materials were tpralty insensitive to the SHT parameters viz.,

soaking temperature and duration.
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Figure 5.10: Influence of degree of cold work om thniform elongations, UEs of different
solution heat treated Zr-2.5Nb alloy. Plots (a) ® (espectively show the RT-UEs of the cold
worked materials, previously soaked for 15 min taraduring solution heat treatment stage.
Plots (c) & (d) show the respective UE variation8@0°C.
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V.  Ductility

A. Total Elongation

Figure 5.11 shows the influence of degree of colokrkimg on the total elongations, TEs
(corresponding to 25 mm gage length) of Zr-2.5Nlbyaunder different solution heat treated
conditions. Here, TEs were determined by measuhagchange in specimen gage length marked

on its parallel region after fracture, as per Emuad.2, Chapter 4.

Under ambient condition, TEs of the six parent hestted materials were almost similar (ranging
12-14%), and thereby suggest that neither soakemgpérature nor duration during the heat
treatment significantly influenced the ductility @f-2.5Nb alloy. After the introduction of 10%
cold work, TEs of the solution heat treated malei@creased appreciably (by almost 40%). With
subsequent additional 10% cold work, further changeTEs, similar to tensile strengths were
marginal. Nevertheless, as per the average trefd, af the 30 min soaked materials were
observed to be marginally lower than that of 15 soaked materials for both parent heat treated

and subsequently cold worked materials.

Opposite to its general trend with temperature, ke solution heat treated materials at 300°C
were marginally lower than at RT. Introduction afthh 10 and 20% cold workings did not

significantly affect the TEs of these material860°C temperature, as shown in Figures 5.11 (c)
& (d). However, after cold working, following geraéttrend, TEs of solution heat treated materials

at 300°C were higher than at RT.

Therefore, prior used soaking temperature and idaraturing the solution heat treatment stage
did not play significant role in altering the TEE4r-2.5Nb alloy after cold working. At reactor

operating temperature (300°C), both SHT and colkea materials have practically similar TEs.
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Figure 5.11: Influence of degree of cold work oa thuctility (Total elongation, TE corresponding
to 25 mm gage length) of different solution heagated Zr-2.5Nb alloy. Plots (a) & (b)
respectively show the RT-TEs of the cold workedemats, previously soaked for 15 and 30 min
duration during solution heat treatment stage.sRlox & (d) show the respective TE variations at
300°C.

B. Reduction in Fracture Cross-sectional Area

Figure 5.12 shows the influence of degree of colotkimg on another ductility parameter;
reduction in fracture cross-sectional areas of BND alloy under different solution heat treated
conditions. Introduction of 10% cold work on theludmn heat treated materials, resulted in
substantial drop in reduction in fracture crosdieeal area under ambient condition; as cold

working caused ~50% reduction in fracture crossiseal area. With the subsequent additional
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10% cold work, reduction in fracture cross-sectioagea of the heat treated materials was
observed to be marginally affected. Irrespectivepoéviously used solution heat treatment
temperature and soaking duration, the cold worladtisn heat treated materials exhibited almost

similar reductions in fractured area, therefor@gygng comparable behavior of these materials.

With increase in temperature from RT to 300°C, otidu in fracture cross-sectional area of the
solution heat treated materials exhibited marginalease (Figure 4.14 (b), Chapter 4), however,
after cold working, it increased appreciably (by0%. In contrast to RT, reduction in fracture
cross-sectional area of the solution heat treatedemals at 300°C was observed to be

insignificantly influenced by the degree of coldnkiog.
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Figure 5.12: Influence of degree of cold work omther ductility parameter, the reduction in fraetur
cross section areas of different solution heatere@r-2.5Nb alloy. Plots (a) & (b) respectivelyoshthe
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V. Strain Hardening Behavior

A. Strength Coefficient

Figure 5.13 shows the influence of degree of cotitkimg on strength coefficients of Zr-2.5Nb
alloy under different solution heat treated comait. Here, the strength coefficients were
determined using the Hollomon’s empirical power laark hardening relationship (Equation 4.3,

Chapter 4) [102].

The strength coefficient of solution heat treatesterials increased with increase in degree of cold
working. Similar to tensile strength, the strengtefficients were also strongly dependent to the
initial 10% cold working, and exhibited 20-30% iease at RT and <10% increase at 300°C. In
contrast, with the additional 10% cold working, lswhanges were relatively lower viz., 6-10% at
RT and closer to 4% at 300°C. Therefore, under anmbcondition, strength coefficients had

strong dependence on the degree of cold working.
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Figure 5.13: Influence of degree of cold working the strength coefficients of Zr-2.5Nb alloy
under different solution heat treated conditionise Btrength coefficients were determined as per
Hollomon’s work hardening relationship (Equatio3,AChapter 4). Plots (a) & (b) respectively
show the RT-strength coefficients of the cold warkeaterials, previously soaked for 15 and 30
min duration during the solution heat treatmentgstaPlots (c) & (d) show the respective

coefficients at 300°C.

B. Strain Hardening Exponent

Figure 5.14 shows the influence of degree of cotadkimg on strain hardening exponents of Zr-
2.5Nb alloy under different solution heat treatedditions. Here, the strain hardening exponents
were determined using the Hollomon’'s empirical powaw work hardening relationship

(Equation 4.3, Chapter 4) [102].

The strain hardening exponents of solution heateécematerials increased with increase in degree
of cold working. Similar to tensile strengths anulesgth coefficient, the strain hardening
exponents were also strongly dependent on thalirit% cold working, and exhibited 40-75%
increase at RT. In contrast, with the addition&ol€ld working, further changes were marginal.
At 300°C, strain hardening exponents were weakfijuémced by the cold working treatment,

however a marginal reduction was observed aftet wolrking.
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Figure 5.14: Influence of degree of cold workingtbe strain hardening exponents of Zr-2.5Nb
alloy under different solution heat treated comdisi. Plots (a) & (b) respectively show the RT-
hardening exponents of the cold worked materiaksyipusly soaked for 15 and 30 min duration
during the solution heat treatment stage. Plot({J) show the respective hardening exponents
at 300°C.

In summary, the tensile properties of solution hiesdted Zr-2.5Nb alloy are strongly sensitive to
the initial 10% cold working; however with subsequedditional 10% cold working these
properties further exhibited marginal changes. dase in cold working within 0-20% domain
increases the tensile strengths and strain harglectiaracteristic, however causes substantial

reduction in the ductility of solution heat treatadterials.
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5.2.3 Fracture Behavior

I. Fracture Resistance J-R curves

The fracture resistancé;R curves of different cold worked-solution heat teeaZr-2.5Nb alloy
are shown in Figure 5.15. In majority of the casaler imparting 10% cold work, thd
parameters of solution heat treated materials dserk signifying reduction in fracture toughness.
However, subsequent additional 10% cold work resulin marginal improvement oJ
parameters. Under ambient condition, in generalJ4R curves of SHT and cold worked materials

had no major differences, however at 300°C, suffardnces became notable.
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Figure 5.15: The lower bound fracture resistandeabier of different solution heat treated and
subsequently cold worked Zr-2.5Nb alloy (a), (bjc& at RT and (d), (e) & (f) at 300°C.

1. Fracture Toughness

Influence of degree of cold working on the fracttwaghness parametedsmayanddJ/daof Zr-
2.5Nb alloy under different solution heat treateshditions at ambient temperature is shown in
Figure 5.16. Cold working, in general had weakueafice on thérmax parameters of solution heat
treated materials, especially soaked for longeatitum (Figure 5.16 (c)). Cold working mainly
influenced the slope of resistance curve, déldaparameter. Increasing degree of cold working
caused reduction in theé)/da parameters of solution heat treated materials2@B5%), which

therefore suggests the reduction in propagatioisteese of these materials (Figure 5.16 (b) &

(d)).
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Figure 5.18: Influence of degree of cold workingtba fracture toughness parameters of solution
heat treated Zr-2.5Nb alloy under ambient condition

Figure 5.17 shows the influence of degree of cabdkimg on the fracture toughness parameters at
300°C. Increasing temperature from RT to 300°Cltedun appreciable increase dHmax)(by >
50%) anddJ/daparameters (by > 70%). At 300°C, thé/da parameter exhibited considerable
scatter as compared to at RT. Here againJthax parameters of solution heat treated materials

were weakly influenced by the cold working treatm&ingure 5.17 (a) & (c).
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Figure 5.17: Influence of degree of cold workingtba fracture toughness parameters of solution
heat treated Zr-2.5Nb alloy at 300°C.

5.3 Study of Fracture Surface

The visual fracture surface features of broken GBcimen of one of the solution heat treated Zr-
2.5Nb alloy under solution heat treated and subssitpy10% and 20% cold working conditions
are shown in Figure 5.18. Similar to solution higatited materials, the fracture surface of cold
worked materials showed typical inclined regiongdi®n-C) with a central narrow flat region

(Region-B). However, after cold working, the sabutiheat treated materials, in general exhibited
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relatively larger flat region, espedy under ambient test conditioayggestin for the shifting of

state of stress towards plasteain condition

£

€

0% CW [) S
o

E

10% CW [) S
o

E

20% CW [y S
o

Figure 5.18: Evolution ofr&cture surfaces of the broken C(T) specinof Zr-2.5Nb alloy, under
SHT, subsequently 10% cold worked and 20% cold wc conditions. Each fracture surfa
exhibits four distinctegions: Pr-cracked region (A), Flat fracture region (B), Imad fracturec
region (C) and Post cracked region (D). From tHessographs, it can be seen that with incre

in degree of cold working, therea occupied by flat regi(B) on the fractug surface increas:

The fracture surface areas of broken C(T) specim@&mne measured through image analysing
‘Image-J’ software. Figure.bS shows the dependence ftdt fractured ares on degree of cold
working for the sixsolution heat treated materiaWith increase in degree of cold working,
flat fractured regionn general,increasedespecially under ambient fractured condi, Figure
5.19 (a) & (b).Under ambient fractured conditicwith reference to SHT maters which showed
an average flat region of 1.9 r% subsequently 10 and 20% cold worked materials

respectively larger flat regions of 2.5 and 3 2 In contrast, at 300°C fractured condition, -
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fracture regions had relatively weak dependenctherdegree of cold working, Figure 5.19 (c) &

(d). Under this condition, with reference to pareraterials which showed an average flat region

of 1.8 mnd, the subsequently 10 and 20% cold worked mateciisprised respective flat regions

of 1.9 and 2.4 mf

50

40

Flat Fracture Region (%)

50

40

Flat Fracture Region (%)

30 4

20 4

30 A

20

(a)

—— 850°C-15Min-WQ

—— 870°C-15Min-WQ

890°C-15Min-WQ

0 10 20
Degree of Cold Work
(% Thickness Reduction)
—— 850°C-15Min-WQ
(C) —— 870°C-15Min-WQ

- 890°C-15Min-WQ

/D
L - 7T./_ﬁ
1 &
5 i
6 1‘0 26

Degree of Cold Work
(% Thickness Reduction)

Flat Fracture Region (%)

Flat Fracture Region (%)

50

40 4

30 4

20 4

50

40 4

30 A

20 4

=%
o 5
e S
e
—— 850°C-30Min-WQ
—— B870°C-30Min-WQ
890°C-30Min-WQ
0 10 20
Degree of Cold Work
(% Thickness Reduction)
( d) —— 850°C-30Min-WQ
—— 870°C-30Min-WQ

890°C-30Min-WQ

0 10 20
Degree of Cold Work
(% Thickness Reduction)

Figure 5.19: Influence of degree of cold workingtbe proportionate flat fractured areas of the
broken C(T) specimens for the six solution heattwd Zr-2.5Nb alloy. Plots (a) & (b)

respectively show the flat fractured areas of thie tBsted cold worked materials, previously
soaked for 15 and 30 min duration during the SHifet Plots (c) & (d) show the respective flat

fractured areas of the C(T) specimens tested &C300
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5.3.1 SEM Fractography

|. Pre-cracked Surface

Fatigue pre-cracked surfaces of both the parent treated and subsequently cold worked
materials exhibited typical plateaus like featumglich were in general, oriented along the crack
propagation direction. Figure 5.20 shows such feattfor the two extreme SHT conditions viz.,
850°C-15Min-WQ and 890°C-30Min-WQ, before and aftedd working. During fatigue pre-
cracking, the cracks seemed to propagate along@atdaus. The pre-cracked surface features of

the parent heat treated and cold worked materiate wimost similar.

Il. Fracture Surface

Figures 5.21-5.24 show the comparison of fractdgapeatures of parent heat treated and
subsequently cold worked materials under two ex¢r&HT conditions viz., 850°C-15Min-WQ
and 890°C-30Min-WQ. Similar to solution heat treateaterials, fracture surface of subsequently
cold worked materials exhibited typical dimple sture characteristic of a ductile failure. The
dimples in cold worked materials, similar to SHT temals, had size in-homogeneity, which

indicate the non uniform distribution of nucleatisites.

The dimple morphologies of cold worked materials ba categorized into parabolic (elongated)
and equiaxed shapes, similar to the parent hestettenaterials. Under ambient fracture condition,
majority of the dimples on inclined fracture sudagere nearly equiaxed in shape, though minor
were having slight ovality. In contrast, fracture 30°C resulted in the formation of mostly
parabolic shaped dimples whose major axes wastedest ~45° angle to specimen thickness
direction, as shown in Figure 5.22. Majority of Buelongated dimples were not completely
surrounded by their lips. Based on dimple morphgldige solution heat treated and subsequently
cold worked materials were nearly analogous undaebient fracture condition. However, at
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300°C, dimples of the cold work materials exhibitgdnificantly higher degree of ovality as
compared to that observed in the solution heattedeanaterials. Additionally, cold worked

materials showed relatively finer dimple structasecompared to parent materials.

Dimples on the intermediate narrow flat fracturedion of both the solution heat treated and
subsequently cold worked materials, in general l@tdd elongated morphology having their

major axes along sample width direction, therelbygesting the crack propagation along sample
width direction on this plane, see Figures 5.23%2d. In contrast to SHT materials, cold worked

materials exhibited relatively shallower dimplestbis narrow flat region.

As can be seen from Figures 5.25 and 5.26 thatwot#ing did not has drastic influence on the
SZWs ahead pre-cracked regions of different satutieat treated materials. Furthermore, at
300°C fracture condition, materials previously shkor 30 min duration in contrast to 15 min

during SHT, showed marginally wider stretched zoegen after cold working.
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Figure 5.20:SEM fractographs illustrating the fatigue -cracked surfaces of the broken Zr-2.5Nb alloy Gp¢cinens undesolution heat treated, and
subsequently cold worked with 10 & 2G#6ckness reductiol.
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. Figure 5.21: SEMractographic features at the inclined regionsheftiroken Z-2.5Nb alloy C(T) specimes under solution heat trea and subsequently
cold worked with 10 & 20% thickness reductiotested at R
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- Figure 5.22: SEM fractographic features at theimed regions of the broken Zr-2.5Nb alloy C(T) spemns under solution heat treated and subsequently
cold worked with 10 & 20% thickness reductionstadsat 300°C.
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. Figure 5.23: SEM fractographic features at the ftattured region of the broken Zr-2.5Nb alloy C(@pecimens under solution heat treated and
subsequently cold worked with 10 & 20% thicknestuctions, tested at RT.
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Figure 5.24. SEM fractographic features at the ftattured region of the broken Zr-2.5Nb alloy C(3pecimens under solution heat treated and
subsequently cold worked with 10 & 20% thicknestuctions, tested at 300°C.
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Figure 5.25: SEM fractographs showing the stretctmtk formation ahead the pre-cracked regions ebtioken C(T) specimens under solution heat

treated and subsequently cold worked with 10 & 2@%kness reductions, tested at RT. In individuglifes, the stretched zone (S) is bounded by the
yellow lines, which separate pre-cracked (P) rediom tearing (T) region.
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Stretched Zone Formation Ahead of Pre-cracked Regroat 300°C
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Figure 5.26: SEM fractographs showing the stretcdmtes formation ahead the pre-cracked regionseolbtoken C(T) specimens under solution heat
treated and subsequently cold worked with 10 & 2BBtkness reductions, tested at 300°C. In individigarres, the stretched zone (S) is bounded by
the yellow lines, which separate pre-cracked (Biprefrom tearing (T) region.
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5.4 Discussion

With increase in degree of cold rolling, observedease in the tensile strengths of different
cold rolled-solution heat treated materials caratbebuted to increase in dislocation density
in the material because of plastic deformationsTénhanced dislocation density results in
higher number of interactions between the straildfof one dislocation with that of another
and thereby leads the enhanced resistance to stecation movement and hence for the
plastic deformation. This results in the enhanastsite strength of the plastically deformed

material as compared to the parent (un-deformed@nah

Since, the energy expended (i.e., work done) dueng deformation process (such as;
rolling) is always conserved as per the law of eowation of energy. During elastic
deformation, the energy expended in deforming théenal is entirely stored in that material
itself and is recoverable in nature. However, naishe energy expended during material’s
plastic deformation is converted into heat energgl eninor part of it is stored within the
material itself in the form of crystalline imperfems such as point defects, line defects (i.e.,
dislocations), stacking faults, etc. This storedrgg during plastic deformation is a function
of the induced strain (i.e., degree of deformatiokdditionally, for lower strain regime,
increase in material’s stored energy because ofemgtrain is higher than the stored energy
induced by the same magnitude of additional streirthe other words, the magnitude of
increase in stored energy because of a specifi@ih sincrement decreases and moves
towards saturation with the additional degree dbueation. Furthermore, with increase in
degree of cold work, the dislocation density inse=a which increases the strength of
material (such dislocation-strength relationshipelgpressed using Equation 5.2 [107]).
However, with additional cold work the annihilatiohdislocation takes place, which results

in relatively lower increase in dislocation density
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TflOW =Ty + k\/; (52)

In Equation 5.27¢,,, represents the shear stress to move a dislocatjorgpresents the

shear stress when material has no dislocatioms a coefficient andp represents the

dislocation density.

This variation in the stored energy due to plagéiformation has been investigated by several
researchers for different materials [108,109]. €fane, with reference to the present results,
with increase in degree of cold rolling from O 3%, the magnitude of stored energy (and
therefore, crystal imperfections) would have inseghto a much higher extent as compared
to the subsequent additional 10% cold working. Simmperfections are barrier to the motion
of dislocations and hence, for the slip, higher hamof imperfections generated during
initial 10% cold work compared to additional 10%dcwvork resulted in the observed higher
changes in the tensile properties due to the 1% cold working as compared to the

additional 10% cold working.

As discussed in Chapter 4 that the tensile prageedther than strength, including ductility
and strain hardening characteristic have weak dbpe® on the SHT parameters. Increase in
SHT temperature within 850-890°C regime, and sagkiaration within 15-30 min regime,
caused reduction in tensile strengths of solutieat ltreated Zr-2.5Nb alloy. This suggested
the combined effect of microstructural changes @ased with increasing soaking
temperature viz., decrease in primaryolume fraction, increase in grain size (espegiafl

o’ phase), decrease in Nb super-saturatiow ahd increase in degree of oxygen depletion in
a’; and those associated with increasing soakingteur viz., grain coarsening along with
decrease in degree of Nb super-saturatioi @hd increase in degree of oxygen depletion in
o’ on tensile properties of solution heat treateeRANb alloy. After cold working and with

increase in degree of cold working, such dependehtensile strength on SHT parameters
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became relatively weaker. Figure 5.27 shows theetairon of tensile properties with the
microstructural features of solution heat treateel BNb alloy, before and after the cold

working treatment.

Similar to before cold working, the fracture tougha parameters of cold worked Zr-2.5Nb
alloy were practically insensitive to the microstwral features such as primaxyvolume

fraction and degree of Nb super saturation'jriFrigure 5.28.
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Figure 5.27: Comparison of the microstructural paters with tensile properties of solution
heat treated Zr-2.5Nb alloy (a) before and (b &ftgr cold working.
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parameters of solution heat treated Zr-2.5Nb gl#yefore and (b & c) after cold working.

(kJim?)

J;

Introduction of cold working on solution heat tre@dtmaterials, primarily causes increase in

dislocation density. In the present study, a defionn multiplying parameter ‘Dislocation

Multiplication Factor DMF) is proposed to investigate the extent of increas#islocation

density in different solution heat treated materiaécause of cold working. As shown in

Equation 5.3DMF is expressed as the ratio of dislocation dendigotd worked material to

that of the solution heat treated material. Sirsteength is the function of square root of
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dislocation density (as shown by Equation 5.2 [L&REDMF can also expressed in terms of
material’s yield strength, i.e., the square ofridu# of yield strength of cold worked material

to that of the solution heat treated material.

DMF = Lo — (”—W)2 (5.3)

P SHT YSsHT

In Equation 5.3, termesyr and pqy respectively represent the dislocation densities o
materials before and after cold working. Ternd,randYS,, in this equation, respectively

represent the yield strengths of materials befackadter cold working.

Figure 5.29 (a) shows the dependence of tensilpepties onDMF. The tensile strengths
including vyield strength and ultimate tensile syt along with strain hardening
characteristics first increase with increaseDNIF. With further increase ilDMF, these
properties showed much weaker dependenc®MF. In contrast, the ductility of solution
heat treated materials first decreased with ineré@®MF, and became saturated afterwards.
This dependence of tensile propertieddMF suggested that tensile properties are the strong
function of initial 10% cold working, however, saogient additional 10% cold working
weakly influences the tensile properties. Figurgd5b) shows the dependence of fracture
toughness parameters ddMF. The fracture toughness parameters exhibited margi

reduction with increase iIDMF.
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Figure 5.29: Influence of dislocation multiplicatidactor on (a) tensile properties and (b)

fracture toughness parameters of cold worked-swidieat treated Zr-2.5Nb alloy.

Present study shows that the cold worked matec@tsprise a typical hardness gradient in
the vicinity of free surface. This can be underdt@s the consequence of corresponding
variations in degree of cold working with depth.rdg any cold working operation (such as
rolling), the degree of cold work in the vicinity free surface is highest, and subsequently
decreases while approaching towards depth fromfréee surface. Since the dislocation

density is primarily influenced by the cold workpéat from the point imperfections such as

201



Chapter 5: Influence of Degree of Cold Working on
Fracture Behavior of Solution Heat Treated Zr-2.%Nby

vacancies, etc.), the cold worked material exhibitee gradient of such imperfections across

thickness, which therefore caused the observedhbasdgradient across the thickness.

Present study shows that opposite to general tleardness in the vicinity of free surface in
solution heat treated materials decreases aftdrveotking. As discussed earlier that the cold
working treatment in principle increases the lattienperfections within material, and
therefore is expected to increase its hardness.pfésent study also showed that the cold
worked materials exhibit a typical primasygradient in the vicinity of their free surfaces. |
other words, cold rolling treatment causes accutimaof primarya in the vicinity of free
surface. Therefore, the observed reduction in remslin the vicinity of free surface because
of cold working emphasizes the influence of primaryaccumulation in decreasing the
hardness. In other words, in the vicinity of fragface, the overall change in hardness
because of cold working is the net effect of inseghhardness due to lattice imperfection
generation and decreased hardness because of yprnsrcumulation, Equation 5.4. This

study therefore, also suggests that primaiy relatively softer than'.

AH SHT-CW = AH Lattice imperfections — AH Primary a accumulation (5-4)

In Equation 5.4, termAH syr_cw represents the net change in hardness becausaldof c
working; termAH pa¢tice imperfections '€Presents the increase in hardness becausetioé lat
imperfection generation and terH primary « accumulation  '€Presents the reduction in

hardness because of primargccumulation.

In order to validate the contributions of lattioeperfection generation in increasing hardness
and primarya accumulation in decreasing hardness, the hardrfesagle phaseff,) water
guenched and subsequently cold worked Zr-2.5Nly allms examined as a function of depth

from the free surface. For this, Zr-2.5Nb alloy weater quenched from single phagg,
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region at 950°C after being soaked for 15 min domnafollowed by subsequent 10% cold
working through multi-pass rolling. The hardnessiat&on in the vicinity of free surface of

this material is shown in Figure 5.30. Within trilos region, hardness of this material was
appreciably higher than that of the two phase rasemwhich were examined in the present
study. Such increase in hardness of this mateaal loe exclusively considered as the
consequence of increase in the lattice imperfestiggspecially, dislocation densities)

because of cold working.

5.2

O SHT,, +10% CW
& SHT,, +10% CW

€84 SHT“#L'\

4.0 4
34 4

2.8 gaﬁ\ﬁt/x_

22

B

Vickers Hardness (GPa)

0 50 100 150 200
Depth from Free Surface (Microns)

Figure 5.30: Comparison of Vickers hardness of BiNbD alloy under solution heat treated
(from a+p & B phase fields) and cold working conditions.

The slope of fracture resistance cumé&/da,of most of the solution heat treated materials, in
general decreased with increase in degree of coltt,vespecially under ambient condition.
Such reduction in propagation toughness becauseolof working could be correlated
through the presence of relatively shallower dire@s observed on the fracture surfaces of
cold worked materials (Figure 5.21 and 5.23). Adddlly, the 45° oriented fracture surfaces
of cold worked materials showed the clusters of Ve dimples at certain locations (as can
be seen from Figure 5.21), which also points tolthmeer fracture toughness of cold worked
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materials. At 300°C, the fracture surfaces of ceorked-solution heat treated materials
exhibited much coarser dimples as compared to tbhbserved at RT. This suggests that at
high temperature, density of dimple nucleationssilecreases (in the other words, dimple
nucleation sites become relatively farther withheather). This therefore point towards the

improvement in fracture toughness of these material

Present study showed that after cold working, thiet®n heat treated materials exhibit

relatively larger flat fractured region. Such irese in the flat fractured region, because of
cold working treatment can be understood as theemprence of corresponding increase in
material’s strength because of cold working. Mailéyistrength is one of the factors that
govern state of stress ahead of the crack tipjratutn influences the mode of fracture. With

increase in material's strength, state of stresgadlthe crack tip shifts towards plane strain
condition [105,106]. Since, flat fracture is an wnfant characteristic feature of the plane
strain condition prevailing ahead the crack tighvincrease in material's strength the fracture

surface exhibits larger flat region.
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5.5 Summary

Present study on the influence of degrees of calkiwg on fracture behavior of Zr-2.5Nb

alloy having variable solution heat treatment his®is summarized as follows:

Cold working through rolling resulted in the elobegh grain microstructures of
solution heat treated materials along rolling dimt Cold rolling treatment caused
basal pole alignment along radial (i.e., compressistrain) direction with
corresponding reduction along axial (i.e., rollirdijection. Nevertheless, upto 20%
cold working, such changes in the basal pole textfisolution heat treated Zr-2.5Nb
alloy were not significant.

The tensile properties of solution heat treate® BINb alloy were strongly sensitive
to the initial 10% cold working; however with subsent additional 10% cold
working these properties further exhibited lesdsinges. Increase in cold working
within 0-20% domain increased the tensile strengdrgd strain hardening
characteristic, however caused substantial redudtiche ductility of solution heat
treated materials. Increase in dislocation multgtion factor, as caused by increase
in degree of cold working, showed good agreemetit thiese observations.

Increase in SHT temperature within 850-890°C, amakmg duration within 15-30
min domain caused considerable reduction in primarglume fraction and increase
in grain size (especially of prig¥, i.e.,a’) along with a slight decrease in degree of
Nb super saturation af’. These concurrent microstructural changes atteitbuto
decrease the tensile strength of solution heateematerials. However, after cold
working, such microstructural changes had relagiweeak influence on the tensile
strength. Ductility and strain hardening charasteriwere practically insensitive to

these microstructural changes.
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Vi.

Vii.

viii.

Cold working mainly influenced the slope of fraduresistance curve, i.edJ/da
parameter. Increasing degree of cold working caussgliction in thedJ/da
parameters of solution heat treated materials (33526), suggesting corresponding
reduction in the crack propagation resistance eseéhmaterials after cold working.
Increasing temperature from RT to 300°C, causegiderable improvement ithlJ/da
parameters (by > 70%). However, at 300°C, th&#da parameter exhibited
considerable scatter as compared to that at RT.

After cold working, the solution heat treated mier in general comprised relatively
larger flat fractured region, especially under agnbitest condition. This suggested
the influence of cold working in shifting the stabé stress towards plane strain
condition.

The fracture surfaces of cold worked materials,ilaimio SHT materials comprised
typical dimple structure characteristic of a ducthilure. However, contrary to SHT
materials, the cold worked materials exhibitedtreddy shallow dimples, especially
on the narrow central flat fractured region and thesters of fine dimples, which
correlated the reduction in fracture toughness teeaf cold working.

The fracture toughness parameters of cold workédisn heat treated Zr-2.5Nb
alloy remained practically insensitive to the mgtractural features viz., primaxy
volume fraction and degree of Nb super saturatior'j similar to before cold
working.

Increase in dislocation multiplication factor, asised by increase in degree of cold
working, had good agreement with the reductionldfda parameter. In contrast, the
Jrmax) parameter was practically insensitive to theseufea, suggesting that the cold

working weakly influenced thé&parameters under small crack growth regime.
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CHAPTER 6
INFLUENCE OF AGING TEMPERATURE ON
FRACTURE BEHAVIOR OF COLD WORKED-
SOLUTION HEAT TREATED Zr-2.5Nb ALLOY

Influence of cold work on solution treated matehias been described in the earlier Chapter 5. The
alloy in twelve cold worked-solution heat treatemhditions was subjected to aging treatment
under vacuum at 500 and 540°C for 24 h. The inflteeaf aging treatment on microstructure,
hardness, tensile properties and fracture toughreees discussed in this chaptefhe
microstructural features showing fine precipitatiaf n, andpz phases during the aging at 500
and 540°C for 24 h duration is described. Followgdhis, influence on the mechanical properties
covering micro-hardness, tensile properties andtdra toughness parameters are discussed. A
comprehensive comparison of the mechanical behasioZr-2.5Nb alloys under WQA and
CWSR conditions is presented. Subsequently, a camepsive study to examine the influence of
different analysis methodologies on the fractureggtmess parameters is discussed. A study of the
fracture surfaces of broken C(T) specimens throaighmage analysis approach is discussed to
illustrate the proportionate flat region of the clie surfaces. Subsequently, a study of the
fractographic features at different locations tlgtotBEM examinations is presented. Finally, an
optimum TMP history of WQA Zr-2.5Nb alloy is sug¢ed, which ensures the best fracture

toughness.

6.1 Microstructural Observations

6.1.1 Optical and TEM Microstructures
The optical microstructures of Zr-2.5Nb alloy aftke aging treatments at 500 and 540°C for 24 h
durations showed not much difference with thoseedbre aging, i.e., cold worked-solution heat

treated conditions. Figure 6.1 shows the opticarastructures of one of the cold worked-solution
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heat treated materials aftagin¢ at 500 and 540°C for 24 h in vacuuollowed by furnace
cooling, which comprised primaxy and tempered:'. In Zr-2.5Nb alloy, ging at 500 and 540°
for 24 hduration, results in the precipitationfphase, whose size is in nanometre range, whi
too small to be seen undan optical microscope. Therefore, to study these fi precipitates

transmission electron microscopy, TEM examinatioinde aged materials were conduct
Tempereda’ Primary_a Tempereda’

;- - iy ?’
il

Figure 6.1: Optical microstotures of Z-2.5Nb alloy, aged at (a) 508nd (b) 540°C for 24 h
duration followed by furnace cooling. The matenehs previously solution heat treated fr
850°C for 15min duration, followed by the 10% cold wol

For this, two aged materials individually soa at 500 and 540°@mperatures for 24 having
similar previous thermoaechanical history (i.e., SHT soaked at 850°C 15 min duration
followed by 10% cold wddng) were examined using TEM. The TEM substructuresiooefd the
existence of very fin@ precipitates, which were formed during the agiegtment, as shown

Figures 6.2 and 6.3Most of these precipitates were observed ondttedoundaries cmartensite
(o phase) in the form of arrays, howevfew were located within the martensite laths. Dui
aging, the soaking temperature governed the numieand growth rate of precipitates, a
material aged at 540°C in contrast to that agesD8tC showed relativelyigher volume fractic

and largei precipitatesin terms of morphology, most of tifeprecipitates were oval in shaj

though few were having circular shape. For size smeament, 25 nos. df precipitates wer
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randomly selected and measured using the ‘Imageffivare. The material, aged at 500°C had
the average precipitate size of 23.9 nm, with v@ams from 11.4 to 36.1 nm. In contrast, the

material, aged at 540°C showed relatively coagsprecipitates having the average size of 33.8

nm, with variations from 10.3 to 67.9 nm.

Array like network of B Martensite lath
precipitates at lath boundar

Figure 6.2: TEM substructures of Zr-2.5Nb alloy @dge 500°C for 24 h followed by furnace
cooling. This material was previously soaked dui8tgT at 850°C for 15 min duration followed
by 10% cold working.

Dense array like network off3
precipitates at lath boundarv

Martensite lath

Figure 6.3: TEM substructures of Zr-2.5Nb alloy dhge 540°C for 24 h followed by furnace cooling.
This material was previously soaked during SHT=I°€ for 15 min duration followed by 10% cold

working.
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6.1.2 Nb Concentration Measurement using EDS Anadys

Energy dispersive spectroscopy, EDS analysis wdsrpged to determine the Nb concentration in
B precipitates formed during the aging treatment$@ and 540°C. The EDS analyses were
performed on the precipitates, extracted through Glarbon Extraction Replicas. For this, four
aged materials having variable thermo-mechanictbhes (as shown in Table 6.1) were selected.
To quantify the statistics within the Nb concentmatdata, multiple precipitates were chosen for
the EDS analysis. Table 6.1 shows the evaluateddxloentrations off precipitates under these
four aging conditions. Figure 6.4 shows fh@recipitates extracted through carbon replicas and
the corresponding Nb spectra. EDS analysis sugtyéiséeprecipitation op-Nb andp-Zr phases
during the aging treatments at 500 and 540°C réispdcfor 24 h duration. Also, the degree of

cold work (i.e., 10 or 20 %) did not have muchuefhce on the precipitate's Nb concentrations.

Table 6.1: Nb concentrations of tieprecipitates after aging treatment in differendoeorked-
solution heat treated Zr-2.5Nb alloys.

Nb concentration of p precipitates (in weight %

TMP Condition TMP Condition TMP Condition TMP Condition
850°C/30Min+10%CW+ | 850°C/30Min+10%CW+ | 850°C/30Min+20%CW+ | 850°C/30Min+20%CW+
500°C/24h 540°C/24h 500°C/24h 540°C/24h
99.54 4.99 93.64 9.07
75.47 6.56 99.66 10.17
89.03 4.32 92.56 6.02
93.05 5.21 99.00 5.20
97.89 12.5 97.03 6.74
97.24 4.47 94.82 10.03

- 10.09 98.42 2.44

- 8.18 96.73 10.78

- 14.21 - 4.47

- 11.57 - 14.41

- 7.85 - -

- 7.51 - -
Average = 92.04 Average = 8.12 Average = 96.48 Average = 7.93
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EDS Spectr: Extracted p Precipitates
TMP Conditicn: 850°C/30Min+10%CW+500°C/2.

Bno || Avg. Nb=92.04 %

TMP Condition: 850°C/30Min+10%CW+540°C/2

Spectrum4

Spectrum 3

Figure 6.4EDS spectra (left) for Nin § precipitates (right), extracted through carborlicag in
aged Zr-2.5Nb alloy. 211
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6.1.3 Crystallographic Texture

The basal pole texture of cold worked-solution hestited Zr-2.5Nb alloys under different aging
conditions in terms of Kearns parameters alongetimetually perpendicular directions, axial),(f
transverse {f and radial (§ is shown in Figure 6.5. After aging treatmenktiee of these materials
became more prominent along transverse and raédtidns with corresponding reduction along
axial (i.e., previously rolling direction). The texe of aged materials was examined for the extreme
SHT temperature conditions viz., 850 and 890°Ccé#s be seen from Figure 6.5 (a) & (c) and (b)
& (d) that the aged materials, previously solutioeat treated from a higher SHT temperature
exhibit relatively weaker basal pole texture. Frbigure 6.5 (a) & (b) and (c) & (d), it appears that
similar to before aging, the degree of cold workivagl no significant influence on the texture of
aged materials. Furthermore, the texture of agetknmads (especially, those previously solution
heat treated from a higher temperature, Figure(6)5& (d)) suggested that increasing aging
temperature from 500 to 540°C also results in iasiry degree of randomness in basal pole
texture. Therefore, a higher SHT temperature alaitfy higher aging temperature seemed to
maintain relatively weaker basal pole texture & #yed materials. The pole figures, as shown in
Figure 6.6 suggests that the Zr-2.5Nb alloy undgrdaconditions have much weaker basal pole
texture as compared to that under CWSR conditisrsif@wn in Figure 4.4, Chapter 4).
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Figure 6.5: Kearns parameters representing basaltpxture of Zr-2.5Nb alloy before and after
the aging treatments along three mutually perpetaticdirections viz., axial £, transverse (f
and radial (.
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Levels
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240
1o
03
Min=.024
Max=31.40

(890°C-30Min-WQ) + 20%CW

Figure 6.6: Additional basal Pole Figures (APFs)Zof2.5Nb alloy before and after the aging
treatments at 500 and 540°C for 24 h. Symbols A anakspectively indicate the axial and

transverse directions. Sample normal was alongkddiection.

6.2 Mechanical Behavior

6.2.1 Micro-Hardness

After aging, cold worked-solution heat treated ZsNb alloy, similar to before aging had a sharp
hardness gradient in the vicinity of free surfa@éhile approaching towards depth from free

surface, hardness decreased, and subsequenthatgoated. Aged materials showed such sharp
hardness gradient within a narrow region of ~ 260 (i 6% of the material thickness) below the

free surface. Figure 6.7 (a) illustrates such hesdrprofile in a cold worked-solution heat treated
Zr-2.5Nb alloy (solution heat treated from 850°C i min+20% CW) before and after aging

treatments.. Similar hardness variations were olesein rest of the aged materials.
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Aging treatment performed at 500°C for 24 h duratiesulted in nearly comparable hardness at
each depth levels as exhibited by the cold worketenals. However, aging performed at higher
soaking temperature, 540°C for same duration redulbh notable reduction in hardness at

respective depth levels from the free surface.

4.0 30

(a) N U
2.8 (0.08)

3.5 4
2.48 M M
(0.04) -
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2.4 4

Vickers Hardness (GPa)
Vickers Hardness (GPa)
]

Before Aging
Aging at 500°C/24 hrs

22

20 T T T e T 2.0 T T
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Depth from Free Surface (um) Plane

Figure 6.7: (a) Vickers hardness profiles as a tfancof depth from the free surface in a cold
worked-solution heat treated Zr-2.5Nb alloy (salatiheat treated from 850°C for 15 min+20%
CW) before and after aging treatments. Plot shdwshiardness variation on AC plane, (b) Plot
showing the orientation dependence of mid-sectiandiess in this material after aging at
540°C/24 h. In this plot, over each bar group, agerhardness value along with corresponding

standard deviation (within parentheses) is shown.

To examine the mechanical behavior anisotropy adagaterials, hardness were examined on the
three mutually perpendicular planes; AC, AR and F@ure 6.7 (b) shows the orientation
dependence of hardness in one of aged Zr-2.5Nk @&laution heat treated from 850°C for 15
min followed by 20% CW and aging at 540°C/24 h)eTdged materials were observed to be
practically isotropic, as hardness variations @mrexhentioned orthogonal planes were very close.
Nevertheless, in general, AR plane showed the Bighardness, while AC plane showed the least

hardness. Similar isotropy was observed in reft@figed materials.
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6.2.2 Tensile Properties

. Flow Curves

Figures 6.8-6.11 show the flow curves of variouatheeated Zr-2.5Nb alloys having variable
thermo-mechanical histories. Aging treatment reslib decrease in the flow stresses with respect
to cold worked Zr-2.5Nb alloy. Aging carried outtae higher temperature, 540°C for 24 h, in
contrast to at 500°C for same duration resultedjyrigater reduction of the flow stresses with
respect to cold worked materials. The thermo-mechahistories of various aged Zr-2.5Nb alloy,
such as soaking temperature and duration usedgdsointion heat treatment stage and the degree
of cold work had practically no influence on thewl stresses of these materials. However,
uniform elongations of the aged materials soakedb4Q°C, in contrast to 500°C showed
considerable dependence on the prior used SHT tatopes under ambient condition. The 540°C
aged materials previously soaked at the lower Sg¢fiiperature (850°C), in contrast to 870 and

890°C exhibited considerably higher uniform elonyad at RT.

In WQA fabrication route of Zr-2.5Nb alloy pressurées for PHWRs (or, for future AHWR)
applications (as shown in Figure 1.2, Chapter 4&guum aging treatment can be considered as the
final mechanical behavior governing treatment, assg that the subsequent autoclaving
treatment has insignificant role in altering thechnnical properties of pressure tubes. Therefore,
for comparing heat treated (i.e., WQA) fabricatronte of Zr-2.5Nb alloy pressure tubes with the
currently followed CWSR route, flow behavior of dgend CWSR (220MWe IPHWRS) materials
were determined. For this purpose, CWSR pressbeematerials fabricated using both the earlier
used Double Melted, DM and recent Quadruple Mel@#l, ingots were used. Sample obtained
from one DM and three QM CWSR PTs were used torahete the tensile properties and a
comparison of the tensile properties of DM and QWER pressure tubes with those of the aged

material is presented.
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At RT, DM-CWSR material, in contrast to QM-CWSR mr@l shows slightly higher flow
stresses, however, at 300°C both the materials &lavest similar flow behavior. Comparison, as
illustrated in Figure 6.8-6.11 shows that the agederials soaked at 500°C exhibited considerably
higher flow stresses, however significantly lowerform elongations as compared to the CWSR
materials. In contrast, materials aged at 540°Gbéeld nearly comparable flow stresses, though
lower uniform elongations as that of the DM and @QWSR pressure tube materials, especially at
RT. Under ambient condition, aged materials, intiast to CWSR materials had relatively flat
flow curves, suggesting the lower strain hardenth@racteristics of the former materials. In
contrast, at reactor operating temperature (300Z&2.5Nb alloy under both aged and CWSR
conditions exhibited relatively less differencetive steepness of flow curves. This flow curve
characteristic was quantified in terms of the stterdening exponents, described subsequently in

Section v.
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Figure 6.8: Evolution of lower bound flow behavadrZr-2.5Nb alloy during three TMP stages;

SHT, subsequent cold working, and vacuum agingeuathbient condition. Plots show the flow
behavior of Zr-2.5Nb alloy previously soaked at 8800 and 890°C for 15 min during solution
treatment stage. The flow behavior of these heated materials were compared with that of Zr-
2.5Nb alloys under CWSR conditions in which thesptee tubes of 220MWe IPHWRs are

currently being used.
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Figure 6.9: Evolution of lower bound flow behaviof Zr-2.5Nb alloy during three TMP

stages; SHT, subsequent cold working, and vacuumgagnder ambient condition. Plots
show the flow behavior of Zr-2.5Nb alloy previouslyaked at 850, 870 and 890°C for 30 min
during solution treatment stage. The flow behawbrthese heat treated materials were

compared with that of Zr-2.5Nb alloys under CWSRditions in which the pressure tubes of

220MWe IPHWRSs are currently being used.
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Figure 6.10: Evolution of lower bound flow behavadrZr-2.5Nb alloy during three TMP stages;
SHT, subsequent cold working, and vacuum aging0atC. Plots show the flow behavior of Zr-
2.5Nb alloy previously soaked at 850, 870 and 89f@YCL5 min during solution treatment stage.
The flow behavior of these heat treated materiadsewcompared with that of Zr-2.5Nb alloys
under CWSR conditions in which the pressure tulfe820MWe IPHWRs are currently being

used.
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Figure 6.11: Evolution of lower bound flow behavadrZr-2.5Nb alloy during three TMP stages;
SHT, subsequent cold working, and vacuum aging0atC. Plots show the flow behavior of Zr-
2.5Nb alloy previously soaked at 850, 870 and 89f@¥C30 min during solution treatment stage.
The flow behavior of these heat treated materiadsewcompared with that of Zr-2.5Nb alloys
under CWSR conditions in which the pressure tufe820MWe IPHWRs are currently being

used.
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ll. Tensile Strengths

After aging treatments, tensile strengths of coldrked-solution heat treated Zr-2.5Nb alloy
decreased. Aging at 500°C for 24 h, though marbjirsdiered the yield strengths, as the respective
reductions were less than 3%. In contrast, aginglatively higher temperature, 540°C for 24 h
resulted in relatively greater, ~ 10% reductior¥is of these materials, as shown in Figure 6.12.
On the other hand, ultimate tensile strengths, UdiS®ld worked materials, in contrast to yield
strengths exhibited relatively greater change, maxrn by 15 and 22% after the aging treatments
at respective 500 and 540°C temperatures, as showigure 6.13. In contrast to RT, at 300°C
aging resulted in relatively greater change in tdesile strengths, as the maximum observed

reductions were ~ 20 and 30% after the aging geaie 500 and 540°C temperatures.

The soaking temperature used during solution hreatrhent stage, influenced the amount of
reductions in tensile strength after aging treatmd@ime cold worked materials, which were
previously soaked at higher SHT temperature (890iContrast to 850°C exhibited relatively
less change in the tensile strength after agingtrtrents. The various aged Zr-2.5Nb alloys
considered in this study, irrespective of havingyway thermo-mechanical histories such as;
soaking temperature & duration used during thetgwitheat treatment stage and imparted degree

of cold work exhibited comparable tensile strengths

222



Chapter 6: Influence of Aging Temperature on FracBehavior
of Cold Worked-Solution Heat Treated Zr-2.5Nb alloy

RT

300°C

SHT Soaking at 870°C SHT Soaking at 850°C

SHT Soaking at 890°C

0.2% offset Yield Strength 0.2% offset Yield Strength
(MPa) (MPa)

0.2% offset Yield Strength
(MPa)

900
(@ 3
2] -
800 - E
&
700 -
600 -
O 15 Min SHT Soak + 10% CW
500 O 15 Min SHT Soak + 20% CW
A 30 Min SHT Soak + 10% CW
7 30 Min SHT Soak + 20% CW
400 T T T
Before Aging 500°C/24hrs 540°C/24hrs
Aging Condition
900
(b)
800 = a
v
700
600
O 15 Min SHT Soak+ 10% CW
200 ] 15 Min SHT Soak +20% CW
A 30 Min SHT Soak + 10% CW
7 30 Min SHT Soak + 20% CW
400 : . T
Before Aging 500°C/24hrs 540°C/24hrs
Aging Condition
200
( ) ] o)
800 v]
2] bas
&
700
600 4
O 15 Min SHT Soak + 10% CW
5001 0 15Min SHT Soak + 20% CW
£\ 30 Min SHT Soak + 20% CW
30 Min SHT Soak + 20% CW
400 T T T
Before Aging 500°C/24hrs 540°C/24hrs

Aging Condition

0.2% offset Yield Strength 0.2% offset Yield Strength

0.2% offset Yield Strength

(MPa)

(MPa)

(MPa)

200
d QO 15 Min SHT Soak + 10% CW
[J 15 Min SHT Soak + 20% CW
800 A 30 Min SHT Soak + 10% CW
30 Min SHT Soak + 20% CW
700
a
O
600 %
@]
Qg
500 -
&4
400 T T T
Before Aging 500°Cr24hrs 540°C/24hrs
Aging Condition
900
O 15 Min SHT Soak + 10% CW
e O 15 Min SHT Soak +20% CW
800 4 A 30 Min SHT Soak + 10% CW
30 Min SHT Soak + 20% CW
700 A
(]
(ALY
600 -
500
400 T T T
Before Aging 500°C/24hrs 540°C/24hrs
Aging Condition
900
f O 15 Min SHT Soak + 10% CW
[0 15 Min SHT Soak +20% CW
800 - /A 30 Min SHT Soak + 10% CW
30 Min SHT Soak + 20% CW
700
600
8
500 Q
400 T T T
Before Aging 500°C/24hrs 540°C/24hrs

Aging Condition

Figure 6.12: Yield strengths of Zr-2.5Nb alloy undiferent cold worked-solution heat treated

conditions before and after the aging treatments08tand 540°C for 24 h followed by furnace

cooling.
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Figure 6.13: Ultimate tensile strengths of Zr-2.5Mlloy under different cold worked-solution heat

treated conditions before and after the aging mmeats at 500 and 540°C for 24 h followed by

furnace cooling.
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To compare the WQA and CWSR fabrication routes cR BNb alloy pressure tubes, tensile
strengths of the presently considered aged mateaatl CWSR materials used for 220MWe
IPHWRs were compared. The comparison, Figure 6a)4& (b) shows that under ambient
condition, the aged materials soaked at 500 an8GAdr 24 h duration had respectively ~ 37 and
25% higher vyield strengths as compared to the QMSB®Whnaterials. In contrast, at 300°C,
respective deviations in the yield strengths oséhvo class of materials were 34 and 14%. UTSs
of the aged materials soaked at 500°C were foute t65 and 14% higher than that of the CWSR
materials at respective RT and 300°C, see Figuré &) & (d). However, the aged materials

soaked at 540°C had almost comparable UTS as ti@AMSR materials.
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Figure 6.14: Evolution of tensile strengths of ZBi2b alloy during three TMP stages; SHT,
subsequently cold worked & aged and their comparisith CWSR pressure tube material. Plots
(@ and (b) respectively show the vyield strengtlisthrese two materials at RT and 300°C
respectively and plots (c) and (d) respectivelywsitbe ultimate tensile strengths of the two
materials at RT and 300°C respectively. In theséspbver each bar group, average tensile strength
along with the corresponding standard deviatiothiwiparentheses) is shown.
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[ll.  Ductility

Aging treatment resulted in significant improvemémtductility of cold worked-solution heat
treated Zr-2.5Nb alloy. The ductility was measuiedterms of two parameters viz., total
elongation (a measure of the induced plastic steginto fracture) and change (reduction) in
fracture cross sectional area. Figures 6.15 an@ shbw the variation of these two ductility
parameters of various cold worked-solution heatté@ Zr-2.5Nb alloy before and after the aging
treatment. Aging at 500°C for 24 h resulted in @ase in both of these ductility parameters by
more than two fold for some of the cold worked mats. Aging at the higher soaking
temperature, 540°C for 24 h, in general, had nesirylar influence on the ductility of the cold
worked materials. Additionally, ductility of the lcbworked materials at 300°C, in contrast to RT,

changed relatively less after the aging treatment.

Under ambient condition, the thermo-mechanicalohiss of different cold worked materials

considered in this study played a remarkable mlgoverning their ductility after aging treatment.
The aged materials, which were previously soakddgiter SHT temperature showed marginally
lower ductility. The aged materials, previouslylseéfor 30 min, in contrast to 15 min duration in
the solution heat treatment stage exhibited redgtiless reduction in their fracture cross-section
area at RT, thereby suggesting the lower ductiiftfjormer materials. Higher degree of imparted
cold work resulted in higher ductility of the agethterial. In contrast, at 300°C, different aged
materials irrespective of their previous varyingrtho-mechanical histories had practically similar

ductility.
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Figure 6.15: Total elongations (a ductility paraemgtof Zr-2.5Nb alloy under different cold
worked-solution heat treated conditions before afitel the aging treatments at 500 and 540°C for

24 h followed by furnace cooling.
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Figure 6.16: Reductions in fracture cross secti@mas (second ductility parameter) of Zr-2.5Nb
alloy under different cold worked-solution heatatexl conditions before and after the aging
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In contrast to CWSR pressure tube material of 22GVMNMHWR, the materials aged at 500°C

showed marginally lower total elongations, howetieose aged at 540°C possessed nearly

comparable elongations (Figure 6.17 (a) & (b)). €mdmbient condition, the aged materials

showed similar reductions of fracture cross-secticgas as shown by CWSR materials. However,

at reactor operating temperature of 300°C, the maddeaged at either 500 or 540°C temperature

exhibited ~18-20% higher reduction in the fractaress-section area as compared to the CWSR

materials, (shown in Figure 6.17 (c) & (d)). Theref ductility of Zr-2.5Nb alloys under both heat

treated and CWSR conditions were more or less goak

24

Total Elongation (%)
]

80

Reduction in Fracture Cross-sec. Area
(%)

(a)

132
(1.2)

14
(2

77
(1.2)

TMP Stage / Fabrication Route

60

52.7
(1.7)

40
(4.9)

38.7
(1.8)

TMP Stage / Fabrication Route

Reduction in Fracture Cross-sec. Area

Total Elongation (%)

(%)

24

18.9 [
(b) 16.6 @3]
(1.6) nlin
139

18 4
(23) 16

114 e
1.6 ;

9.7 o il

(2.9)

12 A

TMP Stage / Fabrication Route

80

65.7 66.4
(d)&a ea G2
' 55.6
(3)
60 - 46.9 54.7 M
(34) — ] -
40
20 1
0 T
A d <
6@0 &(\\Cb &8 S “\cg‘ “f_,?‘
& 5 Re Prad 9 S
S ) g (,}9 Q (}‘§
& A &
,_\\o(\ D)QQ %(@
N ¥ v

TMP Stage / Fabrication Route

Figure 6.17: Evolution of ductility of Zr-2.5Nb alf during three TMP stages; SHT, subsequently
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IVV. Uniform Elongation

Aging at 500°C for 24 h had practically no influenen the uniform elongations of different cold
worked-solution heat treated Zr-2.5Nb alloys. Hoerevaging performed at higher soaking
temperature, 540°C for 24 h for same duration teduin appreciable increase in the uniform
elongations of these cold worked materials at Rgureé 6.18. In contrast, uniform elongations at
300°C were found to be practically insensitive b taging at both 500 and 540°C soaking
temperatures. The prior used SHT temperatures gedethe extent of increase in uniform

elongations of cold worked materials after agingatment. The materials soaked at higher
temperature, 890°C in contrast to 850°C during temiuheat treatment stage had relatively less
change in their uniform elongations after agin@tmeent. Another important observation is that
after aging at either of the two soaking tempeesumuniform elongations of different cold

worked-solution heat treated Zr-2.5Nb alloys coesed in this study irrespective of their varying

previous thermo-mechanical histories were almastiai.

Comparison of CWSR pressure tube material of 220MRVBNVR and aged materials, Figure 6.19
showed lower uniform elongations of aged materiale CWSR materials exhibited on average
three and two times the uniform elongations of 308°C aged materials at respectively RT and
300°C. In contrast, the materials aged at highakisg temperature, 540°C showed ~ 32 to 40%

lower uniform elongations as compared to that ef@WSR materials.
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Figure 6.18: Uniform elongations of Zr-2.5Nb allapder different cold worked-solution heat
treated conditions before and after the aging mmeats at 500 and 540°C for 24 h followed by

furnace cooling.
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\Figure 6.19: Evolution of uniform elongation of Zr5Nb alloy during three TMP stages; SHT,
subsequently cold worked & aged and their compangibh CWSR pressure tube material. Plots
(@) and (b) respectively show the comparisons ataRd@ 300°C. In these plots, over each bar

group, average of uniform elongation along with tweresponding standard deviation (within
parentheses) is shown.

V. Strain Hardening Characteristics

Strain hardening characteristics of aged Zr-2.5Nbys were determined using Hollomon's

empirical power law hardening relationship (Equat#b3, Chapter 4) in terms of strain hardening
exponent and strength coefficient parameters aadslaown in Figures 6.20 and 6.21. Aging at
500°C for 24 h duration resulted in appreciablauotion of the strain hardening exponent of cold
worked-solution heat treated Zr-2.5Nb alloy undabant condition, as after aging, the hardening
exponents of these materials became nearly halkieder, aging carried out at the higher soaking
temperature, 540°C for 24 h resulted in practicsifgilar strain hardening exponents as that of the
500°C aged materials. At 300°C, the aging treatsdrdd practically no influence on the

hardening exponents of different cold worked-solutheat treated Zr-2.5Nb alloys. Nevertheless,
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with increase in temperature from RT to 300°C, hhedening exponents of these aged materials

showed an appreciable rise, by almost two fold.
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Figure 6.20: Hollomon’s strain hardening exponeoitsZr-2.5Nb alloy under different cold worked-
solution heat treated conditions before and afteraging treatments at 500 and 540°C for 24 hvatb
by furnace cooling.
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Figure 6.21: Strength coefficients of Zr-2.5Nb wgllonder different cold worked-solution heat

treated conditions before and after the aging meats at 500 and 540°C for 24 h followed by

furnace cooling. These strength coefficients waevdd using the Hollomon’s empirical power

hardening relationship, Equation 4.3, Chapter £2]10
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The strength coefficients of different cold workeaterials decreased by almost 30% after aging
at 500°C. In contrast, aging at 540°C resulteddtatively higher, ~ 40% reduction in the strength

coefficients of these materials, Figure 6.21.

Different cold worked materials considered in tkigdy, irrespective of having varying thermo-
mechanical histories, had nearly similar straindeaimg characteristics both before and after the

aging treatments.

The comparison of strain hardening behaviors of RMBessure tube material of 220MWe
IPHWRs and WQA materials considered in this stuglpresented in Figure 6.22. In contrast to
CWSR pressure tube materials, aged materials eadilgignificantly lower work hardening
characteristics, by showing on an average almostné040% lower strain hardening exponents at
respective RT and 300°C, see Figure 6.22 (a) &RieJatively steeper flow curves exhibited by
the aged materials as compared to the CWSR matendicate such inferior work hardening
feature of the former materials. Additionally, stgéh coefficient of CWSR materials was higher

than that of aged materials, as shown Figure &P& (d).
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Figure 6.22: Evolution of the strain hardening ea#eristics of Zr-2.5Nb alloy during three TMP
stages; SHT, subsequently cold worked & aged aen domparison with CWSR pressure tube
material. Plots (a) and (b) show the strain hamtpr@xponents of the two materials at RT and
300°C respectively. Plots (c) and (d) respectivethpw the strength coefficients of the two
materials at RT and 300°C, respectively. Thesénshrardening parameters were derived from the
Hollomon’s empirical power hardening relationsHgguation 4.3, Chapter 4 [102]. In these plots,
over each bar group, average of strain hardenirappeters along with the corresponding standard

deviation (within parentheses) is shown.

6.2.3 Fracture Toughness Parameters

|. Fracture ResistanceJ-R curves

Figures 6.23-6.26 show the evolution of lower bodratture resistancel-R curves of various
heat treated Zr-2.5Nb alloys having different thesmechanical histories. After aging, in general,
the cold worked Zr-2.5Nb alloys exhibited relatiw@hferior J-R curves under ambient condition,
signifying that aging treatment reduced the fraztimughness at RT (Figure 6.23 and 6.24). Aging
treatments at 500 and 540°C did not make dradfierednce in theJ-R curves at RT nevertheless,
in general J-R curves of 540°C aged materials were observed tnlibe higher side. In contrast,
at 300°C, the aging treatment considerably imprdvacture toughness of cold worked Zr-2.5Nb

alloys; as the aged materials, compared to colke@gbmaterials exhibited superidfR curves
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(Figures 6.25 and 6.26). At 300°C, the aged mdsesaaked at 500 and 540°C had notable
difference inJ-R curves however, analogous to RT, the aging tredtrperformed at 540°C

improved fracture resistance.

Under ambient condition)-R curves of the aged materials were found to beecltusthat of DM-
CWSR materials. However, at reactor operating teatpee, 300°C, the fracture resistance
improved significantly, as a resultR curves of aged materials was closer to that of Qv

CWSR materials.

The thermo-mechanical histories of aged Zr-2.5Nbyatonsidered in this study influenced the
fracture resistance, especially at 300°C. The agaterials, previously soaked at lower soaking
temperature, 850°C in contrast to 890°C during Sitlige, showed improved fracture resistance
through exhibiting superial-R curves. This SHT temperature dependency of fragesistance of
aged materials was especially observed for 20% waicked materials. Though, SHT soaking
duration (15 or 30 min) did not make drastic chaogehe fracture resistance, however, 30 min
soaked materials exhibited marginally superior tiree resistance. Higher degree of cold work
imparted on the solution heat treated materialsigeal notably better fracture resistance after the
aging treatment, especially at 300°C; as the agaenmls previously cold worked with 20% level,

in contrast to 10% level showed supedeR curves.

Another important observation was that at lowerckrgrowth regimeJ parameters of WQA
materials had weak dependence on the TMP parametevgever, with increasing crack growth,

such dependence became prominent.

Therefore, the optimum thermo-mechanical historYM@A Zr-2.5Nb alloy for obtaining the best
fracture resistance is achieved by performing SHa lawer soaking temperature (850°C) for 15-
30 min duration followed by a higher degree of cwlorking (20%) and higher aging temperature
(540°C).
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Figure 6.23: Evolution of the RT lower bound fraetuesistanceJ)-R curves of Zr-2.5Nb alloy
during three TMP stages; SHT, cold working & therraging, and their comparison with CWSR
pressure tube material. Plots show JhR curves of Zr-2.5Nb alloy previously soaked at 8800
and 890°C for 15 min during solution heat treatmstiaige. Thel-R curves at RT of these heat
treated materials were compared with that of ZNB.&lloy under CWSR conditions in which the

pressure tubes of 220MWe IPHWRs are being used.
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Figure 6.24: Evolution of the RT lower bound fraetuesistance]-R curves of Zr-2.5Nb alloy

during three TMP stages; SHT, cold working & thekraging, and their comparison with

CWSR pressure tube material. Plots showdtecurves of Zr-2.5Nb alloy previously soaked at
850, 870 and 890°C for 30 min during solution hea&tment stage. Th&R curves at RT of

these heat treated materials were compared withoftzr-2.5Nb alloy under CWSR conditions
in which the pressure tubes of 220MWe IPHWRs anedgoesed.
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Figure 6.25: Evolution of the lower bound fractuesistanceJ]-R curves of Zr-2.5Nb alloy at 300°C

during three TMP stages; SHT, cold working & thefrraging, and their comparison with CWSR

pressure tube material. Plots show kR curves of Zr-2.5Nb alloy previously soaked at 8800

and 890°C for 15 min during solution heat treatm&age. Thel-R curves at 300°C of these heat

treated materials were compared with that of ZNb.&lloy under CWSR conditions in which the
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Figure 6.26: Evolution of the lower bound fractuesistanceJ-R curves of Zr-2.5Nb alloy at
300°C during three TMP stages; SHT, cold workingh&rmal aging, and their comparison
with CWSR pressure tube material. Plots show Miecurves of Zr-2.5Nb alloy previously
soaked at 850, 870 and 890°C for 30 min duringtewitheat treatment stage. Th& curves at
300°C of these heat treated materials were compaitbcthat of Zr-2.5Nb alloy under CWSR

conditions in which the pressure tubes of 220MWdWHRRs are being used.
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Il. Initiation Toughness (Jo)

The influence of aging treatment on initiation trae toughness of cold worked-solution heat
treated Zr-2.5Nb alloy were opposite at RT and 8003Inder ambient condition, after aging
treatment, the initiation fracture toughness ofdcalorked Zr-2.5Nb alloys showed substantial
drop by more than 50%. Aging performed at both 886 540°C soaking temperatures, though
had very close influence on the initiation touglmewvertheless materials aged at 540°C showed
marginally better toughness. In contrast, at 300d&ging treatments caused significant
improvement in the initiation toughness of cold kext materials. At 300°C also, aging performed
at higher temperature (540°C), in contrast to 500f€sulted in relatively better initiation
toughness. The initiation toughness of aged maseaita300°C were observed to be three to five
times of the same at RT. Figure 6.27 shows thendilss trends of initiation toughness of various

cold worked-solution heat treated Zr-2.5Nb alloy®@& and 300°C.

Under ambient condition, irrespective of havingy#ag thermo-mechanical histories, the aged
materials possessed more or less similar initiatttmrghness. However, at 300°C, though having
higher data scatter, the aged materials previoealy worked at 20% in contrast to 10%, showed

better initiation toughness.
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Figure 6.27: Initiation fracture toughness of Z6/2b alloy under different cold worked-solution
heat treated conditions before and after the ageeafments at 500 and 540°C for 24 h followed

by furnace cooling.
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Figure 6.28 shows the comparison of initiation tiwae toughness of Zr-2.5Nb alloy under WQA
and CWSR conditions. Under ambient condition, thgation toughness of WQA materials (aged
at 540°C) were comparable, however marginally highan those of DM-CWSR pressure tube
materials of 220MWe IPHWRs (Figure 6.28 (a)), aretevon an average ~ 75% lower than those
of the QM-CWSR pressure tube materials. HoweveB0&°C, tremendous improvement in the
toughness of aged materials resulted in nearly epafybe initiation toughness of WQA (aged at

540°C) and QM-CWSR materials, as shown in Figu28 @b).
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Figure 6.28: Evolution of initiation fracture touggss of Zr-2.5Nb alloy during three TMP stages;
SHT, CW and vacuum aging. Toughness of these WQtenmaé was compared with that of the
CWSR pressure tube materials of 220MWe IPHWRs.sP(a} and (b) respectively show the
comparisons at RT and 300°C. In these plots, eaeh bar group, average toughness value along

with corresponding standard deviation (within péneses) is shown.

Il.  Propagation toughnessJgmax and dJ/da parameters)

The propagation fracture toughness of aged matesiafe determined in terms &{max)anddJ/da
parameters. Under ambient condition, aging caus@8% reduction in thégmax parameter of

various cold worked-solution heat treated Zr-2.%Mby, as shown in Figure 6.29.
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Figure 6.29: Propagation fracture toughnedsmax) parameters of Zr-2.5Nb alloy under
different cold worked-solution heat treated comuhs before and after the aging treatments at
500 and 540°C for 24 hrs followed by furnace caplin
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As can be seen from Figure 6.29 that TMP parameters SHT temperature (850-890°C),
soaking duration (15-30 Min), degree of cold wogki(l0-20%) and aging temperature (500-
540°C) had weak influence on tlBgmax parameters of aged (i.e., WQA) Zr-2.5Nb alloy. ISuc
insensitiveness ofrmax) parameters on TMP parameters could be seen asotiseguence of
corresponding least dependencd pairameters on TMP parameters at lower crack grosgime
(as shown in Figures 6.23-6.26). Increasing teaptzature from RT to 300°C resulted in almost

twice Jrmaxy @s compared to at RT.

In contrast toJrmax) parameter, the slope of resistance cud®daparameter), was considerably
dependent on the TMP parameters; SHT temperatiegred of cold working and aging
temperature, as shown in Figure 6.30, especialB0@tC. Increasing test temperature from RT to

300°C resulted in almost to four fotdd/daparameters as compared to at RT.

Similar to initiation toughness, at RT, tlgmax anddJ/da parameters of WQA materials were
close to DM-CWSR materials, Figure 6.31 (a) and Kigwever, at reactor operating temperature
(300°C), these propagation toughness parameteh& Bk materials were more or less close to the

QM-CWSR materials, Figure 6.31 (b) and (d).
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Figure 6.30: Propagation fracture toughnekBdaparameters of Zr-2.5Nb alloy under different
cold worked-solution heat treated conditions befanel after the aging treatments at 500 and

540°C for 24 h followed by furnace cooling.
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Figure 6.31: Evolution of propagation fracture tongss of Zr-2.5Nb alloy in the three thermo-
mechanical processing stages, SHT, CW and vacuung.agoughness of these heat treated
materials was compared with that of the CWSR prestube materials of 220MWe IPHWRS.
Plots (a) and (b) respectively show the variatibdggnax) parameters at RT and 300°C and plots
(c) and (d) respectively show the variationddfda parameters at RT and 300°C . In these plots,

over each bar group, average toughness value althgorresponding standard deviation (within

parentheses) is shown.
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IV. Critical Crack Length ( CCL)

The critical crack lengthCCL of WQA Zr-2.5Nb alloy was determined following dterative
method'. Under this metho@CL parameter is calculated by determining the crackind) force
(CDF) corresponding to a specific application (afirced by Equation 6.1) and equating CDF to

the fracture resistancgparameter corresponding to maximum load (gmax)-

CDF = SMEYZ In [sec (”Mah)] 6.1)

T 20y

In Equation (6.1)gyis the flow stress of pressure tube material, tadsethe mean of 0.2% offset

yield strength and ultimate tensile strengihyepresents the elastic modulasyepresents the

critical crack lengthM, the ‘Folias factor’ is taken aél +% where,r andB are respectively

inner radius and wall thickness of the pressure.tub

The CCL of WQA materials were determined, consideringajplication for the pressure tubes of
220MWe IPHWR. ForCCL determination, the hoop stress in operating pressube was

calculated from Equation 6.2, and determined as2B2RIPa.

o, =22 (6.2)

~ 2B

In Equation 6.2p, represents hoop stress, determined based on #reahpressurepf of 10.5
MPa, tube internal diameted)(of 81.5 mm and wall thickness of 3.5 mm. In preselculation,
the crack resistancémax parameter derived from 3.17 mm thick specimen asmimed to be
same as that derived from 3.5 mm thick specimemduition, Zr-2.5Nb alloy under CWSR and

WQA conditions were assumed to have same elastiltis.
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Figure 6.32:CCL parameters of Zr-2.5Nb alloy under different celdrked-solution heat treated

conditions before and after the aging treatments08tand 540°C for 24 h followed by furnace

cooling.
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Being the function ofJrmax parameter, the trend oZCL was analogous to that @kmax)
parameter (Figure 6.32). Under ambient conditfo@L of the various cold worked-solution heat
treated materials decreased after aging treatrhlemtever, at 300°GCCL of these materials were
relatively less sensitive to the aging treatme8imilar to Jrmax) parametersCCL parameters of

WQA Zr-2.5Nb alloy were weakly affected by the TMBrameters.

A comprehensive discussion on the influence of TddRameters on fracture behavior of Zr-2.5Nb
alloy is presented in ‘Discussion’ section. Thigludes suggestion for the optimized TMP

parameters to achieve the best fracture behavias-thbricated WQA pressure tube material.

Figure 6.33 shows the comparison@€L parameters of Zr-2.5Nb alloy under CWSR and WQA
conditions. Under ambient condition, the WQA matsriaged at 540°C exhibited nearly
comparableCCL as that of the CWSR materials manufactured frombomelted ingot. Under
this condition,CCLsof WQA materials were appreciably lower (on anrage 28%) than that of
the quadruple melted CWSR materials. In contrastieactor operating temperature (300°C),
WQA materials exhibite€CL, close to that of the CWSR materials manufactiret quadruple

melted ingot.
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Figure 6.33: Comparison a€CL parameters of Zr-2.5Nb alloy under CWSR and WQA
conditions at (a) RT and (b) 300°C. In these plot®r each bar group, avera€L parameter

along with corresponding standard deviation (withémentheses) is shown.
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Figure 6.34 shows anoth@CL evaluation approach, under whi€iCL of WQA Zr-2.5Nb alloy
was determined using 'Tangent method' (commonlywknas 'Graphical method’). Under this
method, theCCL parameter is calculated by determining the cracdkind) force (CDF)
corresponding to a specific application (as defingdquation 6.1) and considering the tangential
point of CDF and crack resistance curves. FiguBb &hows the influence of determination
approaches o@CL parameters of one of the WQA materials. As casdan from this figure that
the tangent method, as compared to the iterativbadeorovided 20-30% high&CL parameter.
Also, the slope of CDF and crack resistance cunve®ases with increase in temperature, which

therefore results in high€&CL at 300°C, as compared to at RT.
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Figure 6.34: Evaluation o€CL parameters of Zr-2.5Nb alloy under WQA conditi@b@°C-
15Min-WQ + 20% CW + 540°C) at (a) RT and (b) 30@h@ugh the graphical method.
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6.3 Influence of Analysis Procedures on Fracture Tighness
Parameters

6.3.1. Resistance Curve and Basic Test Methodologies

|. Fracture ResistanceJ-R Curve

The fracture resistancé;R curves of Zr-2.5Nb alloy before and after the gdieatment derived
from the Resistance Curve (RC) and Basic Test {@&)hodologies have similar differences as
have been seen in Chapter 4 for the solution heated materials. The RC methodology, as
compared to BT showed conservative estimationattéire resistance curves. For the lower crack
growth regime, the parameters derived from these two methodologieg naarginal deviation.
However, with increasing crack growth such deviatiacreased (Figure 6.36). Compared to
ambient condition, at elevated temperature (300fi@,J parameters showed relatively weaker
dependence on the methods of evaluation (as casedm from Figure 6.36 (b)). Therefore, in
summary, Zr-2.5Nb alloy under the three TMP coodsi; SHT, CW and aged as considered in

the present study has practically weak dependemtiesoRC and BT methodologies.
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Figure 6.36: Influence of ASTM recommended RC anid dhalysis methodologies on the
fracture resistance curves before and after thegageatment at (a) RT and (b) 300°C. The
plots show the influence of analysis methodologiedhe fracture resistance curves of one of
the materials viz., solution heat treated from &B0Min followed by 20%CW and aging at

540°C/24hrs. Similar influences were observedHlerrest of materials.
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[I. Fracture Toughness Parameters

As discussed in Chapter 4 that the RC method irtrasinto BT method results in conservative
estimation of the fracture toughness. Similar t® solution heat treated materials, subsequently
cold worked and aged materials showed insignificdifiterence in the fracture toughness
parameters evaluated from these two methodologigsre 6.37 shows the influence of RC and
BT methodologies on fracture toughness parameterZs-2.5Nb alloy before and after the aging
treatment. As can be seen from these plots that TERition of Zr-2.5Nb alloy does not
influence the difference in fracture toughness mp@ters. Initiation toughness an@max
parameters evaluated from these two methodologiebieed marginal differences. As has been
shown in Chapter 4 that these two toughness paeasate evaluated based on the initial portion
of J-R curve, which has been shown to exhibit margingleddence on the two evaluation
methodologies. Therefore, such marginal differenteshese toughness parameters can be
understood as the consequence of the marginakeatiie in the RC and BT derived initidR

data points at lower crack extension levels.

However, as can be seen from Figure 6.37 (c) tlesstope of validl-R region ¢J/dg showed

slightly higher dependence on the two evaluatiothoaologies. With increase in crack extension,
the deviation in the RC and BT derivdeR curves increased (as evident from Figure 6.36).
Therefore, because of such increasing deviati@gdfdaparameters showed such slightly higher

dependence on the two evaluation methodologies.
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Figure 6.37: Influence of ASTM recommended RC afdaBalysis methodologies on the fracture

toughness parameters of Zr-2.5Nb alloy before died the aging treatments. Plots (a), (b) and (c)

respectively show the deviation in initiation tougs Jo), Jrmax) anddJ/daparameters of one the

of materials; solution heat treated from 850°C/3@Mollowed by 20%CW and aging at

540°C/24h.
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6.3.2.ASTM and ISO Evaluation Approaches

. Fracture Resistance,J-R Curve

Influence of the standard analysis approachesawiuire resistanc&R curves of Zr-2.5Nb alloy
before and after aging treatment is illustratedFigure 6.38. As can be seen from this figure and
also discussed earlier in Chapter 4 that the ASTahdard in contrast to I1ISO, conservatively
estimates thd-R curves. However, similar to solution heat treateddition, under subsequently
cold worked and aged conditionkR curves of this alloy showed marginal dependencthese

two standard approaches, especially at higher teanpe (Figure 6.38 (b)).
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Figure 6.38: Influence of ASTM and ISO analysis raaghes on the fracture resistance curves of
Zr-2.5Nb alloy before and after the aging treatmanfa) RT and (b) 300°C. The plots show the
influence of analysis methodologies on the fractiggistance curves of one of the materials;
solution heat treated from 850°C/30Min followed 2§%CW and aging at 540°C/24h. Similar

influences were observed for the rest of materials.

II. Fracture Toughness Parameters
I. Initiation Toughness

As discussed in Chapter 4 that the deviation ininfteation toughness parameters derived from
ASTM and ISO standard approaches is mainly atteidbutio the difference in the slope of

construction lines recommended by these standd®®. standard in contrast to ASTM
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recommended higher slope of construction line, twheonsequently results in lower initiation
toughness. Furthermorsuch deviation becomes more prominent when theestd@-R curve
increases, which is expected to occur at elevagatpeératures. Similar to solution heat treated
condition, under cold worked and aged conditiovjaten in the initiation toughness parameters
derived from the two standards were lower underiamlzondition (as shown in Figure 6.39 (a).
Such weak dependence can be understood as thejuense of the lower slope &R curves of

these three categories of materials under ambaition.

In contrast, at elevated temperature (300°C), litygesofJ-R curves increased substantially (as can
be seen from Figure 6.38 (b)), which therefore ltesim getting appreciable deviations in the
ASTM and ISO derived initiation toughness paransetef each of these three categories of

materials.

80 60
. RT

— (a) (b)

50

[o2]
=1
™

40 4

30

N
o
'

150

- Jg ) x100/Jg

M

20

oo o) X100/ dg
Vo,

N
=]

0- 400 500 600 700 800 900 1000
Before Aging After Aging I
ow Stress
TMP Condition (MPa)

Figure 6.39: (a) Deviation in the ASTM and ISO stard derived initiation toughness parameters
of Zr-2.5Nb alloy before and after the aging treatn (b) Correlation of the deviation in ASTM

and ISO derived initiation toughness parameters miaterial’s flow stress.
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At 300°C, after aging treatment, such deviationab@e more prominent as compared to under
solution heat treated and cold worked conditiortsis Ican be understood as influences of two
phenomenon, which occurred simultaneously; firsthis lower strength of aged materials (as
illustrated earlier in Figure 6.14) and secondmgrovement in the fracture toughness leading in

higher slope oI-R curve after aging treatment. These effects arphgeally illustrated in Figure

6.40.
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Figure 6.40: Magnified view of &R curve illustrating the prominence of deviationrABTM and

ISO derived initiation toughness parameter of aged.5Nb alloy.

Figure 6.39 (b) shows the dependency of the dewiati initiation toughness parameters derived
from ASTM and ISO standard on the flow stress. his tplot, the deviations in initiation
toughness of Zr-2.5Nb alloy under all the three Tdtfdditions under both ambient condition
and 300°C are plotted altogether as a functionhef espective flow stress. The variation
showed that such deviation decreases with incriead@w stress. For the materials having flow
stress within 500-700 MPa range, initiation tougtsnparameter showed strong dependency on
the two standard approaches. However, materialsn@paflow stress beyond this range

(specifically from 800-935MPa), this parameter raqtically insensitive to the two standard

approaches.
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ii.  Jrmax Parameter

The Jrmax) parameters of aged materials, similar to solutieat treated and subsequently cold
worked materials had weak dependence on the ASTHM IO standard approaches, as
corresponding deviations were < 20%, Figure 6.41This dependence was especially marginal
under elevated temperature. Such lower deviatiorise Jrmax parameters can be understood as
the consequence of the marginal deviation inJicurves derived from the two standards (as
shown in Figure 6.38). Figure 6.41 (b) shows theeddency of deviation id:max) parameters on

the flow stress of Zr-2.5Nb alloy. Though, th&nax parameters derived from these two standard
approaches are rarely different, the dependencgesig that the deviation in this parameter
marginally increases with the material’s flow stre¥herefore, this also implies that the critical
crack length, which imposes the limit to stableckrpropagation is weakly dependent to the

ASTM and ISO evaluation approaches, as shown iargig.41 (c).
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Figure 6.41: (a) Deviation in ASTM and ISO standatdrived propagation toughness
parameters¥max) of Zr-2.5Nb alloy before and after the aging tneent. (b) Correlation of the
deviation in ASTM and ISO derivedmax parameters with material’'s flow stress, (c) Plot
showing independence GICL parameter on different analysis approaches.
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li. dJ/da Parameter

As compared to the initiation toughness alghax parameters, the slope of valldR region,

bounded by the exclusion linedJ(dg was strongly dependent on the ASTM and ISO stahda

approaches (see Figure 6.42 (a)). The deviatiolr&SHM and 1SO derivedlJ/da parameters,

though exhibited considerable scatter, had weakmignce on the flow stress, Figure 6.42 (b).
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Tunnelled fragture after aging

6.4 Study of FractureSurface

Figure 6.43shows the evolution of fracture surface featurethefbroken C(T) specimens beft
and after aging treatments. Similar to cold worlamhdition, fracture surfaces of the a(
materials comprised the inclined regions accompghbie an intermediate at region. However,

after aging treatment, proportion of such flat fuaed region increased substantia

Fracture at 25°C Fracture at 300°C
Before Aging
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Figure 6.43: Evolution of fracture surfacof the broken C(T) specimen one of aged materials
before and after the aging treatmentracture surface exhibits four remarkable regiong-
cracked region (A), Flat fracture region (B), Imed fractured region (C) and Post cracked re
(D). In these figures, regions enclosed by yellow lines shusvflat fracturd regions. Dashed lines
in individual figures distinguish the ‘Tunnelledha ‘nor-tunnelled’ fracture region:
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In addition, after aging, fracture surfaces of caldrked materials exhibited typical ‘tunnelling’
like feature, which is characterized by the higesck growth at specimen's mid-section as
compared to the side regions. With increase ingatgmperature from 500 to 540°C, the fracture

surfaces showed more dominant tunnelling charatiesi

Fracture surface areas of the broken C(T) specimeer different aging conditions were
measured using 'Image-J’' software. Figure 6.44 stibg&/comparison of proportionate flat surface
areas of different aged materials. In contrasthi® fracture surfaces of cold worked materials,
where ~ 25% region was occupied by the flat surfaome of the aged materials exhibited as
much as 90% flat region. With increase in aginggerature from 500 to 540°C, the flat region

increased further.

Variables of SHT stage such as soaking temperandesoaking duration played an important role
in controlling the central/mid section flat regianfsaged materials. Materials, previously soaked at
higher SHT temperature exhibited comparatively fegsregion after aging treatment. In contrast,
materials, previously soaked for 30 min duratiomirty solution heat treatment stage showed
sharp increase in the flat region after aging mesmt and moreover with increase in aging
temperature from 500 to 540°C. However, materialsich were previously soaked for 15 min

duration during solution heat treatment stage etddb relatively weaker change in the

proportionate flat region after aging treatmentaadl as with increase in the aging temperature.
Degree of prior cold working also played an impottale in governing the flat fracture region of

aged materials. Materials previously cold workedhwa higher degree showed superior flat

fracture after aging treatments, especially unddsiant test condition.

Materials tested at 300°C, in contrast to RT showadtively less change in the central flat
fractured region after aging treatment. Additiopatt 300°C, flat fracture regions had weaker

dependency on the aging temperatures.
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Figure 6.44: Proportionate flat fractured surfaceaa in the broken C(T) specimens of Zr-2.5Nb
alloy under different cold worked-solution heatatexl conditions before and after the aging
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6.4.1 SEM Fractography

|. Pre-cracked Surface

Fatigue pre-cracked surfaces of aged materiallagirto solution heat treated and subsequently
cold worked materials exhibited typical plateause lifeatures, over which the fatigue crack
propagated. These plateaus, in general were odiexhdeg the crack propagation direction. Figure
6.45 shows the evolution of the pre-cracked surfeatures before and after the aging treatments.
After aging, relatively shallow plateaus were olbedr Additionally, aging carried out at 540°C,

in contrast to 500°C resulted in the formationedatively shallower plateaus.

Il. Fracture Surface

The fracture surface of aged materials, similaisotution heat treated and subsequently cold
worked materials exhibited typical dimple structutearacteristic of a ductile failure (Figures
6.46). However, the aging treatment resulted in fodvenation of relatively finer dimples as
compared to the cold worked materials. The mageged at 540°C, in contrast to 500°C for 24 h
duration exhibited relatively coarser dimples, thlouthe dimples under both of these aging
conditions were smaller than that of the cold wdrkeaterials. In terms of morphology, most of
the dimples formed under ambient condition hach#llygoval shape, completely surrounded by the
lip. In contrast, the dimples formed at 300°C, engral were coarser and deeper, having oval
shape which was not completely surrounded by theThe major axes of these oval dimples

indicate the crack propagation direction on thdimed fracture surface.

The flat fracture surface of aged specimens, asisho Figure 6.47 comprised several parallel
splits across the specimen thickness. The majos akeéhese cracks were orientated along the
specimen’s fracture direction (i.e., along the spea width). Similar axial splitting features have
also been observed on the fracture surfaces of C\BISR5NDb alloys fabricated from DM ingot,
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used for the earlier pressure tubes of IPHWRs.hin DM-CWSR materials, these splits are
because of the impurities like, chlorine, phosplisrand carbon and their complexes, which form
low energy facets, that open up under triaxialestdtstress prevailing ahead of crack tip [44-45].
Furthermore, the DM-CWSR materials, as compare@i-CWSR materials contain higher

hydrogen concentration, because of which the hgdpldtes also help in joining these axial splits,
as a result the axial split length increases wiitr@ase in hydrogen content [39,40]. During
subsequent application of load, ligament between @vo of such splits undergoes severe
localized plastic deformation, as compared to #& pof matrix region, which correspondingly

results in the early failure of the ligament regand therefore responsible for the inferior fraetur

toughness of these materials. Such interactiommeftivo parallel cracks present in the matrix
during the application of load, resulting in thedbzed deformation of the ligament, has already
been numerically verified in the literature [11B].contrast to the DM-CWSR material, because of
having lower impurity concentration, the fractureface of QM-CWSR material does not show
such low energy facet originated cracks, therelmpaating for the higher fracture toughness of
the QM material as compared to the DM material. Tigdrogen concentration examinations of
current aged materials showed the higher conceirgavg. 17.5 wt. ppm), as compared to the
SHT (4.7 wt. ppm) and CW (8 wt. ppm) materials.sTltherefore emphasizes for the formation of

hydride in the aged material, and hence, aidingai@ splitting.

[ll. Stretched Zone ahead of Pre-cracked Region

Stretched zones ahead of the pre-cracked regigviQw materials, showed good agreement with
the observed influence of aging treatments oraitigin toughness. Figure 6.48 shows the stretched
zones formed in C(T) specimens before and afteratlirg treatments. As illustrated earlier in
Figure 6.27 that aging treatment resulted in regy¢he initiation toughness of cold worked-

solution heat treated Zr-2.5Nb alloy under ambieandition. The WQA materials showed
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formation of very small stretched zone ahead ofqgoagked region (size: 12-16 pm). Such
substantial reduction in SZW because of agingrmeat also highlights the role of corresponding
considerable reduction in strain hardening expaem reducing the initiation toughness.
However, at 300°C fracture condition, SZWs of calorked Zr-2.5Nb alloy increased after aging
treatments and also with increase in aging tempesitfrom 500 to 540°C. This therefore,

indicates corresponding increase in initiation tougss of WQA Zr-2.5Nb alloy.
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Figure 6.45: SEM fractographic features of thegiagi pre-cracked region of broken C(T) specimensrbednd after the aging treatments at 500 and 5#f°24 h.
These materials were previously solution heatésk&iom 850°C/15Min followed by a 20% cold work.
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Figure 6.46: SEM fractographic features of theimexd fractured regions of broken C(T) specimensieednd after the aging treatments at 500 and 540°C
for 24 h. These materials were previously solulieat treated from 850°C/15Min followed by 20% cafork.
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Figure 6.47: SEM fractographic features of the filattured regions under low magnification, illaing presence of typical axial splitting featuoesler
ambient fracture, and absence at 300°C. These ialaterere previously solution heat treated from°€Q5Min followed by 20% cold work.
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Stretched Zone Formation Ahead of Pre-cracked Regio
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| Figure 6.48: Stretched zone formation ahead opthecracked regions in broken C(T) specimens befodeafter the aging treatments at 500 and 540°C

for 24 h. In individual figures, the stretched z@6¢ is bounded by yellow lines, which separatequeeked (P) region from tearing (T) region. These
materials were previously solution heat treatechf850°C/15Min followed by 20% cold work.
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The width of stretched zone ahead of pre-crackgtbmecould be an indirect measure of
initiation toughness. Considering this, in the présstudy, an attempt was made to correlate
the SZW with initiation toughness of WQA Zr-2.5Nbog. For this, initiation toughness
based on SZW (i.eJ; szw) was determined considering the intersecting pofrgower law

fit J-R curve (after excluding data points lower than SZ2N) a line parallel td axis having

an offset of SZW. Figure 6.49 illustrates correatof SZW withJ; szw)parameter for one of
WQA Zr-2.5Nb alloy and its comparison with the stard initiation toughness parameter
(Jo)- As can be seen from this figure thlatszw)parameter is considerably lower thas
parameter, derived from the standard 0.2 mm ofletapproach. One of the important
suggestions from this correlation could be thathergSZW results in relatively lower

proportionate difference in the two aforementioimetiation toughness parameters.
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Figure 6.49: Correlation of SZW with initiation tgliness J szw) and its comparison with
the standard initiation toughness paramelgy for one of WQA materials at (a) RT and (b)
300°C.
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6.5 Discussion

Structural integrity of pressure tube material e @f the important concerns for reactor’s
safety, and in turn, essentially a function of i#brication route and associated TMP
parameters. Present study is focused to assessflinence of TMP parameters of WQA

fabrication route on the fracture behavior of ZsNb alloy, so as to suggest a set of TMP

parameter, which imparts the best fracture toughnes

This study suggests that variation of SHT tempeeatwithin 850-890°C domain, has
marginal influence on the&CCL parameters of WQA Zr-2.5Nb alloy. WQA materials
previously soaked in this SHT temperature domaiowsl practically similarCCL
parameters (Figure 6.50 (b) & (d) and Figure 6191& (d)). This therefore emphasizes that
the safety margin of WQA Zr-2.5Nb alloy pressurbds against typical LBB situations is
independent of prior selected SHT temperaturehénaforementioned window. However,
SHT performed at relatively lower temperature eedubetter propagation resistance of
WQA Zr-2.5Nb alloy, by exhibiting higher fracturesistance slopel{/dg, Figure 6.50 and
6.51. As discussed earlier tRiafmaxparameter, which governs tR€CL parameter, represents
the low crack growth regimef J-R curve. In such small crack growth regindeparameter
had least dependence on SHT temperature (as caedrefrom Figures 6.50 and 6.51).
Therefore, insensitiveness GCL parameters of WQA Zr-2.5Nb alloy on prior selec8dT
temperatures can be understood as the consequiewealo SHT temperature dependence of
J parameters in small crack growth regime. Seleatib8HT soaking duration within 15-30

min domain has practically similar influence oncttae behavior of WQA Zr-2.5Nb alloy.

Therefore, as far as the safety margins of WQA ques tubes against necessary LBB
situations are concerned, even if SHT temperatuwaldvvary within 850-890°C domain

during industrial processing, it will not affectethstructural integrity of pressure tubes.
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Nevertheless, selection of a lower SHT temperatordd be desirable for ensuring better

resistance for stable crack propagation.
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Figure 6.50: Influence of SHT parameters; soakimmgpperature and duration on fracture

behavior of WQA Zr-2.5Nb alloy under ambient tengiare. Plots (a) & (b) and (c) & (d)

respectively illustrate the influences of materigtseviously soaked for 15 and 30 min

durations during SHT.
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Figure 6.51: Influence of SHT parameters; soakemperature and duration on fracture
behavior of WQA Zr-2.5Nb alloy at 300°C. Plots @&)(b) and (c) & (d) respectively
illustrate the influences of materials, previousbaked for 15 and 30 min durations during
SHT.

The improvement in fracture behavior (especiallppagation resistance) because of the use
of lower SHT temperature suggested that after agisgnultaneous changes in
microstructural features viz., higher primaryolume fraction, lowew’ grain size along with
higher degree of Nb super-saturatiomimesulted in improvement of the fracture behawior
WQA Zr-2.5Nb alloy. This influence of the microsttural features associated with SHT on
fracture behavior of WQA Zr-2.5Nb alloy is illustea in Figure 6.52. As can be understood
from this figure that the aforementioned changethe microstructure features within 850-
890°C SHT temperature domain resulted in consider@b52%) increase idJ/daparameter

and insignificant (~10%) increase@CL of WQA Zr-2.5Nb alloy.
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Figure 6.52: Influence of the microstructural feasiassociated with SHT on propagation

toughness an@CL parameters of WQA Zr-2.5Nb alloy.

This study suggests that prior degree of cold waays an important role in governing the
fracture behavior of WQA Zr-2.5Nb alloy, especiadiiy 300°C (Figure 6.53). In this study,
the imparted cold work was limited to 20% thicknesduction, mainly because a much
higher cold working could induce significant emtieinent. The cold working treatment is
supposed to increase crystal imperfections, edpedislocation density [105,107]. In
addition, a higher degree of cold work ensures dngtriving force for defect annihilation,
which eventually means much faster defect annibilatiuring subsequent thermal aging
treatment [107]. In this study, Zr-2.5Nb alloy piaysly cold worked with 20% in contrast to
10% have shown relatively lower flow stress aftging treatment. This observation,
therefore indicates the influence of higher degodecold working on greater defect
annihilation during subsequent aging treatmentsétrestudy suggests that a higher degree of
prior cold working is desirable for ensuring superfracture toughness after subsequent

aging treatment. Though, similar to SHT parameteiegree of cold working also has
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marginal influence or€CL parameters of WQA Zr-2.5Nb alloy. Neverthelesghbr cold
working seems to be desirable for ensuring superiactk propagation resistance, especially
at 300°C. Such improvement in fracture behaviomdA materials because of higher cold
working can be understood as the consequence of mamr aspects: greater defect
annihilation and higher driving force f¢r precipitation. As mentioned earlier that higher
degree of prior cold working is expected for greatefect annihilation, leading in much
recovered microstructure after aging treatmentadidition, higher cold working is also
supposed to increase the driving force floprecipitation during aging treatment, which
thereby could cause high@gprecipitate density. Therefore, the improved fueetoehavior of
higher cold worked materials after aging can beeustdod as the combined effect of greater

defect annihilation along with highprprecipitate density.

Also, as can be seen from Figures 6.53 (a) andh@t) at small crack growth regimé,
parameters had weak dependency on degree of cakingoat both ambient and 300°C.
Therefore, degree of prior cold working weakly aféel theCCL parameters of WQA Zr-

2.5Nb alloy.

In summary, prior degree of cold working primaiihfluenced the stable crack propagation
resistance of WQA Zr-2.5Nb alloy, though it had we#luence on the limit for catastrophic

failure.
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Figure 6.53: Influence of prior degree of cold wagkon fracture behavior of WQA Zr-
2.5Nb alloy. Plots (a) & (b) and (c) & (d) respeely illustrate the influences at ambient and
300°C.

Present study suggests that selection of agingdmtye has an important role in governing
the chemistry of precipitation and its size. Agatghe higher temperature, 540°C, in contrast
to 500°C resulted in the formation of the Nb lead eelatively coarsef-Zr precipitation, as
compared to the finep-Nb, which is significantly richer in Nb. Also, ayj treatments
resulted in the variation of size & distributiondanolume fraction off precipitates. In
addition to precipitation, aging treatment is aspposed to reduce the imperfection density
within material, which was introduced during praxsacold working stage. Aging performed
at higher temperature, 540°C in contrast to 50@°{Table to generate much more recovered
structure, with less imperfection density. As canseen from Figure 6.54 that within such
small window of aging temperature (500-540°C), tinae toughness of Zr-2.5Nb alloy
exhibited considerable changes. Aging at 540°Cdaased significant improvement in the
fracture toughness. Here again, aging temperatmsgnificantly influenced theCCL
parameters, however strongly influenced the rasistdor stable crack propagation of WQA
Zr-2.5Nb alloy. This therefore, shows that durimgng stage, precipitate chemistry, its size,
distribution and volume fraction along with the ext of recovery play an important role in
governing the fracture behavior of WQA Zr-2.5NkogllHence, improvement in propagation

resistance because of the use of higher aging ratope, suggested the combined influence
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of higher B precipitate volume fraction, coarser precipitaiges Nb lean 3 phase

precipitation, along with higher degree of recoveryimproving the fracture behavior of

WQA Zr-2.5Nb alloy. Figure 6.55 shows the influenok such microstructural features

associated with aging stage on fracture behavioMW@A Zr-2.5Nb alloy. As can be

understood from this figure that these simultaneobianges in microstructural features

associated with increase in aging temperature $066t+540°C resulted in an average ~36%

increase irdJ/daparameter, however marginal increase (by ~7%) asgenCCL of WQA
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Figure 6.54: Influence of aging temperature onttraecbehavior of WQA Zr-2.5Nb alloy
& (b) and (c) & (d) respectively illustrate the luénces at ambient and 300°C.
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Figure 6.55: Influence of the major microstructurabnges associated with increase in aging

temperature on propagation toughness@@d parameters of WQA Zr-2.5Nb alloy.

The present study proposes a master relationstvpeba the microstructural features and
stable crack propagation resistance of WQA Zr-2.3MNdy, in order to separate out the role
of individual microstructural features on stableaak propagation resistance. This
relationship is shown in Equation 6.3, which is altmvariable linear dependence of the
microstructural features ardl/daparameter of WQA Zr-2.5Nb alloy. As can be seemfr
this relationship that the coefficients of terms.yNb concentration af’, B precipitate size
and Nb concentration ¢f precipitates nearly approaches to zero. In cantcagfficients of
terms viz., primaryx volume fraction ang precipitate volume fraction are very close and
considerably higher. In addition, coefficient oetkerma’ grain size, though comparably
lower than the two parameters, still is notablesTklationship therefore suggests that out of
several microstructural changes associated with &ktiraging treatments, only the changes
in primarya andp} precipitate volume fractions have played significaole in governing the

fracture behavior of WQA Zr-2.5Nb alloy. Also, siheslo’ grain size is an important
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secondary microstructural feature, which improves propagation resistance of WQA Zr-

2.5Nb alloy.

aj —
— = 48.84 + 1.04(Vprimary o) — 0.37(Dgr) — 7.02 X 1078(Nbyr) — 1.11(Vg precipitate) — 451 X

da

10_7(DB Precipitate) —1.08 x 10_10(Nbﬁ Precipitate) (6-3)

In Equation 6.3, term¥primary « & V3 precipitate Ff€Spectively represent the volume fractions (in
%) of Primaryo & B precipitates;Nb, & Nbs precipitate respectively represent the Nb
concentrations (in wt. %) of & B precipitates; an®, & Dy precipitate F€SPECtively represent

the grain sizes (in um) of & B precipitates.

In summary, this study showed that €L parameter of WQA Zr-2.5Nb alloy is weakly
sensitive to even large variation in its TMP partere However, combination of TMP
parameters viz., SHT at 850°C for 15-30 min, fokalby 20% cold working and subsequent
aging at 540°C for 24 h gives the best stable cpgokagation resistance of WQA Zr-2.5Nb

alloy.

Under ambient condition, the aging treatment haswshadverse effect on the fracture
toughness of Zr-2.5Nb alloy. However, at reactoeraping temperature, 300°C aging
treatment improved the fracture toughness of ZNB.&lloy. The fractographic examinations
of WQA materials were performed to study the freetsurfaces. Investigation showed that
the WQA materials tested under ambient conditioowsbeveral parallel axial split features
on their fracture surfaces (as shown in Figure )6.8ifmilar axial splitting features have also
been observed on the fracture surfaces of the CWii&tRrial fabricated from double melted
ingot, see Figure 6.56. As described, the hydrogmmcentration examinations of current
aged materials showed the higher concentration (B&& wt. ppm), as compared to the SHT
(4.7 wt. ppm) and CW (8 wt. ppm) materials. Thigréfore emphasizes for the formation of

hydride in the aged material, and hence, aidingther axial splitting. These axial split
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features represent the low energy (brittle) frazt@gimes, and therefore their presence at RT
suggests the low fracture toughness of WQA matdralvever, fracture surfaces of WQA
materials tested at 300°C does not show the foomadif such low energy axially split

features, which therefore contributes to the ingiregatoughness after aging treatment.

Fracture surface of CWSR Zr-2.5Nb alloy,
manufactured using double melted ingot

Low energy
facet

Crack Growth

Specimen Thickness

Figure 6.56: Fracture surface of Zr-2.5Nb alloy WR 220MWe pressure tube fabricated
from the DM-CWSR route, showing the presence ofclpaxial split regions originated
from the brittle failure of the hydride plates aselveral low energy facets lying across the
specimen thickness, directed towards the crack tradirection under ambient fracture
condition.

As described earlier that aging treatments cauggtfisant reduction in strain hardening
exponents under ambient condition. The role of losteain hardening of WQA materials
will facilitate localized deformation resulting neduction in fracture toughness, Figure 6.57.
Therefore, such lower fracture toughness after cgagiould also be explained by the

significantly lower strain hardening characterstid WQA materials.
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Figure 6.57: Correlation between the material’saistrhardening exponents and fracture

toughness.

In WQA fabrication route of Zr-2.5Nb alloy pressutgbes for PHWRs (or, for future
AHWR) applications (as introduced in Chapter 1,ufégl.2), the vacuum aging treatment
can be considered as the final mechanical beh@awerning treatment, assuming that the
subsequent autoclaving treatment has practicallyot® in further altering the mechanical
properties of pressure tubes. The pressure tub@2@¥WWe IPHWRs are currently being
used under CWSR condition (fabrication route ilatgd in Chapter 2, Figure 2.5). In this
context, mechanical properties of Zr-2.5Nb allogeinthe aforementioned preeminent WQA
condition was compared with that under CWSR coaoditiFor this, CWSR pressure tube
materials fabricated using both the earlier usedidl® Melted (DM) and the recent

Quadruple Melted (QM) ingots were considered.

Comparison suggests that the preeminent WQA mai@sasuggested from this study), is
close to QM-CWSR materials in terms of flow stréssder higher plastic strains), Figure
6.58 (a). The WQA material, in contrast to QM-CWB8Rterials possesses relatively lower
uniform elongation (at RT), which therefore indesfor relatively early void/neck formation

in this material. In contrast to CWSR condition;Z5Nb alloy under WQA conditions had
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relatively flat flow curves, which therefore suggd®e lower strain hardening characteristics
of the WQA materials. Such difference in straindesning characteristics of the two materials
dominates especially under ambient condition; h@wveat 300°C, difference becomes

relatively small, Figure 6.58 (b).
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Figure 6.58: Comparison of flow behavior of Zr-2I5Mlloy under the optimized WQA
(850°C/15Min/WQ+20%CW+540°C/24h) and Indian CWSRouple melted, DM and
guadruple melted, QM) conditions at (a) RT and3@)°C.

Under WQA condition, Zr-2.5Nb alloy exhibits hightemsile strength as compared to under
CWSR condition. Under ambient condition, these materials have considerable difference
in their tensile strengths, Figure 6.59 (a); howeatereactor operating temperature (300°C),
both possess nearly analogous strengths, FiguBe (B)5 The superior tensile strengths of
WQA material could be understood as the contrilbbufrom its martensitic microstructure

with finer substructure, as illustrated in Figuée2 and 6.3.

In terms of ductility, the preeminent WQA materiglpractically comparable with the QM-
CWSR pressure tube material, Figure 6.59. The W(ernal showed appreciably lower
strain hardening as compared to both the conveadtidbM and recent QM-CWSR materials,
as shown in Figure 6.59. The considerable straiddming shown by CWSR materials could
be explained in terms of its much fine grain mitmosture [3]. In contrast, under WQA

condition, Zr-2.5Nb alloy has much coarser graintre, which comprises mostly (~ 62 %)
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of o' phase having grain size of 15-20 um, along withe35Zr having grain size of ~ 3 um

0.2 % offset Yield Strength (MPa)
@ 8 & 8 @ 8
o = o o o o

o

andp precipitates with average size of ~ 25-35 nm. Bseaof the constraint imposed by

neighbouring grains, deformation within a partieuggain is usually inhomogeneous [107].

In addition, more slip systems usually activaterrgrain boundary region, as compared to

the interior grain, which makes grain boundary eadiarder as compared to interior of grain

region. A finer grain size aids in the homogenotasrgdeformation. In addition, because of

fine grain size, more effects of grain boundariesfalt within the grain, which causes higher

strain hardening [107].
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Strain Hardening Exponent

A comparison of the fracture behavior of Zr-2.5Nlmyaunder aforementioned preeminent

WQA and CWSR conditions is presented in Figure 6F60m Figure 6.60 (a) & (b), it can

be understood that under ambient condition, WQAenmt has fracture resistance close to,

but higher than that of the conventional DM-CWSRenal. However, at reactor operating

temperature, the fracture resistance of WQA mdtém@roved significantly and became

practically comparable to that of the QM-CWSR miateFigure 6.60 (c) & (d).
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After aging and also with increase in aging tempeea the fracture surfaces of cold worked-
solution heat treated materials showed largerrfigion. As discussed earlier that material's
strength is one of the important factors that govbe state of stress ahead the crack tip such
that with increasing strength, state of stress éli@a crack tip shifts towards the plane strain
condition, which in general results in the flatctiare [105,106]. However, in the present
case, material strength decreased after agingntesdit and also with increasing aging
temperature, which therefore in contrary to theeobstions, emphasized for relatively
smaller flat region. Such controversial phenomeponforward the role of strain hardening

in localizing the deformation. The lower strain deming of WQA materials under ambient
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condition (as described earlier in Figure 6.22 @ld resulted in localized deformation,

which therefore contributed to larger flat fractared also lower fracture toughness.

Fracture toughness examinations performed in tlesgmt study showed fracture surfaces
comprising the mixture of flat and slanted regidascture surfaces of Zr-2.5Nb alloy under
solution heat treated and subsequent cold workamglitons mostly occupied slanted region,
with an intermediate narrow flat region. In contramder aged condition, and also with
increasing aging temperature from 500 to 540°C,ftheture surfaces mostly occupied flat
regions, with minor slanted regions. The fractuneghness parameters determined in terms
of J-integral, represents the crack growth resistanderms of required energy per unit area
of crack extension [63]. Considering this, becanisexhibiting slanted fracture region, tie
parameters must be determined based on actualreasurface areas, rather than the
projected fracture areas. Therefore, in the presenk, J parameters were first determined
on the basis of projected fracture areas and subsdyg corrected for the corresponding
actual fracture surface areas. For accounting sarga correction, thel parameters
determined based on projected fracture areas, P#& wmiltiplied by an ‘area correction

factor’ (ACF), as defined by Equation 6.4.

. Projected Fracture Area
Area Correction Factor = — (6.4)
Fracture Surface Area

The fracture areas (i.e., actual fracture area,ald projected area, PA) of Zr-2.5Nb alloy
under three TMP stages (SHT, CW and aging) weresuamed using an image analysis
technique through 'Image-J' software. Figure 6l6dws the dependency of ACFs on the
TMP stages. The ACFs under SHT and subsequent 1@®%. CW conditions were close
(ranged in 0.68-0.76 at RT and 0.78-0.79 at 300T@)s weak dependency of ACFs points
towards insignificant alteration in the proportitmdlat fracture regions of solution heat
treated and cold worked materials. The compariddiabfracture regions, as illustrated in
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Figure 5.19 (Chapter 5) agrees with this theoryictvishowed insignificant alteration in the
proportionate flat fracture regions under SHT antbsgquent CW conditions. After
subsequent aging treatment and also with increasging temperature, the ACFs showed
significant rise. This can be understood as theseguence of significant increase in the
occupied flat fracture region after aging treatmemd also, with increase in aging
temperature, especially under ambient conditionillastrated in Figure 6.44. After aging
treatment, especially performed at higher soakamgperature (540°C), most of the fracture
surfaces covered a significant portion of flat c@g(>80%, also in some cases 99%), which

results for corresponding high values of ACF.

12

0.86 0.35( b )

Mean —0.79

Mean —0.73
09 4 0.68 0.9 4

06

Area Correction Factor
o
[}

Area Correction Factor
=]
@

0.3 1

0.0 0.0 -

TMP Stage TMP Stage

Figure 6.61: Dependency of area correction factrZr-2.5Nb alloy on different TMP
stages at (a) RT and (b) 300°C.
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The influence of ACF multiplication, so as to detere the corrected fracture toughness
parameters is illustrated in Figure 6.62 for déf@r TMP conditions. The effects drR curve
analysis of Zr-2.5Nb alloy under different TMP cdmmhs are shown over here.
Multiplication of ACFs inJ parameters (determined based on the projectetufeaareas)
caused reduction in both initiatiodg] and propagation toughness parametégg.dy) and
dJ/dg. In contrast to SHT and CW conditions, higherueabf ACF under aged condition

resulted for marginal alterations in the aforenmmed fracture toughness parameters.

Figure 6.63 specifically illustrates the influermiearea corrections on the evaluated fracture
toughness parameters under solution heat treatdmkegquently cold worked and aged
conditions. As can be seen from these plots thah storrection mainly influenced the
fracture toughness parameters of solution heattetleand subsequently cold worked
materials. This can be understood as the conseguadrsmaller flat fracture regions shown
by these materials (as discussed in Section 4Ghapter 4 and Section 5.3 of Chapter 5).
However, for the aged materials, specially soakedb40°C, such effects of the area
corrections were practically negligible. This iscaese of the relatively much larger flat
fracture shown by these materials (as discussdabrear Section 6.3). Another important
observation is that as comparedJtiparameters (initiation toughnesk) and propagation

toughnessJgmaxanddJ/dg), theCCL parameters showed much weaker dependence on such

area corrections.
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Figure 6.63: Influence of fracture area correctionghe fracture toughness parameters of Zr-

2.5Nb alloy under solution heat treated, subsedyeantd worked and aged conditions.

An important suggestion from this study is that thesal pole texture of current WQA
material (850°C/30 min+20% CW+500°C/24h) has gogte@ament with that of the WQA
material of RBMK 1500 fabricated using TMT-1 roJ (described in Figure 2.12 (a),
Chapter 2), Figure 6.64. Here, it is important tdenthat these two WQA materials have
more or less comparable TMP fabrication historiesithermore, WQA material, even if

aged at 540°C also exhibits comparable basal molaure as that of the RBMK WQA

material.
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Figure 6.64: Comparison of the basal pole textkiearns parameters of current studied WQA and
presently being used RBMK 1500 (Ignalina 1) WQA Raterials [2].



Chapter 6: Influence of Aging Temperature on FracBehavior
of Cold Worked-Solution Heat Treated Zr-2.5Nb alloy

6.6 Summary

Present study on the influence of aging temperabardracture behavior of cold worked-

solution heat treated Zr-2.5Nb alloy is summariasdollows:

Aging treatments caused dissociation of metastablghase intoa-Zr and B-Zr/B-Nb
phases. Aged materials comprised typical array flikeetwork at the lath boundaries of
a'. Aging temperature played an important role invgming the chemistry of
precipitation and its size. Aging at the higher penature, 540°C, in contrast to 500°C
resulted in the Nb lean and relatively coaf$&ir precipitation, as compared to the finer
B-Nb, which is significantly richer in Nb. Aging &40°C, in contrast to 500°C resulted in
relatively higher volume fraction df precipitatesAfter aging treatment, the basal pole
texture of cold worked-solution heat treated Zmh5alloys became slightly more
prominent along transverse direction with corresjiog reduction along axial
(previously rolling direction). Nevertheless, WQAaterials, as compared to CWSR had
relatively weaker texture. Furthermore, texture apfrrently studied WQA material

(850°C-30Min-WQ + 20% CW + aged at 500/540°C/24mpwed good agreement with

that of the presently being used RBMK 1500 PT niatefabricated using TMT-1 route.

. Aging of cold worked-solution heat treated Zr-2.5Mboy resulted in appreciable

reduction in tensile strength and strain hardershgracteristics though considerable
improvement in ductility. These effects further doated with increase in aging

temperature from 500 to 540°C. The aging had diffeinfluences on fracture toughness
parameters at RT and 300°C. Under ambient conditt@ing treatment resulted in

reduction in fracture toughness of cold worked-8Bofu heat treated Zr-2.5Nb alloy.

However, at 300°C, the aged materials as compavedold worked materials had

relatively higher fracture toughness.

Fractography examinations of WQA materials showaderal axial splits under ambient
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Vi.

fractured condition, which were oriented along krgoowth direction. Presence of such
low energy (brittle) fractured sites accountedtfer observed lower fracture toughness of
WQA Zr-2.5Nb alloy under ambient condition. In c@st, the fracture surfaces of WQA
materials tested at 300°C did not show the formatb such low energy sites, which

therefore contributes to enhancing the toughness afiing treatment.

. The aged materials, under ambient condition, etddbmuch larger central flat fracture,

associated with superior ‘tunnelling’ characteristilespite having lower fracture
toughness. Since, under ambient condition, agingezh significant reduction in the
strain hardening exponents. The lower strain handeof aged materials, therefore could
also aid in facilitating localized deformation, wésg in reduction of fracture toughness
after aging.

Stretched zones formation ahead of pre-crackedmegi C(T) specimens of WQA
materials showed good agreement with the obsemidgence of aging treatments on
initiation toughness. After aging, the SZWs of coMbrked solution heat treated
materials, exhibited considerable reduction undebiant condition (to 12-16 um) and
improvement at 300°C (to > 145 um). This therefomrelated the influence of aging in
reducing initiation toughness of cold worked-sauatiheat treated materials under
ambient condition and improving the same at 30@C@nsidering SZW as an indirect
measure of the initiation toughness, this studygested a correlation between SZW and
initiation toughness for WQA material. The init@ti toughness based on SZW, (ik.,
(szw) parameter) was observed to be considerably lowen the standard initiation
toughnessJ, parameter), derived from the 0.2 mm offset ‘BlogtLine’ approach.

CCL, an important toughness parameter used for angetbs@ adherence to LBB criteria
showed practically insensitiveness to differentlgsia approaches, such as; RC, BT and

ISO. This, therefore suggested that the assesspfiesatfety margins for necessary LBB

292



Chapter 6: Influence of Aging Temperature on FracBehavior
of Cold Worked-Solution Heat Treated Zr-2.5Nb alloy

condition of WQA pressure tubes is independentaafttire analysis approaches.

vii. In WQA fabrication route of Zr-2.5Nb alloy pressuubes, the optimum parameters of
its three TMP stages, forming an optimum materiatony to assure its best structural
integrity in terms of fracture toughness are sunigedras follows:

a. Variation of SHT temperature within 850-890°C rangearginally influenced the
CCL parameters of WQA Zr-2.5Nb alloy. However, SHT fpaned at relatively
lower temperature ensured better stable crack pedjman resistance of WQA Zr-
2.5Nb alloy, by exhibiting higher fracture resistarslope ¢J/dg. Such improvement
in propagation resistance because of the use @rl®MT temperature suggested that
after aging, microstructural features viz., highemary a volume fraction, lowen’
grain size along with higher degree of Nb supewrsdion ino' are beneficial for
fracture behavior of WQA Zr-2.5Nb alloy. SelectiohSHT soaking duration within
15-30 min domain had practically similar influerme the fracture behavior of WQA
Zr-2.5Nb alloy.

b. The prior degree of cold working played an importaoie in governing the fracture
behavior of WQA Zr-2.5Nb alloy, especially at el®mdtemperature. Though, similar
to SHT parameters, degree of cold working also Wweakfluenced theCCL
parameters of WQA Zr-2.5Nb alloy, thereby suggestearly insensitive limit of
catastrophic failure. Nevertheless, a higher cobdkimg appeared to be desirable for
ensuring superior stable crack propagation resistaihis therefore, suggested the
influence of higher cold working on greater exteftrecovery during aging and
higher number o8 nucleation sites during aging, caused by increaBsidcation
density, resulting in finer and uniform distributiof p phase, leading to improvement
in the fracture behavior of WQA Zr-2.5Nb alloy. Ttensile property examinations,

which showed lower strengths of 20% prior cold veastRVQA materials, suggests
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such influence of higher degree of cold workinggneater extent of recovery as well
as highe precipitate density during subsequent aging treatm

C. Increasing aging temperature by ~ 10% (i.e., 50064 caused considerable
variation in3 precipitate volume fraction, its size & distribarti and composition,
resulting in improvement in fracture toughness. eHagain, the aging temperature
marginally influenced theCCL parameters, however considerably influenced the
stable crack propagation resistance of WQA Zr-2.3Mby. This suggested the role
of higherp precipitate volume fraction, coarser precipitae sNb lean precipitate,
along with higher degree of recovery in improvirge tpropagation resistance of

WQA Zr-2.5Nb alloy.

In summaryCCL parameter of WQA Zr-2.5Nb alloy was observed taveakly sensitive to
even large variation in its TMP parameters. Howggembination of TMP parameters viz.,
SHT at 850°C for 15-30 min, followed by 20% coldrkiog and subsequent aging at 540°C

for 24 h provided the best stable crack propagatsistance of WQA Zr-2.5Nb alloy.

viii. This study proposed a master relationship betwlennticrostructural features and
stable crack propagation resistance of WQA Zr-2.8Nty (as shown below), to separate
out the role of individual microstructural featur@s stable crack propagation resistance.
The relationship suggested that out of several ostouctural changes associated with
SHT and aging treatments, only the changes in pyinea& [ precipitate volume
fractions played significant role in governing thracture behavior of WQA Zr-2.5Nb
alloy. Also, smallero’ grain size was observed to be an important semgnd
microstructural feature, which improved the propegaresistance of WQA Zr-2.5Nb

alloy.
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d _
Y = 48.84 + 1.04(Vprimary «) — 0.37(Dgr) — 7.02 X 108 (Nb 1) — 1.11(Vj precipitate) —

da

4.51 x 10_7(Dﬁ Precipitate) —1.08 x 10_10(Nbﬁ Precipitate)

In this Equation, term&/primary « & Vj precipitate respectively represent the volume
fractions (in %) of Primaryn & B precipitates;Nb, & Nb; precipitate respectively
represent the Nb concentrations (in wt. %)adbf& B precipitates; and, & Dy

precipitate f€SPECtively represent the grain sizes (in pmy & B precipitates.

An important highlight of this study was that theQA material exhibited fracture toughness
close to, though higher than double melted, DM-CW8&erial at ambient and quadruple
melted, QM-CWSR material at 300°C, despite haviefatively coarser grain size and
weaker texture. This is expected to ensure lowearattor dimensional changes due to
reduced irradiation growth (because of possessedyiy random texture) and irradiation

induced creep and hence improving the useful loféke pressure tubes.
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CHAPTER 7
CONCLUSIONS

This chapter concludes the three major studiesopedd in this work; influence of SHT
parameters, subsequent degree of cold work andydgmperature on fracture behavior of Zr-
2.5Nb alloy. It suggests the optimum TMP parametssociated with SHT, subsequent cold
working and vacuum aging stages in WQA fabricationte of Zr-2.5Nb pressure tube from
fracture behavior view point. These optimized TMBrgmeters can be useful during the
fabrication of Zr-2.5Nb pressure tubes using WQAtep so as to achieve the favourable fracture
behavior of as-fabricated material. The chaptesemith concluding the influence of selection of
different analysis procedures on fracture toughpasameters of Zr-2.5Nb alloy under three TMP

conditions.

7.1 Influence of Solution Heat Treatment Parametexr on Fracture
Behavior of Zr-2.5Nb Alloy

I. Solution heat treatment of Zr-2.5Nb alloy from 85@0°C temperature regime results in
two phase (primaryr and o’) microstructures. Variation in soaking temperatyB50-
890°C) and duration (15-30 min) during SHT causeat@an in the microstructural
features comprising phase volume fractions, gresessand composition. With increasing
SHT temperature from 850-890°C, primaay volume fraction exhibits considerable
reduction (from ~ 36 to 5%). Primanry grain size is weakly dependent on the SHT
parameters; however, increase in SHT temperatutesaaking duration cause substantial
grain coarsening of priop (i.e., a’). Increasing soaking temperature and duratiom als
decreases the degree of Nb super saturatiom’.inin addition, increasing soaking

temperature and duration is also expected to iserdee degree of oxygen depletioruin

296



Chapter 7: Conclusions

SHT, especially performed at higher soaking tentpeeafor longer soaking duration,
results in the randomization of basal pole texwith nearly one third distribution along
the three principal directions viz., axial, circuerdntial and radial.

Increasing soaking temperature from 850-890°C audhtobn from 15-30 min cause
reduction in the tensile strength of solution higatted Zr-2.5Nb alloy. Under ambient
condition, the fracture toughness parameters aftisol heat treated Zr-2.5Nb alloy are
practically independent to the SHT parameters. Nbetess, at 300°C, longer SHT
soaking appears to show the improvement in fracteestance. These observations
suggest the combined effect of microstructural glearassociated with increasing soaking
temperature viz., decrease in primaryolume fraction, increase in grain size (espegiall
of o’ phase), decrease in Nb super-saturatiorn’oéind increase in degree of oxygen
depletion ino’; and those associated with increasing soakingatthm viz., grain
coarsening along with decrease in degree of Nbrssgiaration ofa’ and increase in
degree of oxygen depletion ihon the tensile and fracture behavior.

During SHT, soaking duration governs the sensitgsnof tensile properties on SHT
temperatures, such as longer soaking results iftother dependence of tensile properties
on SHT temperature. This study shows that for loisgaking, the microstructural features
viz., primary a volume fraction and degree of Nb super saturatror’ have lower
dependence on SHT temperatures. Such lower depsmdémicrostructural features on
SHT temperatures could therefore explain the caisebtaining lower dependence of
tensile properties on SHT temperatures.

Zr-2.5Nb alloy under the six solution heat treatedditions, as considered in this study
show typical dimple structure characteristics ofuatile failure, signifying the micro-void
coalescence fracture mechanism. Fracture at etbvateperature (300°C), in contrast to

RT results in the formation of relatively coarsemples, having typical deformation
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7.2

markings on their surfaces. Under ambient fractorgition, the dimple has size variation
from < ~ 1 um to as big as ~ 6 um. In contrastjndufracture at 300°C, the dimple has
size variation from ~ 2 um to as high as ~ 30 pochScoarser dimple formation during

fracture at 300°C, correlates with the observedrawgment in crack growth resistance of
these solution heat treated materials at elevatagérature.

The fractographic investigations of the broken C¢pecimens of Zr-2.5Nb alloy under

different solution heat treated conditions show gtretched zone formation ahead of the
pre-cracked tip. Under ambient condition, the SKifameters have no drastic influence on
the streched zone widths, SZWs; as the average SvaMses between 45-67 pm.

Nevertheless, at 300°C fractured condition, longeaking results in the formation of

relatively wider stretched zones. The SZWs, theeefshow good agreement with the

observed influence of SHT parameters on the fradiehavior.

Influence of Degree of Cold Working on Fractue Behavior of

Solution Heat Treated Zr-2.5Nb Alloy

Cold working through rolling results in the elongaigrain microstructures of solution heat
treated materials along rolling direction. Colding treatment causes basal pole alignment
along radial (i.e., compressive strain) directiothweorresponding reduction along axial
(i.e., rolling) direction. Nevertheless, upto 20%dcworking, such changes in the basal
pole texture of solution heat treated Zr-2.5Nbyaloe not significant.

The tensile properties of solution heat treate@ BiNb alloy are strongly sensitive to the
initial 10% cold working; however with subsequeniddional 10% cold working these
properties further exhibit lesser changes. Incréasmld working within 0-20% domain
increases the tensile strengths and strain harglenimaracteristic, however, causes

substantial reduction in the ductility of solutidreat treated materials. Increase in

298



Chapter 7: Conclusions

Vi.

dislocation multiplication factor, as caused byr@ase in degree of cold working, has good
agreement with these observations.

Increase in SHT temperature within 850-890°C, amakig duration within 15-30 min
domain cause considerable reduction in primamolume fraction and increase in grain
size (especially of priof, i.e., ') along with a slight decrease in degree of Nbesup
saturation ofo’. These concurrent microstructural changes coutieib to decrease in the
tensile strength of solution heat treated materielswever, after cold working, such
microstructural changes have relatively weak inflzee on the tensile strength. Ductility
and strain hardening characteristic are practicalgensitive to these microstructural
changes.

Cold working mainly influences the slope of fraguresistance curve, i.edJ/da
parameter. Increasing degree of cold working causesction in thedJ/daparameters of
solution heat treated materials (by 20-35%), sumagescorresponding reduction in the
crack propagation resistance of these materiad¢s aftld working. Increasing temperature
from RT to 300°C causes considerable improvemerdJiida parameters (by > 70%).
However, at 300°C, thdJ/daparameter exhibits considerable scatter as comparéehat

at RT.

After cold working, the solution heat treated mitsr in general comprise relatively larger
flat fractured region, especially under ambient ¢emdition. This suggests the influence of
cold working in shifting the state of stress towsptane strain condition.

The fracture surfaces of cold worked materials,lainto SHT materials, comprise typical
dimple structure characteristic of a ductile faluHowever, contrary to SHT materials, the
cold worked materials exhibit relatively shallowngiles, especially on the narrow central
flat fractured region and the clusters of fine diesp which correlate the reduction in

fracture toughness because of cold working.
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viil.

7.3

The fracture toughness parameters of cold workédiso heat treated Zr-2.5Nb alloy
remain practically insensitive to the microstruatufeatures viz., primary. volume
fraction and degree of Nb super saturation'jisimilar to before cold working.

Increase in dislocation multiplication factor, agused by increase in degree of cold
working, have good agreement with the reductiorddida parameter. In contrast, the
Jrmax) parameter is practically insensitive to these uiess, suggesting that the cold

working weakly influences th&parameters under small crack growth regime.

Influence of Aging Temperature on Fracture Beavior of Cold

Worked-Solution Heat Treated Zr-2.5Nb Alloy

Aging of the cold worked-solution heat treated ZsMb alloy causes dissociation of
metastablex’ phase intoo-Zr andp-Zr/B-Nb phases. Aging treatments performed at 500
and 540°C for 24 h duration respectively resultthm fine precipitation o-Nb andp-Zr
phases having respective mean sizes of 23.9 a®dnd3. Aging at 540°C, in contrast to
500°C results in relatively higher volume fractioh  precipitates Morphology wise,
thesef precipitates exhibit a mixture of disc & rod shamel are mostly formed on the lath
boundaries of martensite’(phase) in the form of arrays.

Aging of cold worked-solution heat treated Zr-2.5alloy causes slightly more prominent
basal pole texture along transverse and radialktitres with corresponding reduction
along axial (i.e., previously rolling direction).eMertheless, Zr-2.5Nb alloy under such
WQA condition, as compared to CWSR condition cosgsirelatively much weaker basal
pole texture. The Kearns parameters of WQA mat¢8a0°C-30Min-WQ + 20% CW +
aged at 500/540°C/24 h) are mostly similar to tifathe currently being used Russian’s

RBMK 1500 PT materials, fabricated using TMT-1 eut
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Aging of cold worked-solution heat treated Zr-2.58llmy results in appreciable reduction
in tensile strength and strain hardening charasttesi though, considerable improvement
in ductility. These effects further dominated witlitrease in aging temperature from 500
to 540°C. The aging has different influences omtiree toughness parameters at RT and
300°C. Under ambient condition, aging treatmentltesn reduction in fracture toughness
of cold worked-solution heat treated Zr-2.5Nb alldyowever, at 300°C, the aged
materials as compared to cold worked materialsr@kdively higher fracture toughness.
The major fractographic feature that distinguisties fracture surfaces of aged materials
with those of cold worked and solution heat treateaterials is the presence of several
parallel axially split regions under ambient fraet condition. Such axial splitting
features represent the low energy (brittle) fraadulocations, and therefore their presence
emphasizes for the observed lower fracture toughmdésaged Zr-2.5Nb alloys under
ambient condition. In contrast, the fracture swrfaof WQA materials tested at 300°C did
not show the formation of such low energy sitesictwitherefore contributes to enhancing
the toughness after aging treatment.

The aged materials, under ambient condition, ekhthich larger central flat fracture,
associated with superior 'tunnelling’ characterjstespite having lower fracture toughness.
Under ambient condition, aging causes significagduction in the strain hardening
exponents. The lower strain hardening of aged naddertherefore could also aid in
facilitating localized deformation, resulting indeection of fracture toughness after aging.
Stretched zones formation ahead of pre-crackedomegi C(T) specimens of WQA
materials show good agreement with the observeldeinée of aging treatments on
initiation toughness. After aging, the SZWs of caldrked solution heat treated materials,
exhibit considerable reduction under ambient cemai{to 12-16 um) and improvement at

300°C (to > 145 um). This therefore, correlatesitifleence of aging in reducing initiation
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toughness of cold worked-solution heat treated naseunder ambient condition and
improving the same at 300°C. Considering SZW asédimect measure of the initiation
toughness, this study suggested a correlation leetvW and initiation toughness for
WQA material. The initiation toughness based on S#W., J; szw)parameter) is observed
to be considerably lower than the standard indratioughnessJg parameter), derived

from the 0.2 mm offset ‘Blunting Line’ approach.

The role of TMP parameters associated with solutieat treatment, subsequent cold
working and vacuum aging stages on fracture behawfoWQA Zr-2.5Nb alloy is

summarized as under:

a. Influenceof SHT Parameters

Variation of SHT temperature within 850-890°C rangarginally influences th&€€CL
parameters of WQA Zr-2.5Nb alloy. However, SHT peried at relatively lower
temperature ensures better stable crack propagasstance of WQA Zr-2.5Nb alloy, by
exhibiting higher fracture resistance slop®l/(lg. Such improvement in propagation
resistance because of the use of lower SHT temperaguggests that after aging,
microstructural features viz., higher primarywolume fraction, lowen’ grain size along
with higher degree of Nb super-saturatiomimre beneficial for fracture behavior of WQA
Zr-2.5Nb alloy. Selection of SHT soaking durationthmm 15-30 min domain has

practically similar influence on the fracture beiwaof WQA Zr-2.5Nb alloy.

b. Influence of Degree of Cold Working

The prior degree of cold working plays an importaoke in governing the fracture
behavior of WQA Zr-2.5Nb alloy, especially at elea temperature. Though, similar to

SHT parameters, degree of cold working also weaklyences theCCL parameters of
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WQA Zr-2.5Nb alloy, thereby suggesting nearly ir@gwve limit of catastrophic failure.
Nevertheless, a higher cold working appears to dsrable for ensuring superior stable
crack propagation resistance. This therefore suggdks influence of higher cold working
on greater extent of recovery during aging and ériglumber of8 nucleation sites during
aging, caused by increased dislocation densityltreg in finer distribution off phase,
leading to improvement in the fracture behaviorV@QA Zr-2.5Nb alloy. The tensile
property examinations, which showed lower strength20% prior cold worked WQA
materials, suggests such influence of higher degfemld working on greater extent of

recovery as well as high@mprecipitate density during subsequent aging treatm

c. Influenceof Aging Temperature

Increasing aging temperature by ~ 10% (®%@0-540°C) causes considerable variatiof in
precipitate volume fraction, its size & distributioand composition, resulting in
improvement in fracture toughness. Here again, diglng temperature marginally
influences the CCL parameters, however considerably influences tlablest crack
propagation resistance of WQA Zr-2.5Nb alloy. Thegggests the role of highd¥
precipitate volume fraction, coarser precipitatgesiNb lean precipitate, along with higher

degree of recovery in improving the propagatiomstaace of WQA Zr-2.5Nb alloy.

In summaryCCL parameter of WQA Zr-2.5Nb alloy is weakly seng@tio even large variation in
its TMP parameters. However, combination of TMPapagters viz., SHT at 850°C for 15-30 min,
followed by 20% cold working and subsequent agin§40°C for 24 h provides the best stable

crack propagation resistance of WQA Zr-2.5Nb alloy.

vii.  This study proposes a master relationship betweemicrostructural features and stable

crack propagation resistance of WQA Zr-2.5Nb allay shown below), to separate out the
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viii.

role of individual microstructural features on gealerack propagation resistance. The
relationship suggests that out of several micrettmal changes associated with SHT and
aging treatments, only the changes in primar§ B precipitate volume fractions play
significant role in governing the fracture behavwdWQA Zr-2.5Nb alloy. Also, smaller
o' grain size is an important secondary microstriaitifeature, which improves the

propagation resistance of WQA Zr-2.5Nb alloy.

dj _
og = 4884+ 1.04(Verimary a) — 0.37(Dgr) — 7.02 X 1078(Nby) — 1.11(Vg precipitate)

— 451X 10_7(Dﬁ Precipitate) —1.08 X 10_10(Nbﬁ Precipitate)

In this Equation, term¥primary « & V; precipitate Ff€Spectively represent the volume fractions
(in %) of Primaryo & B precipitatesNb, & N precipitate respectively represent the Nb
concentrations (in wt. %) o&' & B precipitates; and, & Dg precipitate respectively
represent the grain sizes (in umyo& B precipitates.

An important highlight of this study is that the \WQ@naterial exhibits fracture toughness
close to, though higher than double melted, DM-CW&&Rerial at ambient and quadruple
melted, QM-CWSR material at 300°C, despite havielgtively coarser grain size and
weaker texture. This is expected to ensure lowaeattor dimensional changes due to
reduced irradiation growth (because of possessaagiyrandom texture) and irradiation

induced creep and hence improving the useful lofdbe pressure tubes.
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7.4 Influence of Analysis Procedures on Fracture Tughness

Parameters

7.4.1 Resistance Curve and Basic Test Methodologie

i. Single specimen methodology of fracture toughngatuation (Resistance Curve, RC method)
as compared to multi specimen (Basic Test, BT nihthensures conservative estimation of
toughness, as at a particular crack length it ptedirelatively lesg parameter. Deviation in
theJ parameter determined from two methods has depeadanthe crack length, such that it
increases withe/W ratio. The initiation toughnessg and propagation toughneskmayx) are
weakly sensitive to these evaluation approachesgewer, the resistance curve slogd/(1g

shows substantial dependency on these approaches.

ii. In the BT method, ductile crack growth correcticargmeterd’ (during second crack growth
correction stage) influences tlleparameter at a particular crack length and hetiee)-R
curve. Increase in the magnitude of parametezduces th@d parameter at a particular crack
length and consequently reduces the deviation lestwee]-R curves derived from the RC and
BT methodologies. To reduce the deviations and tsensure its independence with crack
length, an optimised range of 3-4 for the secomratlcgrowth correction parameter ‘in BT

method was suggested.

7.4.2 Influence of Test Standards

i. Under a given combination of geometry and loadiogdition (i.e., specimen dimensions
and load & LLD values), both ASTM and ISO standapisvide practically similard
values. This emphasizes that the DCG methodolagiesidered by these standards do not

cause difference in th@ parameters. Therefore, as far as determinatiod dérameter
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under a given scenario (i.e., geometrical dimerssermd loading condition) is concerned,
the two standards could be equally applicable.

The post processing aof-R curve recommended by the two standards resultdhen t
difference in measured toughness parameters, @u#sis the following:

Dissimilar BL slopes recommended by ASTM and IS@ndards primarily cause
difference in the initiation toughness parametetigher BL slope recommended by ISO
standard correspondingly results in lower initiattoughness.

The structural integrity of internally pressurizedmponents such as; pressure tubes, in
terms of the limit against stable crack propagatarthe catastrophic failure (governed by
CCL parameter) is practically independent of the ttemdards. This is because, thgnax
parameters, which govern tiCL parameters through an iterative assessment ajpproac
were practically insensitive to the two standai@isice, thel-R curves derived from the
two standards were nearly identical, even the gcapmethod ofCCL determination will
yield nearly identicaCCL values. Therefore, to assess the safety margirthédanecessary
‘Leak Before Break’ (LBB) condition of such comparntg, so as to avoid their catastrophic
failure during operation, the two standards shdadcequally applicable.

If the J-R curve slope is considered as a propagation toughpasameter and its
determination is based on the consideration ofdvehata points, bounded by ELs, the
ASTM standard might be a preferable choice becatisgilizing the larger data range. It
should be kept in mind that the valid data rangel$® standard is 10 % of the initial
unbroken ligament of the sample and hence is degpegrah sample width. The valid data
range for the ASTM method is independent of samyidth. For samples of width 30 mm
and with unbroken ligament 50 % of sample widthhlibe standards will have same valid

data range and will yield identical fracture tougbs parameters.

Deviation in ASTM and ISO derived toughness paramsets the function of material's

flow stress, such that high strength materialgieneral, shows least deviation.



SCOPE OF FUTURE WORK

Pressure tubes of Zr-2.5Nb alloy are being usedanous metallurgical conditions in
pressurized water reactors. During service theichaeical properties degrade due to
hydrogen pick up and in-reactor dimensional chaniyeseactor performance of the pressure
tubes is the function of their fracture toughnekm@ with agueous corrosion, irradiation
growth and irradiation creep, which are controlleg composition ofa and B phases,
crystallographic texture and grain size. In thesprg study, influence of TMP parameters
viz., SHT temperatures, SHT soaking duration, degfecold work and aging temperatures
on fracture behavior of Zr-2.5Nb alloy were studiedd a set of TMP parameters which
provided the best crack fracture resistance of WiQaterial was suggested. The study
showed that a lower SHT temperature (850°C) pravietter stable crack propagation
resistance of WQA Zr-2.5Nb alloy. However, thisdstualso showed that a higher SHT
temperature (890°C) results in nearly random bpe# texture of WQA Zr-2.5Nb alloy.
Higher SHT temperature, because of causing texaurgomization is expected to reduce the
irradiation growth of WQA pressure tubes, which sequently lower the in-reactor
dimensional changes of WQA pressure tubes. Furtbrerna higher SHT temperature also
resulted in coarser microstructure, which couldher be advantageous for the in-reactor
creep point of view of WQA pressure tubes. Sinbe,dcope of present work was limited to
study the influence of TMP parameters on the fractiehaviour, other life limiting factor
could not be studied. Hence, it is suggested thiaviing works need to be carried out for

the full exploitation of the potential of this ajio

i. Studies of the in-pile and out of pile creep bébtwf Zr-2.5Nb alloy under WQA

condition and its comparison with that under CW$Rdition.

ii. Study of the influence of hydrogen concentrabonfracture toughness of WQA Zr-2.5Nb

alloy.
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iii. Studies on 'Delayed Hydride Cracking' (DHC) behawbZr-2.5Nb alloy under WQA

condition and its comparison with that under CW$Rdition.
iv. Examination of the aqueous corrosion resistanc&-@5Nb alloy under WQA condition.

v. Study for the evaluation of influence of irradiation the mechanical behavior of WQA

Zr-2.5Nb alloy.
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