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Chapter 1

Introduction



1.1. Choice of U-Pu-Zr alloys as metal fuel for fageactor application

Worldwide, in the history of nuclear reactor pragradifferent varieties of
nuclear fuels have been proposed and tested, ahnechither ceramic (oxide, carbide) or
metal based [1-11]. However, it has been realizezt a period of time and experience
that none of the fuels have all the merits that raecuired for ideal reactor operation
conditions [1-11]. The metallic fuels for examplgve certain intrinsic merits over the
other fuels for fast reactor applications [5, 10]. In sixties, it was found that metallic
fuels have excessive swelling [11]. But with appraie fuel pin design, it has been
found over a period of sustained operating expeegthat it is possible to safely use
metallic matrix as fuel by incorporating the spémeswelling in the form of plenum and
further, it has been found that metallic fuels eahieve very high burn up, of order of
200 GWad/ton. This is comparable to what has beengor for well known oxide fuels
[1-11].

The concept of metallic fuel has emerged in a syatie fashion and the first
metallic fuel proposed was uranium-fissium (Fs)eohalloy [11]. The uranium-fissium
alloy is nothing but the alloy formed between uvamiand a conglomerate of fission
products mostly of transition metals, such as Nb,Pd, .Rh, Ru and Mo [2]. By using
U-Fs alloys, many technological attributes of metaluels were discovered in early
1980’s. Besides the U-Fs alloys, U-Pu binary comtiom has also been tested as
candidate metal fuel [2]. However, the use of Ultoary alloy as nuclear fuel was
found, not to be attractive due to the low melttegperature of alloy [11]. Thus an
additive has been sought that would increase tHengeemperature of the U-Pu alloy
system [5-11]. Several elements that alloy welhwitis system have been explored, that
include: chromium, molybdenum, titanium, zirconigte. Addition of all these elements
in controlled amounts resulted in an adequate as&en melting temperature [5-8, 11].

Further, certain alloying addition has been foumdehhance the mechanical properties
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and corrosion resistance as well [1, 2, 11]. Amadliféerent alloying elements, Zr is
found to be more suitable because of following teef®-8, 11]. The selection of Zr
addition was unique as it improves the chemical matrbility between the fuel and
austenitic/ferritic steel cladding materials by prgssing or minimizing the inter-
diffusion of fuel and cladding components [9]. With zirconium, the cladding elements
like nickel and iron readily diffuse into the fumhd form low temperature eutectics that
result in a lower solidus temperature (the tempeeaat which melting starts) adjacent to
the cladding [9, 11]. Further, from the neutron remoy point of view, Zr is more
suitable because its absorption cross section i® dow when compared to other
alloying elements [1, 11]. In addition Zr has 10@#%id solubility in high temperature
bcc uranium phase and hence the U-Pu-Zr ternamgrsysan be made stable in cubic
phase at probable reactor operating temperature lda 823-973 K (550-76C) [11].
The concentration of zirconium in the U-Pu-Zr alloyas limited to about 10 wt.% for
plutonium concentrations of up to 20 wt%, becaoseniuch zirconium would result in a
higher liquidus temperature (the temperature ackimelting is complete) that would
exceed the softening point of the fused-quartz saidthe injection-casting fabrication
equipment originally used for fabricating metafii@l pencils [11]. Further, the addition
of more Zr to fuel matrix leads to lower breedingrgof the fuel. In addition to U-Zr
based metal fuel, U-Mo and U-Nb are also being idemed in recent times as dispersion
type fuel for advanced reactors [1-4]. In recenRWZr based metallic fuel appears to be
the most suitable candidate because it promisedrisuperformance due its following
merits.

The metallic fuel (U-Pu-Zr) has the potential fbethighest fissile atom density
that will result in higher breeding ratio, in trenge of 1.5 to 1.65 depending on actual Zr
content. A higher breeding gain leads naturaliigher utilization potential of nuclear

fuel [10, 11]. The reactors with high breeding geam operate for longer times before
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next refueling required [10, 11]. Therefore it wabukesult in better utilization of fuel
resources. Metallic fuel has high thermal condufgtileading to less steeper temperature
gradients between fuel and cladding [11]. In additimetallic fuel has favorable
neutronic properties such as low neutron absorptimss section and a hard neutron
spectrum. Moreover, U-Pu-Zr base metallic fuel gasd compatibility with sodium
coolant and this would result in better heat tran§s, 7]. Finally, it has passive safety
features during core off-normal events [6].

However, metallic fuels have some obvious demexgswell. Metallic fuel is
known to exhibit appreciable swelling and irradatigrowth [2, 11]. Swelling is
basically due to the accumulation of fission gasash as Xe and Kr. In metallic fuel,
swelling can occur up to a maximum of 33%; theerathe gas bubbles become
interconnected which leads to the release of tission gases and swelling become
less dominant [2,7]. On the other hand, irradiatimduced growth caused owing to non
uniform distribution of vacancies, when underlyingatrix crystal structure is
anisotropic. These two phenomena limit the in-pgeformance of fuel.

The second most important issue with metal fudahes fuel-cladding material
chemical interaction. The chemical interaction w(gteel) cladding is due to the solid
state inter diffusion process. In this processniura, plutonium, and some lanthanide
fission products can diffuse from fuel into the ddang, that would result in the
formation of a brittle cladding layer between thelfand cladding, and contribute to clad
wall thickness reduction. Further the possible fation of low temperature eutectics can
also limit the reactor operating temperature [2, 7]

Another major concern with metallic fuel is the istdbution of fuel constituents
such as U and Zr in U-Pu-Zr type metallic fuel untteermal gradients [11]. The in-
homogeneity associated with the restructuring ofattie fuel leads to the change in

mechanical and neutronic properties of the fuehalé been observed that it noticeably
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affects the overall fuel lifetime. The restructyyiof fuel also leads to a lowered solidus
temperature in some portion of fuel.

In general, metallic fuel has a lower melting tenapare than the nuclear ceramic
fuels that limits the attainable reactor operatiegperature. Finally depending on the
fuel temperature and the Zr redistribution, thel eeuld have multiple phase changes
during reactor operation, causing alterations it lmoechanical and neutronic properties.

To address all these concern associated with neshiadls, a lot of research based
on experiment and computation have been done amfidld is currently experiencing a
vast in-flux of researchn order to ascertain the stability and performarafemetal fuel
at high temperature under service conditions, thedy of phase stability and phase
transformation characteristics is very importafithis is a basic R&D issue set in the
applied reactor engineering context view of this, a brief description of the relexa
and scope of present study on phase stability drabe transformation kinetics in
uranium —transition metal based alloys is preseméie following section(s).

1.2. Relevance of study of phase stability and phadransformation kinetics in
uranium—transition metal alloys in the context to he metallic fuel for fast reactor

As mentioned before, a study on the phase stalality phase transformation
characteristics of uranium alloys is of interestmth basic and applied grounds [12-25].
With the revival of interest in metal-fuelled fastactors, the knowledge of phase
stability, transformation kinetics and thermo-plogsiproperties aspects associated with
developing uranium based metallic fuels assumesapggnificance [12-28]. Since any
uranium based alloy fuel present inside the corddand to experience numerous
thermal transients and hence phase change cydaslyof phase transformation is very
important.

The phase transformation in uranium alloys havaetiéd considerable attention

for several decades because the transformatioresegun uranium alloys involve many
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metastable phases that form during cooling fronh hgmperature phase [12-20]. The
nature of various stable and metastable phasesethatge upon cooling from high

temperature bcc phase is extremely sensitive tdingpoate, holding temperature and
time and compositions of alloying elements [12-2@].recent-past, there have been
numerous studies reported in literature that alatee to phase equilibria and phase
transformation characteristics of uranium-transitioetal alloys. These include U-Zr, U-

Mo, U-Ti, U-Nb, U-Fe, U-Cr, U-Rh, U-Ru systems. {106]. It has also been observed
that certain uranium alloys have been studied in datail; however, in most other

instances, only an exploratory account is availaBléhough the broad phase diagram
features have been established for many U-transitietal based alloys; finer aspects
concerned with transformation thermo-kinetics séthain to be firmly established.

It is in this context that in the present studyethuranium-transition metal based
alloys namely U-Zr, U-Fe and U-Rh have been chdeemnvestigating phase stability
and phase transformation characteristics, usingparticular calorimetry techniques.
The motivation for this study in these three défgralloy systems is given below.

In India, the emerging interest on metal fuelled! diquid metal cooled fast
reactors has ushered in a spurt of research aesivah diverse fronts related to materials
processing and spent fuel reprocessing technolddi@ls As an integral part of this
technology development initiative, it has been dedi to investigate the physical
metallurgy of some of the relevant uranium basethline systems which are identified
as potential fuel candidates. It is well known ttiegt optimal choice of fuel depends on a
host of factors such as, high temperature in-giédibty, irradiation induced swelling
and elemental redistribution characteristics, tl@rexpansion and thermal conductivity
behavior, compatibility with clad and coolaetc [4-18]. In this context, it must be
mentioned that among many probable candidatesaltbgs based on U-Pu-Zr ternary

combination are touted as potential fuel mateaaling to certain intrinsic merits which
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are mentioned in the previous section [5-Ijus for an example, the U-20Pu-10Zr
(wt.%) alloy together with 9 wt.% Cr-based ferrtmartensitic steel as fuel clad and
wrapper have been identified as a plausible fuee-omaterial combination [9].

In this regard, it is imperative that a comprehemsknowledge of high
temperature phase stability of U-Zr alloys, esgbctheir transformation characteristics
as a function of composition and other thermal pratessing history related variables,
is of utmost importance in developing an insightinderstanding of actual in-pile fuel
behavior. As already mentioned above that there smeeral metallurgical issues
associated with U-Pu-Zr based metal. For exampheleu normal reactor operating
conditions, a U-Pu-Zr based metal fuel would exgere a steep temperature gradient
that may lead to rapid phase changes. These pHemeges are accompanied by
considerable dilatational strain. In addition,sitalso known that one of the major issues
related to the performance of metallic fuels is thmperature driven redistribution of
elemental species across the fuel rod under neutradiation [19-23]. It is usually
observed that the central portion of the fuel isfgmentially enriched with zirconium,
while it is depleted at the intermediate zone, anty slightly enriched at the outer
surface of the fuel rod. Uranium on the other hardibits the opposite trend, while
plutonium content remains fairly constant across ¢ntire cross section fuel rod [20,
21]. There have been several studies on the mestltaaspects of such distinct zone
formation under irradiation in U-based metal fuatgl valuable data have already been
reported in the literature [15-18flowever, there is still a relative paucity of infieation
on factors related to basic thermo-kinetic stapildf these alloys, which are essential
from the point of view of elucidating the drivirayde for such compositional segregation
[15-19]. In fact reliable experimental data on basthermodynamic and kinetic
guantities of different phases as a function ofperature and composition are required

on all three binaries that constitute the ternaryPU-Zr metal fuel, namely U-Zr, U-Pu
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and Pu-Zr in that order. Among all the three allsystems, U-Zr binary is most
important and this has been taken up for detaitedyshere.

Further, since the fast reactors are employing tZEPalloy as the fuel and
austenitic or high chromium containing ferritic ede as the clad and or wrapper
materials, there is a high possibility of chemicééraction of U and Pu with Fe, Cr and
Ni derived from clad [24, 25]. This interaction #isato the formation of low temperature
eutectics which limits the reactor operation terap@e [24, 25]. In order to understand
the chemical compatibility of metal fuel with cladaterial, we need to have reliable
information related to phase equilibria on Fe-U;WiCr-U, Fe-Pu, Cr-Pu and Ni-Pu
systems. Within the spirit of CALPHAD methodology jphase stability assessment,
more reliable assessment of the higher order systeim as U-Pu-Fe-Zr will be possible
only if reliable data are available on lower ordgstems [25]Therefore it is essential
that periodic reinvestigation or reassessment wfeoorder binaries should be made, in
order to develop a more comprehensive thermo-kirdditabase on U-based metal fuel
systems. In this respect, Fe-U binary is anothgpartant sub-binary system because
both Fe and U constitute the base matrix for clad &uel materials respectively.

During fission, the composition of the fuel is rging to remain the same as
fission products accumulate with burn-up [11]. Dgrinuclear fission of U-Pu-Zr fuel,
several fission products form and some of the irigmird-block transition elements like
Pt, Rh, Ru, Pd, Ir, Zr, Metc.,are observed as fission products. These fissiomeshts
change the actual composition of fuel as a functibburn-up and play a vital role in
deciding the performance capability of metal fuehas been experimentally found that
for a burn up of about 10%, roughly around 16% afeign Pt-group elements are
generated in the fuel matrix and out of which R6% [11]. The presence of various
foreign atoms influences the thermo-kinetic stap#ind performance of fuel [26-28]. In

view of the restricted solubility of Pt-group elemt® in uranium, there is a very high
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possibility of formation of UM intermetallics, where M= Pd, Rh and Ru, and n48sE
compounds have very high melting temperature aededir as an insoluble residue after
the dissolution of spent fuels during reproces$i6}28]. Therefore, the knowledge of
stability and phase equilibria of the uranium-ibssproduct systems are also necessary
to ascertain the usefulness of fuel during opegationditions [26-28]Among different
uranium-fission products, the knowledge of phaabildy and thermodynamics of U-Rh
based intermetallics especially for URdre of more important, because Rh is one of the
dominant fission product in the case of U-Pu-Zrdzhmetal fuel.

It can be summarized therefore that an understgrafiphase stability and phase
transformation characteristics of uranium and iteya with transition metals are of
special interest in harnessing of the advantagesetdillic fuel in fast reactor technolagy
In order to understand the phase stability and ehemnsformation characteristics in
uranium-transition metal based alloys, the phydiesed finer aspects of alloying
behavior of uranium with transition metals are fegph In the next section a brief
description about the alloying behavior with traiosi metal is presented.

1.3.  Alloying behavior of uranium with transition metals

The electronic structure of uranium iS'&f'7<, which makes it a highly active metal.
Physical property wise it behaves like f-seriesndon metal;, however during
interaction and formation of alloys with other ek it shows a character like 6d
transition series [16, 18]. Further because ofahmplexity of electronic configuration
and four unpaired electrons in the outer shellnwra ends up with complex crystal
structure at low temperature [16, 18]. In realilyanium exists in three polymorphic
forms [16, 18]. The first polymorphic phasenid) and has orthorhombic structure that is
stable from below room temperature to 98X (6675°C). The second allotrope U
and has tetragonal structure, which is stable udQé4t5 K (7715°C). The third

polymorph isy-U which has cubic bcc structure up to 1408 K (£€35916-18]. The
9



crystal structure orthorhombie-U phase Cmcn) with two atoms in the unit cell is
shown infigure 1.1. In a-U phase, each U atom has four nearest neighbar.|athce
constant for this structure at room temperatureaas®.852 A,b = 5.865 A, andc =
4.945 A [16, 18]. The complex orthorhombic struetas visualized frorfigure 1.11is a
severely distorted closed packed hexagonal stricalong <010> directions with

b/a=2.0570 and c/a=1.736 [16, 18]

[001]

[ i [100]
[010]

Fig. 1.1.Crystal Structure afi-uranium

The crystal structure of second intermedi@tphase is complex tetragonal cell
(P4/mmm) with a=10.52 A and ¢=5.57 A contain 30 atoms [18]. The B phase
structure is essentially a layer structure comggstf two types of layers referred to as
main layer and subsidiary layer. This is showfignre 1.2. Type ‘A’ layer is subsidiary
and type ‘B’ and ‘C’ are main layers with differeatomic arrangements [16, 18]. The
stacking of these layers is of ABAC type which rabkes like closed packed hexagonal
structure. Finally the high temperatuygohase has simple bcc structutendm) with

a=3.474 A and displayed figure 1.3[16, 18].
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Uranium is very reactive in nature and has poorhaeical properties. Due to
anisotropic structura-uranium has highly textured microstructure thatos suitable for

engineering applications [16-18]. Several thermatmaaical treatments have been tried

Type A layer
Z=0,1/2,1 Type B layer Type C layer
Z="Y40r3/4 Z=%orl/4

Fig.1.2. Three layer that constitute the crystal strucafr@-uranium

by quenching from high temperatyseandy phase to get rid of preferred orientation in

case of pure uranium; but the resulting improvermeag not significant [13-18]. For

Fig. 1.3.BCC crystal structure gfuranium

employing uranium for technological application @splly as nuclear fuel, it is required
to enhance its mechanical properties, corrosionstegge and to get texture free
microstructure. In this regard uranium metal haanbfeequently alloyed with a variety of

elements namely transition metals such as Nb, ZrMb and Cr [13-18]. Alloying

11



additions have resulted in significant improvemeait mechanical properties and
corrosion resistance. In addition, the solubilifyvarious alloying elements is found to
be different in different phases of uranium depegdin the size and crystal structure of
the element [13-18]. It has been found thgihase cannot dissolve any element beyond
0.3 wt% even at high temperature [18]. The intenaited3-phase can dissolve alloying
elements to the maximum extent of 1 wt. % [18]. Buany alloying elements have bcc
structure at high temperature, like Mo, Nb, Ti,cAn dissolve in the high temperatyre
phase with a high concentration ranging from 2QQ06 wt. % [18].Experimentally and
theoretically it has been observed that there averal transition metals, particularly of
3d, 4d and 5d series that form solid solutions wigfhase (bcc-U). This cubic phase can
be retained in its metastable state upon cooli@}. [Lhey stabilizing power of these
elements increases with atomic number as d-electpamticipate in bonding through
hybridization with s and p atomic orbital [18]. Hewer at the same time their solubility
decreases as the size difference with uranium atmusmes larger. Additionally the
increased bond strength promotes intermetallic @mg@ formation [18]. The first two
elements in the 4d series, Zr and Nb, form competiel solutions withy bcc-U, but U-

Zr cannot be completely retained in thehase, whereas U-Nb can be retained inythe
phase at room temperature only at rather largeesdrations. This is due to large size
difference between U and Nb which makes diffusiasrerdifficult iny phase [18]. On
the other hand, elements like Pd and Pt have oBlwt% solubility and it has the
propensity to form relatively stable compounds witAnium than other elements in the
same group [18]. In the case of U-Zr alloy, Zr @®% soluble iry bcc-U. But in the case
of U-Fe and U-Rh the solubility of both Fe and Rhvery limited in the three phases of
uranium. The finer aspect related solubility inselloy system will be discussed in the

appropriate portions in this chapter.
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1.4. Scope of the present study

The scope of present study is: Phase stabilitypdwade transformation kinetics in
U-Zr, U-Fe binary system and URImtermetallic compounds. This is further elabodate
in the ensuing section which also presents a Isiwehmary of available literature
information.
1.5. Study of phase equilibria and phase transfornteons in U-Zr System
1.5.1. General description of phases and equilibrium reactions

In table 1.1, the itemized listing of various studies relatedphase equilibria,
phase transformation and other related physicaélinegy aspects of U-Zr system has
been presented [29-84]. It is very clear frtable 1.1that there is extensive literature
information available regarding to the phase elaliand phase transformation studies

on U-Zr sytem. Some of major findings are highleghtis follow.

Table 1.1

Listing of different related studies on U-Zr system

Alloy
Reference composition Important results reported

Thermal analysis, metallography and X-ray
diffraction study of solid state equilibria and
summers-Smith U-x Zr liquidus temperatures. Confirmed the presencB pf
~ 0O+, eutectoid at 9352 K (662:2°C), Zr = 0.3

(1954) x=36.5Wt. % |\t o andy. B+y, monotectoid at 966 K
(693t3°C), Zr = 6.1 wt. %. Nod-UZr, phase ig
observed in this study

F. A. Rough U-XZr Formationd UZr, phase at 811 K(588) has beer
ot al ~ found. In addition, the three distinct phase regipn
' X=44.9-52.1 | o 0, V»+® and y have been observed using

(1956) wt. % metallography and XRD.

A.N. Holden Using metallography established that the invar|ant
U-Zr reaction a+y,~ 0 (peritectoid) occurs at 885 K
(1956) (612C) andy - a+3 (eutectoid) at 868 K (858).

13



Reported the presenéeUZr, phase, established the

miscibility gap for Zr content in the range of Gadl

U-x Zr 33.7 wt. %. In addition, the presence wfy, - o
Howlettet al. peritectoid reaction at 893 K (6%0), Zr = 39.5 wt.
(1958) x= 11'03"50 WL | o4, ang - o+d eutectoid at 880 K (60C); Zr =59
0 wt. % on Zr rich side. The eutectofgl « a+y,
decomposition temperature is reported to be around
943 K (670C).
F. A. Roughet . : Reported the presence of peritectoid reaction at|97
al. J l;irggl(t)lfmur_lgr K (70°C) on uranium rich side, i.8 +y1 «a,
allo rather than the eutectoid reaction as reported by
(1958) y others
Using thermal analysis, established th&d phase
J. F. Duffey U-x Zr boundary in the composition range, 40.5 to 60.5
ot al B wt.% of Zr. Reported the presence afty,- o
' x=33.7-70.2 (peritectoid) at 890 K (62T); Zr =39.5 wt.%, and
(1958) wt. % yo o+d (eutectoid) at 879 K (606); Zr=54.8
wt.%.
H. H. Chiswiket Supported the Summers -Smith findings | of
al. U-xZr eutectoid reaction on U rich side [xx] and ruled pu
x=2-3wt. % | the presence of peritectoid reaction reported| by
(1958) Rough et al. [1958].
D.L Douglasset U-xzr o o
al. x=60.5, 69.8, | Phase transformation kinetics in Zr rich side oZiJr
77.3 & 79.7 wt.| alloys using XRD and metallography.
(1958) %
Using DTA measurement confirmed the presence of
A. A. Bauer U-x Zr a+y - (peritectoid) at 880 K (60T); Zr=40.5
et al. x=31.9-100 wt.| Wt.%, ang-a+d (eutectoid) at 868 K (596);
(1959) % Zr=62 wt.%. The composition fory;~ B+y., (
monotectoid) is 6.8 wt.% Zr.
Using thermal analysis, the presenceffofs a+y,
S. T Zegler (eutectoid) at 938 K (66€); Zr=0.3 wt. %, and
. T. Zeg U-xZr V1< B+y2 (monotectoid) at 966 K (69B); Zr=4.5
etal. x=1.2-27.7 wt. | wt. % were reported. The solubility of Zr iU and
(1962) % B-U reported as 0.2 and 0.4 %t.respectively,
Effect of oxygen content on the stability [of
miscibility has also been reported.
Phase transformation kinetics study on U-6wt. % Zr
using dilatometry, X-ray diffraction, metallography
_ It is reported that there is a possibility of dirge a
A. Virot U-xZr transformation under continuous cooling for higher
(1962) X=6 Wt.% cooling rates. M temperature for U-6 wt. % Zr

estimated to be between 748-773 K (475°60)0
Suggested the possibility of monoclinic distortimfn
a under fast cooling.
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Thermal analysis; the invariant reactiofty, - 0 is
reported at 898 K (628). Using metallography an

o

G. Lagerbergt DTA phase transformation kinetics studied ungder
al. U-xZr isothermal and non-isothermal conditions. Bpth
x=0.5-5 wt. % | diffusional and martensitic mode of transformatfon
(1962) kinetics have been observed. For U-2 wt.Zr alloy,
experimental TTT diagram anddvt 763 K (490C)
have been reported.
Y. Addaet al. Diffusion coefficient of uranium ity phase of U- in
U-Zr alloys | the temperature range of 1073-1323 K (8D0-
(1962) 1050C).
R. F. Hills U-xZr Comprehensive end quench experiments performed
for studying the decomposition behavior ¢iJ
etal X= 0-970'27-7 (bcc) phase in U-Zr alloys with Zr ranging from
(1965) wt. % 0.97 t0 27.7 wt. % .
Orientation relationship between high temperature
B. A Hatt U-xzZr y-U (bcc) and a phase has been established.
x=10 & 50 Development of banded microstructure upoena’
(1966) wt.% transformation along all the crystallographically
equivalent paths is shown.
G.B. Fedorowet U-xZr
al. X =5.4, 21.1 & | Measurement of heat capacity data.
(1968) 5.9 wt. %
Measurement of vapor pressure using Knudsen
M. Kanno Effusion mass spectrometry in the temperature
' ' U-xZr range of 1700-2600 K (1427-23Z). From vapor
et al. pressure data, activity, partial molar Gibbs engrgy
(1988) x=0-100 wt. % | angd integral molar free energies of mixing have
been calculated. Further estimation of liquidus and
solidus temperatures also made.
Y. Takahashet U-xzr S
al. x=5.9,17.1, | Measurement of thermal diffusivity in the
20.3.49.6 & | temperature range of 300-1000 K (27-72)
(1988) 79.5 wt. %
Y. Takahashet U-xzr S
al. x=15.9, 17.1, | Measurement of heat capacity diffusivity in the
29.3 & 79.5 wt.| temperature range of 300-1100 K (27-82)
(1989) YR '
%
R. R. Sheldoret U-xZr . .
al. First comprehensive assessment of U-Zr system
x=0-100 wt. %
(1989)
T. Matsuiet al. U-XZr Measurement of heat capacity using direct heating
pulse calorimetry in the temperature range of 300-
(1989) X =8.7 wt.%

1300 K (27-1027C).
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Ligquidus, solidus temperatures and activity h
been calculated in light of available thermodyna

ave
mic

T. Ogaweet al U-xZr -
data on U-Zr system. The stability rangedadZr,
(1991) x=0-100 Wt. % | has peen correctly reproduced by assuming dhat
UZr, is similar tow omega solid solution.
T. Ogawaet al. U-Zr Redistribution of the elemental species in U-Zr and
diffusion U-Zr-Pu alloys studied under imposed stegep
(1991) couples temperature gradient.
M. Akabori U-xZr Homogeneity rangé of phase established to lie |in
ot al B between 40.7 to 57.9 wt. % Zr at 873 K (BDpand
' x=34.6-77.5 | from 43.2 to 60.8 w.% Zr at 823 K (54T)
(1992) wt.% respectively.
Measurement of vapor pressure using Knudsen
Effusion mass spectrometry in the temperature
A. Maedaet al U-xZr range of 1673-1873 K (1400-161). From vapor
x=11 & 19.9 | pressure data, activity and liquidus point havenbee
(1992) wt. % estimated. These data did not match with Kanno’s
earlier data at low temperatures; however, a |fair
agreement is found with the data of Ogawa.

D. D. Keiser U-Zr Series of interdiffusion studies between U-10.3 jwt.
et al. % Zr and pure Fe, Ni and binary Fe-Cr, Fe-Ni, Ni-
(1993) x=10.3Wt.% | cr and ternary Fe-Ni-Cr alloys at 7@

UZr, dissolution temperature has determined using
DTA for various U-Zr alloys with Zr ranging from

M. Akabori 1.9-87.9 wt. %. The dissolution temperature in|U-
: U-xZr 1.9 wt. % Zr is found to be about 857 K (883,
etal x=1.9-87.9 wt. | with a maximum of 885 K (6TZ) observed fo
(1995) % 30.7 wt. % Zr alloy. Enthalpy and entropy |of

transformation are also determined. Lattice
parameter data fod-UZr, phase as function of
temperature presented for 300-1000 K (27°C7
U-XZr The interdiffusion coefficients in thg (bcc) U and
T. Ogateet al. B - (bcc) Zr solid solution have been measured in
(1996) x= 4'10'87'9 the temperature range of 973-1223 K (700°@3(
wt.% for the Zr content of 10 to 87.9 wt. % using EPMA.
U-9.6 wt. %Zr alloy has been irradiated to a bypn u
G. L. Hofmanet U-xZr of 5 and 10 at.% and subsequent characterization
al. done using metallography EPMA. The redistributjon
(1996) x=9.6 Wt.% | of elements has been modelled using mecharjistic
thermo-transport diffusion model.
T. Ogataet al. U-Zr Interdiffusion studies at 923 K (78D) for U-10.3
wt. % Zr /Fe couple and U-10.3 wt.%Zr-1at.%Ce/
(1997) x=10.3wt.% | Fe couple.
M. Akabori, UxzZr Interdiffusion  measurements in

the5-UZfZ
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et al.
(1998)

x=44.9, 53.5 &
57.6 wt. %

composition in the temperature range 773-873 K

(500-600C).  Activation enegy for  Zr

inrerdiffusion ind-UZr, is found to be ~129 kJ maq
1

K. Nakamuraet U-7r Diffusion couple study on U-10.3 wt. % Zr / Fe and
al. U-10.3 wt.% Zr / Fe-8 wt.% Cr at 908 K (635),
(1999) x=10.3wt.% | 923 K (723C), 953 K (680C), 988 K (715C).
P. Y. Chevalier Reassessment of U-Zr system: determined |the
et al U-xzZr temperature and composition for all the four
x=0-100 wt. % | invariant  reactions based on CALPHAD
(2004) methodology.
T. Murakami
Partial molar quantities estimated ®&tJZr, phase
etal &-UZrz phase | ¢, EMF measurement.
(2009)
C. B. Basak
o U-xZr Phase transformation kinetics studies using
' x=2 wt.% | dilatometry and SEM.
(2009)
C. B. Basak
ot al U-xZr Study of martensitc transformation in U-2wt.9%Zr
' x=2, wt.% | alloys using metallography.
(2009)
Ground state properties like atomic volume, bulk
A. Landaet al U-XZr modulus, heat of formation, Debye temperature jand

Gruneisen constant are calculated as a functian

Of

(2009) x=0-100 wt. % | content at room temperature for bgelJ, B-Zr) and
0 phase using ab initio procedures.
M. Kurata Reassessment of U-Zr system, determined |the
ot al U-xZr temperature and composition for all the four
x=0-100 wt. % | invariant  reactions based on CALPHAD
(2010) methodology.
Experimental diffusion data were evaluated | to
assess the atomic mobility for the bcc phase off the
U-Zr, Pu—Zr binaries and U-Pu—Zr ternary by using
W. Li et al U-XZr DICTRA simulations. The developed atomic
mobility database, in conjunction with the
(2010) x=0-100 Wt. % | CALPHAD-base thermodynamic description, have
been successfully used to predict the outcome of a
large number of binary and ternary diffusion-couple
experiments.
C. B. Basak U-XZr Study of formation ob-UZr, phase formy-U (bcc)
et al. _ o under isothermal condition at 908 K (6%5, 993 K
(2010) x=50 Wt.% | (720°C) & 1148 K (875C).
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G. Bozzolo

U-xZr

Atomistic simulation of U-Zr alloys and the

ir

etal. x=0-100 wt. % | interaction with Fe, Ni and Cr.
(2011)
R. R. Mohanty _ _ _ _
et al U-xZr Simulation study of atomic transport in presence of
=0- o | temperature gradient.
(2011) x=0-100 wt. % p g
C. B. Basak
et al U-xZr Phase transformation kinetics using XRD, TEM and
' x=7& 35 wt.% | SEM.
(2011)
C. B. Basak
ot al U-xZr Study ofy- & phase transformation using TEM and
' x=50 wt.% | SEM.
(2011)
S. Kaityet al. U-xZr _
(2012) 6 WO Thermophysical property data on U-6wt.% Zr allqy.
x=6 wt.%
W. Xeiet al. U-xZr Density functional theory (DFT) based evaluatior] of
(2012) x=0-100 wt. % | enthalpy of formation.
) Recent assessment of U-Zr system using a
W. Xionget al. U-xZr combination of CALPHAD approach and select|ab
(2013) x=0-100 wt. % | initio  results. A set of self-consistent
thermodynamic parameters have been obtained.
T. Ogateet al. U-Zr Interdiffusion studies at 1023 K (75G)for U-10.3
(2013) x=10.3 Wt.% | Wt.% Zr /Fe couple.
A. C. Bagchi U-xZr Phase  transformation  characteristics  and
etal. x=50, 60 & 70 | Microstructural behavior iB-UZr, phase region of
A. K. Raietal U-xZr Phase transformation studies in U-xZr (x=2, 5,| 10
(2013) x=2.5&10 wt.%| Wt.%) alloys using dynamic calorimetry.
U-xZr . . . :
S. Ahnet. al. Phase transformation studies using DSC showing
x=0.1,2,5,10204 the anomalous behavior of transformation in U}10
(2014) 30,40& 50 | wt.9%zr alloy.
wt.%
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In figure 1.4, the recently assessed U-Zr equilibrium diagramshiewn [29]. It is clear

that U-Zr binary is characterized by the preserideve phases. They are-U
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Fig. 1.4.Equilibrium phase diagram of U-Zr system givenQkamato [29]

(orthorhombic),3-U (tetragonal),y-(U, Zr) (bcc),a-Zr (hcp) andd-UZr, intermetallic
compound. Intable 1.2 some additional crystallographic data on thesases is
summarized. Further, the crystal structurenefr phase is of hexagonal type with AB
layer stacking and presentedigure 1.5. In addition the crystal structure ®UZr; is of

AlIB >-w type structure and it is shown figure 1.6. According to the recent assessed
diagram [29], the high temperatureU phase with bcc structure can dissolve 100 wt.%
Zr, whereas the intermediate allotrgpé) exhibits a maximum solubility of about 0.42

wt% Zr at 965 K (692C) [30-35]. Thea-U on the other hand dissolves a maximum of
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about 0.31 wt.% Zr at 935 K (66€) [30-35]. The only stable intermetallic reporied
U-Zr binary is thed-UZr, phase with a small range of homogeneity. In fagt,lis found
only between 45 to 62 wt % at 823K (560 [30-35].Further, for alloys having a Zr
content between 5 to 22 wt.% Zr, the high tempeeatu phase exhibits a phase
separation into twdncc phases, namely (rich in uranium) and (rich in Zr), below
about 1023 K(75(C) [30-35]. Besides there is also the possibilitf abtaining

metastable’ (distorted orthorhombic) phase by means of a maitie mode

Table 1.2
Crystallographic data for different phases in Usgstem
Approximate Space Pearson
Phase Zr content Grr)ou Svmbol Prototype
at. % P y
a-U 0-0.81 Cmcm oC4 aU
B-U 0-1.2 P4,/mmm tP30 U
y (U,Zr) 0-100 Im3m cl2 w
0 (UZrp) 63-78 P6/mmm hP3 AlB2
o-Zr 99.9-100 P6s/mmc hP2 Mg

transformation upon fast cooling from the high temgure y bcc phase [36, 37]. As
compared to other related uranium-transition matals, like U-Mo and U-Nb, the U-

Zr system is not characterized by the presence afiymmetastable phases like'
(monoclinic distortion ofa-U), y° (tetragonal distortion of-U), ys (distortedy-U) etc.
[38-43]. This is probably because of the fact tetompared to Mo and Nb, the atomic

size of Zr is more close to that of uranium. Thasumally leads to less distortion of the
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matrix, when the alloy is fast cooled from high feraturey bcc phase [38-42]. In U-Zr
system four invariant reactions are reported byymawestigators and it is summarized

in table 1.3 It is clear from this table that, the temperasuaad compositions of these

@

|
i
|
@1
_-’_—“-

Fig. 1.5.Crystal structure ofi-Zr with AB type layer stacking

invariant reactions reported so far are not fulhamnbiguous. Some of the key findings

related to these invariant reactions are briefsgdssed.

Fig. 1.6 Crystal tructure ofd-UZr, phase

Summers-Smith was the first one to report the sylgolidus and liquidus lines
of U-Zr system for up to 36.5 wt. % Zr, by emplayidilatometry, X-ray diffraction and

metallography techniques [43]. However, the preseoicd-UZr, phase has not been
21



reported in this study. On uranium rich side, Sumsa&mith [43] has predicted the
eutectoidal decomposition @ phase in tau+y,, that is, - a+y, at a temperature of

about 93%2 K (662:2°C) and at a composition of 0.31 wt.% Zr. The presanfd-UZr,

Table 1.3
Invariant reactions in U-Zr system
. Compc_)sition of Temperaturel  Type of
Reaction respective phases, : Reference
at % 7 (K) reaction
11.0 | 48.0 | 1.9 968 [25]
145 | 57.0 | 25 966 [33]
11.2 | 440 | 1.2 965 [34]
11.0 | 42.0 | 1.06 966 [30]
V1 YotB-U 9.7 47 - 961 Monotectoid [31]
17.2 | 46.6 | 1.0 966 [43]
11.0 | 424 | 1.2 966 [46]
- - - 969 [49]
- - - 968 [48]
1.1 0.8 | 56.3 935 [30]
11 0.8 | 56.3 935 [34]
1.9 1.7 | 62.6 937 [25]
1.0 0.7 | 55.4 934 [33]
B-U o a-U+ty, 11 - 57.0 932 Eutectoid [31]
15 15 | 61.0 935 [43]
- 0.55 - 935 [46]
- - - 944 [49]
945 [48]
64.1 | 0.7 | 64.0 888 [33]
68.0 | 0.5 | 65.0 888 [25]
67.7 | 0.69 | 63.6 893 [34]
V2+0L‘J';’r: o | 660 | 05 | 630| 890 Peritectoid | [30]
779 | 05 65 885 [31]
- - - 885 [32]
- - 62.5 890 [54]

22



- - - 880 [45]
- - - 885 [49]

80.0 | 78.3 | 99.5 883 [33]

81.4 | 75.2 | 98.2 884 [25]

81.3 | 79.3 | 98.7 877 [34]

Vo 8UZryto- | 810 | 78.0 | 99.6 879  tectoid [30]
Zr 78.0 | 76.0 | 99.6 883 [31]

- - - 868 [32]

76.1 | - - 879 [54]

- - - 866 [45]

was established subsequently by Howdetal, [44] in the range 39.5 to 59.1 wt.% Zr. In
addition, Howlettet al, [44] noted that high temperatuypdocc phase decomposes inyio
(U-rich) +y, (Zr—richy bcc phases. The composition range of this mistilgkap has been
established as 6.1 to 33.6 wt.% Zr by Howesdtil. [44]. The study of Roughkt al on
the other hand has indicated the possibility oéatectoid reactiofs+y, — a taking place
at 973 K (700C) [45]. This suggestion differs markedly from thdtSummers-Smith,
who had proposed the eutectoid reaction [43]. Bist finding of Rouglet al, [45] has
been ruled out by the subsequent study of Chisstilal. [13]. Further, it is also
interesting to note that the same eutectoid reactias placed at a lower temperature of
943 K (670C) by Howlettet al.,using high temperature XRD data [44]. The occureenc
of the eutectoid reaction was further supportedhsy study of Zegler [46], Lagerberg
[47], Basaket al.[48] and Raiet al, [49].

The other important invariant reaction in U-Zr syst is the monotectoid,
V1o B+ys, at 96&3 K (693:3°C) and at 6.1 wt.% Zr, according to the early remdr
Summers-Smith [43]. Nevertheless, the same reabtisnbeen established at a slightly
different composition, of about 6.8 wt.% Zr by Baeg¢ al., [50] and at 4.5 wt.% Zr by
Zegleret al [46]. On Zr-rich side, the occurrence of two maneariant reactions has
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been noted by Howlett al [44]. One of these is the peritectoidal formataim-UZr,
phase fronu-U+y, two phase mixture at 893 K (62%) and at 39.5 wt.% Zr. The second
one is the eutectoidal decompositionyafito a-Zr +3-UZr, at 880 K (607C) and at 59.1
wt.% Zr. The occurrence of these two invariant tieas is also supported by work of
other investigatorp}6-49]. Later, the phase transformation study carried ouZorich
U-Zr alloys by Rougtet al, [51] clearly supported the presence of threéndisphase
fields, namelyd-UZr,, y,+0 andy, in the temperature range 823 K (550) to 923 K
(65C°C), and with Zr content varying between 44.9 td®58t.%.

Besides these, there have been several studidseostability ofd-UZr, phase
[52-58]. According to Akaboret al, the homogeneity range dfUZr, corresponds to
38.5 to 57.9 wt.% Zr at 873 K (680) and 43.2 to 63.9 wt.% Zr at 823K (580
respectively [52]. The DTA study of Akabori showtit the dissolution temperature of
8-UZr;, phase is found to vary between 857 K (&84to 885 K (612C), depending on
Zr content[52, 53]. On the other hand, the previous worksHafwlett et al. [44],
Lagerberg [47] and Duffet al [54] have shown thad-UZr, dissolution occurs at
around 890 K (61°C). Recently, Basakt al [48, 55] have observed a similar type of
phase transformation taking place at about 858 86°®) in U rich U-Zr alloys. They
argued that it could be due to thermally activateldxation ofa’-martensite (that was
obtained by fast cooling from high temperatyrbcc phase) rather than arising from
gradual dissolution of UZr This finding of Basalet al., [48] has further been supported
by Kaity et al. [56] and Raiet al [49]. Very recently, Mckeowret al, has clearly
witnessed in their transmission electron microscsioyly, the presence dUZr, phase
even in slow cooled as cast samples of U-10 wt.%loy [57]. Apart from these, the
earlier studies of Bauet al and Zegler have suggested that the presenceygénxand
nitrogen impurities plays a vital role in decidipbase stability in U-Zr system [46, 58].
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It has been observed that in the presence of oxggdmitrogen, both-U anda-Zr get
stabilized relative tad-UZr, phase. Zegler [46] has further observed that ¥gex
content is less than about 150 mass ppm, therespigise; andy. are found in the U-
Zr samples that are annealed at 973 K (700) aB& 9825°C) respectively. However if
oxygen content is in the range 160 to 300 mass pipeny;+y, two phase field has been
observed in samples subjected to same annealigieat.
1.5.2. Solid state transformation kinetics

As for transformational kinetic aspects in U-Zlogs are concerned, it is
instructive to note that it was Lagerberg [47], whas reported for the first time, the
possibility of having both diffusional and martditsinodes of decomposition of high
temperature/-bcc phase under varying cooling conditions. In ¢hse of U-2 wt.% Zr
alloy, the martensitic transformation start tempee (M) is estimated to be around 763
K (49C°C) [47], and for U-6 wt.% Zr, the Mhas been predicted to be in the range of 748
K (475°C) to 773 K (500C) by Virot [59]. The X-ray diffraction (XRD) and
metallographic investigation on Zr rich Zr-U alloysth U content in range 3.2-8.8 wt.%
showed that addition of U has made sluggish pritipn of a-Zr phase; while the
formation of &-UZr, has been enhanced [60]. Further, in a systematidy son
decomposition of high temperatuygohase by Hillset al [61], it has been reported that
the decomposition ofy can proceedvia diffusional, martensitic or mixed modes
depending on Zr content and cooling rates empldgé#l In case of alloys having Zr
content up to 8.8 wt. %, fast cooling promotesmartensite formation through
displacive mode, with the martensite possessitgedcicular (Zr <4.1 wt.%) or banded
structure (4.1<A&8.820 wt. %). However, if Zr content is in the rant4.1-20.4 wt%,
then they phase first transforms to an intermediaighexagonal) phase which then

transforms to martensitia’. The y- w transformation is reported to be martensitic in
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nature for high Zr content alloys [61]. Howevethe case of Zr-lean alloys, thephase
can result from the diffusional decompositionydicc as well, and in such cases. 0¢q
diffusional transformation follows as the naturatjgence. Therefore, it appears that by-
passing ofy— 3 transformation upon cooling is possible in U-Zogs$, by tailoring both
composition and cooling rates. In the case of -&v@% Zr, it has also been found that
y first transforms tq3, which then undergoes another transition to predgea again
through a diffusional mode. Note thatis theZr rich bcc phase. Instead of precipitating
equilibrium &-UZr, phase, which requires appreciable diffusion, yheundergoes a
displacive transformatiog, »a’ to yield distortedx’-martensite phase. In other words,
the following reaction sequence, 3 - Yy.+a - a+a’ has been advocated by Hiés al.
[61]. It may be recalled that according to equilion phase diagram given figure 1.4,
the equilibrium course of phase change for a U-Ov@P6 Zr alloy would be:
V- Bty - Bty - a+y. —» a+d-UZr,. It is clear that the sluggish diffusion of bothadd

Zr with progressively lowering temperature and dedpto the fact that less time is
available for the transformation to proceed at higbling rates, enable the formation of
martensitica’ in this case. It is only expected that with ircseng Zr content, the
diffusional transformation would further get inhidx, unless extremely slow cooling
rates are imposed. It may also be added that theeolamicrostructura’-martensite has
been found to be composed of twins for high Zr amitg U-Zr alloys indicating the
role of transformational stresses [62]. In a serdsstudies, Basaket al, have
investigated the phase transformation charactey-d@f alloys with Zr content varying
from 2 to 50 wt.% [48, 55, 63-66]. In one of thaitudies,Basaket al, [64] have
suggested the possibility of formation @f phase (a monoclinic distorted version of
equilibrium orthorhombia) at 870 K (597C), that is just beforg— o’ phase change,

which occurs at 826 K (558). However, it is not clear from their study whatthe
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formation of a” proceeds through intermedigeor directly fromy phase through a
displacive mode [64]Thus, it is clear that there is a lack of claritythe decomposition
modes of high temperatuyebcc phase, as influenced by cooling rate and Atert.

1.5.3. Thermodynamic modelling of phase equilibria

In late eighties, there have been few studiesherdetermination of liquidus and
solvus temperatures by both measurement and thgrmmaodc modeling [29-24, 67-71].
Leibowitz et al., have measured and calculated the liquidus aldlisaemperatures for
the entire composition range using DTA techniqud #drermodynamic phase diagram
optimization [67, 68]. Later on, the estimationigliidus and solidus temperatures based
on Knudsen effusion technique based activity measants, has been carried out by
Kanno and Maedat al.[70, 71]. This is also continued by Ogaeiaal, who have also
calculated the activity, liquidus and solidus tenapeares in the light of then available
data on U-Zr system [69]. This study reproduced shkaility range ofd-UZr, by
assuming it to be a-like phase [69]. In recent times, Xioegal.,have again reassessed
the U-Zr system using CALPHAD methodology, with somdditional inputs coming
from ab-initio theoretical calculations [34T he ab-initio calculation of atomic volume,
enthalpy of formation, cohesive energy, Debye taaipee and Gruneisen constant at O
K has also been carried out by Lamadal. and Xeiet al [72-75].

On the diffusion studies related area, there ag few studies related to the
determination of diffusivity data in the high temaeirey-bcc phase of U-Zr alloys [76-
79]. However, on a related front, there are sevesglerimental measurements of
thermophysical properties like thermal diffusivitygat capacity and thermal expansivity
[56, 80-84].

Summarizing the situation, it may be stated th#taalgh there is a broad based

consensus with regard to the general nature of gheilibria in U-Zr binary system,
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there are still some issues of concern, especyalllly regard to the actual temperature
and compositions of invariant reactions. Furthdre thature of formation of metastable
displacive a-martensite either separately or in conjunctiontiwd-UZr, upon cooling
from ybcc phase is yet to be clarified beyond doubtlsb appears that the kinetic
aspects of various solid state transformations hage not been addressed clearly thus
far. Rigorous computational modelling of phase kla and phase transformation
kinetics is also hampered, partly due to the latkeadiable (recent) data on various
mobility values for Zr and U in different allotropeof uranium. Thus, there is ample
scope to reinvestigate diffusion behavior and kasedf phase transformations in U-Zr
system.
1.6. Phase equilibria and phase transformation studs on Fe-U system

The literature survey related to phase equilibnaFe-U system is presented in
table 1.4.1t is instructive to note frontable 1.4that there exists a fair amount of phase
equilibria and thermochemistry related informatamn Fe-U system, which has been the
subject of a recent assessment by Chagdiral [85]. The equilibrium solubility of

uranium ina-iron and that of Fe im-U at room temperature are negligible [86-92].

However,
Table 1.4
Phase equilibria information of Fe-U system
Composition o
Reference Equilibrium data
wt% Fe
Measurement of different solvus line,
Paul Gordoret. al. liquidus and solidus points, allotropic
0-11.2 phase change temperatures, eutectic
(1950) points and melting temperature |of
UFe
J. D. Grogaret. al. Measurement of different solvus line,
0-11.2 liquidus and solidus points, allotropic
(1950) .
phase change temperatures, eutectic
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points and melting temperature |of
UFe
J. A. Straatmanet. al. 0-0.48 Peritectic temperature, solidus lipe
(1964) ' measurement on Fe rich side
G. G. Michaud Measurement of allotropic phase
75.7-100 transformations, melting temperatyre
(1966) (UFe) and eutectic point
M. Kannno
UFe EMF measurement
(1974)
G. M. Campbell Enthalpy increments and hdat
UFe .
(2977) capacity
L. R. Chapmaret. al. Measuremept of ' aIIot.ropic'
1.5-95.9 transformations, eutectic, peritectic
(1984) temperature, liquidus and solidus line
L. Leibowitz et. al. Measureme_nt of _ aIIot_ropip
0.2-95.9 transformations, eutectic, peritectic
(1991) temperature, liquidus and solidus line
P. Gardieet. al 0.12.2.4 Activity measurement and computed
(1992) ' ' liquidus line
D. Labrocheet. al. !—ligh temperature heat capacity data
UFe, and UFe in the temperature range of 300-1400
(2000) K
S. Chatairet al _
(2003) U-Fe Assessment of phase diagram

at high temperatures, iron is soluble to some éxted wt %) iny-U (bcc) phase [92].

According to the currently accepted equilibriumgitaan [85] given irfigure 1.7, the U-

Fe binary is characterised by the presence of tiwwst stoichiometric intermetallic

phases, namely Rdand Feld, which are connected to the high temperaturediguiase

on either end by two eutectic reactions. On theri¢te-side, the eutectic reaction

involving liquid, FeU andy-Fe occurs at 13535 K (1080%%), whereas the other one

involving Fel and FeU is relatively deep and is located at 998+5 K (FE).
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In literature, there is some uncertainty surrougdime correct compositional placement

of the first eutectic involving R& [86-92]. Gordon and Kaufmann have reported the

first comprehensive experimental data on liquicdadyus and other phase transformation

temperatures in Fe-U system for almost, the entaege of composition [86].

Subsequently, similar studies have also been daouéby Grogan on uranium rich
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side [87]. In addition, measurements of liquidunperatures have also been made by

Straatmannet al, [90] and also by Michaud [91] on uranium andnirgch sides

respectively. These different experimental datdesufrom some scatter, as will be

discussed in the later chapters of this thesiss Shuation prompted further studies of

liquidus temperature variation as a function ofdhtent from Chapmaat al, [89] and

also by Leibowitzet al [88]. The latter researchers have not only measuhe
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temperatures of phase changes using differentarthl analysis (DTA), but also made
the first comprehensive thermodynamic calculatisséasment of Fe-U equilibrium
diagram in terms of a critically assessed thermadyn database [88, 93-100].
Meanwhile, Gardieet al, have also made estimations of the uranium agthdtsed on
mass spectrometry measurements of vapour pres$BleTheir estimated liquidus and
solidus temperatures on Fe-rich side were foungetin reasonable agreement with the
work of Leibowitzet al[88].

Notwithstanding all these developments, it may eationed that there is still
some confusion among the reported experimental ddétded to FeU+ xFe - Liquid,
and FeU+Fe,U - Liquid transformation temperatures. In addition, eaperimentally
measured values of enthalpies of various solidesti@nsformations are available as a
function of alloy compositions in literature [85-0J0 With a view to address these issues
to some extent, an attempt has been made pertatoiregcomprehensive differential
scanning calorimetry (DSC) investigation of higimpeerature phase stability in Fe-U
alloys as a function of composition in the prestaty.

1.7. Phase equilibira studies on U-Rh system.

Starting from the pioneering research of Chiswild dfarks [101, 102], the studies
related to phase equilibria on U-Rh binary are v¥ew. According to the recent assessed
equilibrium phase diagram shown figure 1.8 [103], it is clear that both Rh and U
exhibits limited solid solubility in each other evat high temperatures. However, the
binary U-Rh system is characterized by the presehdeur stoichiometric intermetallic
compounds namely URBhUsRhs, UsRhy, and URhs. Among all the four compounds
URhs is the most stable compound with melting tempeeatd about 1973 K (176Q).
Except URR all other compound in U-Rh system forms throughitpetic reactions
respectively at 1428 K (1186)-U4Rhs, 1723 K (1456C)-UsRh, and 1823 K (1551C)-

UsRhs. In addition, URhs undergoes a polymorphic transition at a tempesatfiabout
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993K (720C). Besides these there are two more eutecticioaactThe first eutectic
reaction occurs between U andRbgs at 1138 K (86%C) for Rh content of 12.3 wt. %.
The second eutectic occur between Rh andi#RA666 K (139%C) for the Rh content
of about 74 wt. %. Chiswick and Dwight al. were the first to publish the partial phase
diagram of U-Rh system with Rh content up to 50%{.103]. In their study, it has been
proposed that two intermetallic compoundsRbl and URh exist with limited solubility
range. However, after this, Park has measured iamareaction temperatures, liquidus

and solidus temperature using metallography, XRdtaarmal analysis [102]. The
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Fig. 1.8.Equilibrium phase diagram of U-Rh system

study of Park has established the presence oflifteicompounds UR§ UsRhs, UsRhy,
and URh; rather YURh and URh compounds [102]. According to Park [10Re
maximum solid solubility of Rh ig-uranium is near 3.6 wt. %, Bruranium is about 0.7

wt. % and ina-uranium is about 0.1 wt. %. On the other hand,sbiéd solubility of
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uranium in rhodium is about 6.9 wt. %. The reinigedton of U-Rh phase diagram by
Okamato [103] has supported the findings of PafR]1Apart from these, there have
been some study related to the measurement of dogrmamic properties of URh
compound up to 840 K [105-106]. It can be seen ffigure 1.8 that still some of the
portions of phase diagram are not established aviilgh degree of confidence and hence
shown in dotted line.

Therefore, there is strong necessity to reinvestighe phase equilibria and
phase stability on U-Rh system. The measuremeheohodynamic properties of all the
four intermetallic compounds will also be quite gfal in assessing the U-Rh phase
diagram. However, in the present study, the scapeestricted to the evaluation of
thermodynamic properties of one of the intermetadbmpound URJusing calorimetry.

1.8  Organization of the Thesis

This present thesis is divided into eight chapsed these chapters are organized

in the following manner.
Chapter 1. This introductory chapter began with a brief @oluction to nuclear metal
fuel in the context of fast reactor. Following thise need of studying the phase stability
and phase transformation in uranium-transition iatays with regard to nuclear metal
fuel has been highlighted. Subsequently, a broaddbterature surveys related to phase
transformation and phase stability aspects on UWJAfe and U-Rh system are presented.
Chapter 2: In this chapter the experimental methodology aeldph the present study
has been discussed. This chapter begins with & demwcription about the melting of
different U based alloys used in the present stbdgjc compositional characterization
and annealing treatment adopted. This is followsd detailed descriptions about
instrumentation, calibration and experimental pdare for both differential scanning

calorimetry (DSC) and inverse drop calorimetry tasg employed in the present study.
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In addition a very short description about X-raffrdction, metallography and scanning
electron microscopy are also presented.

Chapter 3: Under this chapter, the theoretical aspectseaéléd phase transformation
kinetics and quasi harmonic Debye-Grunesein fosnalare briefly highlighted. Under
phase transformation kinetics, the development olngorov-Johnson-Mehl-Avrami
(KIMA) formalism is elaborated in some detail fatlo isothermal and non-isothermal
transformations. Further, in the context to Deb@edneisen quasi-harmonic formalism,
a brief account of practical aspects is presentedrder to obtain self consistent
estimates of both heat capacity and thermal expiysi

Chapter 4: In this chapter, calorimetric characterizatiorntlog effect of heating/cooling
rates on kinetics of allotropic phase changes emium is discussed. The effect of
heating/cooling rates on different allotropic phatenges has been studied primarily
using DSC. It is shown that the transformation terafures exhibited a strong non-linear
variation with the heating or cooling rate. The D8Sults obtained for the - 3 and
-y transformations during heating have been modeldgustandard Kolmogorov-
Johnson-Mehl-Avrami (KJMA) model which confirm to @aucleation and growth
mediated process. With the help KIMA model, itasgble to obtain kinetics parameters
and these are discussed in the light of availalffesibn data ina-U, 3-U andy-U
phases. Further the kinetics of on-cooling tramsédrons likey— 3 and3 —» a have been
analyzed using an empirical model proposed by Kantamand Koistinen-Marburger.
This analysis confirms that cooling induced transfations may follow a martensitic or
massive mode.

Chapter 5: This chapter deals with the study on phase stgbihd phase transformation
characteristics in U-xZr (x=0, 2, 5 & 10 wt. %)@}k using calorimetry. Using DSC, the

sequence of various transformations that occumnduneating and cooling cycles in U-2,
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5 & 10 wt. Zr alloys is established. Further, tleecxzcurrence of martensitic relaxation
and d-UZr, dissolution in U-2, 5 & 10 wt. Zr alloys has bedearly confirmed using a
combination of DSC and metallography. In addititme effect of cooling rate and Zr
content on the decomposition of high temperatupbase has been studied. It has been
observed that depending on Zr content and coolatg, the decomposition gfphase
may adopt either diffusional or martesitic mode tadnsformation. The DSC data
obtained as a function of heating/cooling rate hagen used to construct continuous
heating (CHT) and cooling transformation (CCT) degs.. With the help of these
results, it is possible to determine the criticabling rate for martensitc transformations.
Finally, the kinetics ofx — 3 diffusional transformation that occurs on heatiag been
modelled in terms of Kolmogorov-Johnson-Mehl-AvrgikdMA) formalism. It is found
that the transformation is effectively controllegithe diffusion of Zr ino’-orthorhombic
phase.

Chapter 6: In this chapter the reinvestigation of phase ldgjta on Fe-U binary system
using differential scanning calorimetriy is preszhtWith the help of DSC, different
solvus, solidus and liquidus temperatures as fanabf U content have been measured
for FeooxUx binary alloys, withx varying from 0 to 95 mass % U. Further, the
composition and temperature of two eutectic invariaactions that occur in Fe-U binary
system are correctly established from DSC resultse measured transformation
temperatures have been used to construct the bieaty phase diagram. Besides these,
the heat of transformation for various invariardatgons and solid state transformations
have also been obtained as a function of U content.

Chapter 7: This chapter deals with measurement and modellinthermo physical
properties of UFe and URR compounds. In this chapter, measurement of enthalp

increment data in the range of 300-1473 K using dralorimetry for both compounds
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are presented. Further, the enthalpy data obtam#te present study are modeled using
guasi harmonic Debye-Grineisen formalism in corjoncwith literature information
on low temperature capacity and thermal expansata. dhe modeling exercise yielded
dilatational contribution to heat capacity, and @nsistent estimate of temperature
dependent volume thermal expansivity for both LJ&id UFe compounds.

Chapter 8: This chapter summarizes the results of chapterehapter 7 and is devoted
to exploring the further avenues of research thatlee profitably continued from what

limited data has been accrued in this study.

36



1.9.

10.

11.

12.

13.

14.

References

L.C. Walters, B .R. Seidel and J.H. Kittel, Nucéchno., 65 (1984) 179.

G. L. Hofman and L. C. Walters, "Metallic Fast Rimad~uels" in: B.R.T. Frost,
ed., Materials Science and Technology: A Comprakiengeatment, Part 1, Vol.
IOA (VCH, New York, 1994).

R. G. Pahl, D. L. Porter, D .C. Crawford and L.\Walters, J. Nucl. Mater., 188
(1992) 3.

R. D. Leggett and L. C. Walters, J. Nucl. Mate04 21993) 23

P. E. Potter, J. Nucl. Mater., 389 (2009) 29.

D. E. Burkes, R. S. Fielding, D. L. Porter, D. Ga®ford and M. K. Meyer, J.
Nucl. Mater., 389 (2009) 458.

W. J. Carmack, D. L. Porter, Y. I. Chang, S. L. EeyM. K. Meyer, D. E.
Burkes, C. B. Lee, T. Mizuno, F. Delage and J. Semé. Nucl. Mater., 392
(2009) 139.

D. E. Burkes, R. S. Fielding and D. L. Porter, dicN Mater., 392 (2009) 158-
163.

C. R. F. Azevedo, Eng. Failure Analysis, 18 (20194 3.

A. Riyas and P. Mohanakrishnan, Ann. Nucl. EneB8py(2008) 87.

G. L. Hofman, L. C. Walters and T. H. BauBrog. Nucl. Energy, 31 (1997) 83.
R. A. Vandermeer, Proceedings of the Third Army é&fiails Technology
Conference held at Vall, Colorado, USA, February4l$. 259.

H. H. Chiswik, A. E. Dwight, L. T. Lloyd, M. V. Nett and S. T. Zegler,
Proceedings of the Second United Nations Internati€onference on Peaceful
Uses of Atomic Energy, June 1985, p. 1.

D. Blake and R. F. Hehemann, Proceedings of thedTArmy Materials

Technology Conference held at Vall, Colorado, UE&bruary 1974, p. 189.
37



15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

J. J. Burke and P. H. Dixon, Symposium on Uraniur@&phite London Inst. of
Metals 1962.

A. N. Holden Physical Metallurgy of Uranium, Addison — WesleybRshing
Co. Inc. USA, 1958.

J. J. Burke, Physical Metallurgy of Uranium Alloydjll Publishing Co.Inc,
USA, 1974.

O. S. Ivanov, Phase Diagram of Uranium Alloys, Nadkublishers, Moscow,
1972.

Y. S. Kim, G. L. Hofman, S. L. Hayes and Y. H. Spldn Nucl. Mater., 327
(2004) 27.

D. L. Porter, C. E. Lahm, and R. G. Pahl, Metatais. A, 21 (1990) 1871.

G. L. Hofman, S. L. Hayes and M. C. Petri, J. Nithter., 227 (1996) 277.

T. Ogawa, T. Iwai and M. Kurata, J. Less. Comm..MET5 (1991) 59.

R. R. Mohanty, J. Bush, M. A. Okuniewski and Y.$%bhn, J. Nucl. Mater., 414
(2011) 211.

K. Nakamura, T. Ogata, M. Kurata, T. Yokoo and M. Mignanelli, J. Nucl.
Mater., 304 (2002) 63-72.

M. Kurata, T. Ogata, K. Nakamura and T. Ogawa, llby& Compd., 271-273
(1998) 636.

H. Kleykamp, Pure & Appl. Chem., 63 (1991)1401.

H. Kleykamp, J. Nucl. Mater., 201 (1993) 193.

H. Kleykamp, Proc. of the Symposium on Behavior dlgemical State of
Irradiated Ceramic Fuels Vienna, IAEA, Vienna (1p187.

H. Okamoto, J. Phase Equilibria, 28 (2007) 499.

R. R. Sheldon and D. E. Peterson, Bulletin of AlRlyase Diagram, 10 (1989)

165.
38



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

H. Baker, ASM Handbook, Alloy Phase Diagrams, 1992.

P.Y. Chevalier, E. Fischer and B. Cheynet, CALPHADoupl. Phase Diag.
Thermochem. 28 (2004) 15.

P.Y. Chevalier, E. Fischer, J. Nucl. Mater., 25998) 213.

W. Xiong, W. Xie, C. Shen and D. Morgan, J. Nuchtef., 443 (2013) 331.

R. F. Hills, B. R. Butcher, B. W. Howlett and D.e$#art, J. Nucl. Mater., 16
(1965) 25.

V. K. Orlov and V. M. Teplinskaya, Atomic Energy6 §1999) 118.

K. Tangri and D. K. Chaudhuri, J. Nucl. Mater. 19¢5) 278.

J. Lehmann and R. F. Hills, J. Nucl. Mater., 2 (19861.

H. L. Yakel, The Physical Metallurgy of Uraniumajks Conference sponsored
by the AEC Army Material and Mechanical Researcmt@e Vail Colorado,
February 1974.

H. L. Yakel, J. Nucl. Mater., 33 (1969) 286.

R. A. Vandermeer, Acta Metall., 28 (1979) 383.

J. G. Speer and D. V. Edmonds, Acta. Metall., 3Bg) 1015.

D. Summers-Smith, J. Inst. Met. 83 (1954-55) 277.

B. W. Howlett and A. G. Knapton, paper P/1469, Pi&¢ U. N. International
Conference on Peaceful use at GENEVA, SWITERZERLARBDL958) 104.

F. A. Rough and A. A. Bauer, Battelle (USA) Red®kl — 1300, 1958.

S. T. Zegler, USAEC Rep. ANL-6055, 1962.

G. Lagerberg, J. Nucl. Mater., 9 (1962) 261.

C. B. Basak, G. J. Prasad, H. S. Kamath and N.herab Alloys Compd., 480
(2009) 857.

Arun Kumar Rai, S. Raju, Haraprasanna Tripathy, NR. Hajra and M.

Vijayalakshmi, Trans. Ind. Inst. Met., 66 (2013)738
39



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

A. A. Bauer, Battelle (USA) Report BMI-1350, 1959.

F. A. Rough, A. E. Austin, A. A. Bauer and J. R.ifpBattelle (USA) Report
BMI-1092, 1956.

M. Akabori, A. Itoh, T. Ogawa, F. Kobayashi andSuzuki, J. Nucl. Mater 188
(1992) 249.

M. Akabori, , T. Ogawa, A. Itoh and Y. Morii, J. ¥ Condens. Matter7
(19957) 8249.

J. F. Duffey, and C. A. Bruch, Trans. AIME12 (1958) 17.

C. B. Basak, R. Keswani, G. J. Prasad, H. S. KaraathN. Prabhu, J. Alloys
Comp., 471 (2009) 544.

S. Kaity, J. Banerjee, M. R. Nair, K. Ravi, S. Das,R. G. Kutty, Arun Kumar
and R. P. Singh, J. Nucl. Mater., 427 (2012) 1.

T. Mckeown, S. Irukuvarghula, S. Ahn, M. A. Wall. L. Hsiung, S. McDeauvitt
and P. E. A. Turuchi, J. Nucl. Mate436 (2013) 100.

A. A. Bauer, G. H. Beatty and F. A. Rough, TranbME, 212 (1958) 801.

A. Virot, J. Nucl. Mater, 5 (1962) 109.

D. L Douglass, L. L Marsh and G. K Manning, TranrSM, 50 (1958) 305.

R. F. Hills, B. R. Butcher, B. W. Howlett and D.eS#art, J. Nucl. Mater., 16
(1965) 25.

B. A. Hatt, J. Nucl. Mater 19 (1966) 133.

C. Basak, J. Nucl. Mater., 416 (2011) 280.

C. Basak,R. Keswani, G. J. Prasad, H. S. KamatRribhu and S. Banerje&
Nucl. Mater., 393 (2009) 146.

C. B. Basak, N. Prabhu and M. Krishnan, Intermiesll18 (2010) 1707.

C. B. Basak, S. Neogy, D. Srivastava, G. K. DeyB&erjee, Philos. Magz., 91

(2011) 3290.
40



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

L. Leibowitz, E. Veleckis, R. A. Blomquist and A. Pelton, J. Nucl. Mater., 154
(1988) 145.

L. Leibowitz, R. A. Blomquist and A. D. Pelton,Nucl. Mater, 167 (1889) 76.

T. Ogawa and T. Iwaid. Less. Comm. Met., 170 (1991) 101.

M. Kanno, M. Yamawaki, T. Koyama and N. Morikk,Nucl. Mater., 54 (1988).
A. Maeda, Y. Suzuki and T. Ohmichi, J. Alloys Comad9 (1992) 21.

A. Landa, P. Soderlind, P. E. A. Turchi, L. VitasdaA. Ruban, J. Nucl. Mater.,
393 (2009).

A. Landa, P. Sdoderlind, and P. E. A. Turchi, Jogdi Compd., 478 (2009) 103.
A. Landa, P. Sdderlind and P. E. A. Turchi, J. NMater., 414 (2011) 132.

W. Xiong, W. Xie, C. Shen and D. Morgan, J. Nuchtef., 443 (2013) 331.

Y. Adda and A. Kirianenka]. Nucl. Mater,.6 (1962) 135.

T. Ogata, M. Aakabori, A. Itoh and T. Ogawa, J. NMater., 232 (1996) 125.

M. Akabori, A. Itoh, T. Ogawa and T. Ogata, J. ABoComp., 271-273 (1998)
597.

W. Li, R. Hu, Y. W. Cui, H. Zhong, H. Chang, J.and L. Zhou, J. Nucl. Mater.,
407 (2010) 220.

G.B. Fedorov and E. A. Smirnov, Sov. Atom. Enei2fy(1968) 795.

Y. Takahashi, M. Yamawaki and K. Yamamoto, J. NMzater., 154 (1988) 141.
Y. Takahashi, K. Yamamoto, T. Ohsato, H. Shimadd,éFai and M. Yamawaki
J. Nucl. Mater., 167 (1989) 147.

T. Matsui, T. Natsume and K. Naito, J. Nucl. Magté67 (1989) 152.

A. C. Bagchi, G. J. Prasad, K. B. Khan and R. Rg&i J. Mater. Sci. Eng., 2
(2013) 10000121.

S. Chatain, C. Guéneau, D. Labroche, J. Rogez, @Gndugne, J. Phase

Equilibria, 24 (2003) 122.
41



86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

P. Gordon and A.R. Kaufmann, Trans. AIME, 188 (1)9B8P.

J. D. Grogan, J. Inst. Met., 77 (1950) 571.

L. Leibowitz and R.A. Blomquist, J. Nucl. Mater841(1991) 47.

L. R. Chapman and C. E. Holcombe, Jr., J. Nucl.exlal26 (1984) 323.

J. A. Straatmann and N.F. NeumaMmuallinckrodt Chem. ReportsMCW-1487,
Weldon Spring, MO, (1964).

G. G. Michaud, CarMet. Quarterly, 5 (1966) 355.

N. Swindells, J. Nucl. Mater., 18 (1966) 261.

P. Gardie, G. Bordier, J. J. Poupeau and J. LeJNyucl. Mater., 189 (1992) 85.
O. Kubaschewski, Proceedings of the Symposium oermibdynamics of
Nuclear Materials, IAEA, Vienna, (1962) p. 219.

D. Labroche, J. Rogez, S. Chatain, and O. Dugn8:I®AC Conference on
High Temperature Materials Chemistry, Julich, Getyng2000) p. 123.

M. P. Antony, R. Babu, C.K. Mathews and U.V. Vardgaju, J. Nucl. Mater.,
233 (1995) 213.

M .P. Antony, R. Babu, C.K. Mathews, and U.V. Vaagaju, J. Nucl. Mater.,
228 (1996) 154.

H. Okamoto, Phase Diagrams of Binary Allog&993) 129.

T. B. Massalski, Binary Alloy Phase Diagrams, 2rdl, éASM International,
MaterialsPark, OH, (1990).

M. Kanno, J. Nucl. Mate1 (1974) 24.

H. W. Chiswik; Metallurgy and Fuels, Progress inchéar Energy, Series V. Vol
3 Pergamon, New York (1961).p. 23.

J. J. Park, J. Res. Nat. Bur. Stand., 72A (1968) 11

H. Okamoto., ASM International, Alloy Phase Diagr&mction Materials Park,

Ohio, U.S.A., (1990).
42



104. H. H. Chiswik, A. E. Dwight, L. T. Lloyd, M. V. Natt and S. T. Zegler, Proc.
2nd Int. Conf. Peaceful Uses of Atomic Energy, V®KU.N., Geneva, 1958) p.
394.

105. E. H. P. Cordfunke, R. P. Muis, G. Wubenga, RamamriBl, TO. Michael
(Wing Kei), Hanaa Zainel and E. F. Westrum., J.i@h&hermodyn.17 (1985)
1035.

106. G. Wijbenga and E. H. P. Cordfunke, J. Chem. Thelymqg 14 (1982) 409.

43



Chapter 2

Experimental Methodology

44



This chapter deals basically with the detailed dpson of different techniques
that have been employed as principal and supplemetdols for the characterization of
phase stability and phase transformation studiaganium alloys. In the present study
two different types of calorimeters namely diffeiahscanning calorimeter (DSC) and
inverse drop calorimeter have been extensively eyagl. As it is clear fronchapter 1,
an accurate knowledge base of thermodynamic qiemtsuch as transformation
temperatures, enthalpy of transformation, heat@apasibbs energeetc, as a function
of temperature as well composition are very mucbfulsfor assessing thermokinetic
stability or kinetic phase diagrams. Once such dagaknown, it becomes quite easy to
predict the stability of a phase at a desired teatpee and composition under chosen
thermal history. In addition if some data on transfation temperatures are known as a
function of heating or cooling rate, then infornoation kinetics of phase transformation
can also be obtained by employing appropriate nsodéltransformation kinetics. In
recent past, the computational techniques whicheéher based on ab-initio methods
(density functional theory) and or empirical methoglich as solution models have
matured to a level that it becomes possible toiprgzhase stability of a system to a
reasonable degree of confidence. But they stildnemme experimental information to
validate any theoretical assessment. Hence one toegdnerate reliable experimental
data in the first hand and these data can onlybkaareed by carrying out careful and time
consuming experiments.

In the present study DSC has been employed to robdlata on phase
transformation temperatures and enthalpy of transdtion as a function of several
heating and cooling rates. Further, using droproaktry the enthalpy increment or

relative enthalpy (l#H29s.19 as a function of temperature (T) is measuredthese data
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are modelled suitably to obtain consistent estimait thermal quantities like heat
capacity, thermal expansvigtc

In addition, other supplementary techniques areo agsnployed for the
microstructural characterization such as opticalcrascopy, scanning electron
microscopy (SEM), microhardness measurements amdyXdiffraction (XRD). This
chapter is organized in the following way.

The chapter begins with the short description alleeitmelting of alloys used in
the present study, compositional details and tfferdnt heat treatments given to these
alloys before actual experiment. Following thigsamcise description of dynamic (DSC)
and static (inverse drop) calorimetery is providéde instrument details, experimental
and calibration procedures are discussed. Finallybrigf description about the
supplementary techniques such as microscopy, hssdmeasurement, SEM and XRD
are provided.

2.1. Detailsabout alloy synthesis, composition and heat treatment

In the present study three types of alloys basedranium are chosen. They are:
U-Zr, U-Fe and URhThe melting, compositional analysis and annealiegtment for
the three alloys are presented below.

The U-Zr alloys used in this study have been madBhabha Atomic Research
Centre (BARC), Mumbai, India. Reactor grade naturanium and U-2, 5, 10wt.% Zr
alloys used in this study have been prepared usiegum induction melting (10torr)
followed by injection casting route [1-4]. The $tag materials, uranium and zirconium
used for melting have purity of the order of 99.9@d 99.95%, respectively. For
minimizing the carbon pickup, the graphite crucibles been coated with yttria slurry
prepared in alcoholic media. The scrap of the madt been heated up to 146Qunder

vacuum [3-4]. After ensuring the complete meltiggartz molds opened at one end have
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been immersed in the melt. In order to push theendiquid in the mold, the furnace
chamber has been pressurized with inert gas. Fitladl pencil shaped alloys removed
from the quartz molds using de-molding set up. tgpdiameter of the alloy slugs were

about 5 & 10 mm.

Table2.1
The chemical composition of the U-0, 2, 5 & 10 wZfalloy as determined using
ICP-AES. The quoted figure for Zr is wt.% and rest are in weigipppmbasis
Material Uranium U-2wt.%2Zr U-Bwt.%2Zr | U-10wt.%Zr
/[Element

Zr - 1.98 5.03 9.99
Al 349 410 235 331
Cr 14.7 10.5 9.8 12.7
Fe 73.5 77 50.2 89.1
Mg 11 14 8.6 16.3
Mn 9.3 14.5 8.4 21.3
Ni 32 21.5 18.5 225.
Co 0.2 0.7 0.3 0.4
Cd 0.04 0.01 0.06 0.03
Ce 2.2 8.7 7.3 3.6
Sm 0.4 0.1 0.6 0.4
Gd 0.04 0.01 0.07 0.03
N 41 53 67 76
@) 552 532 422 532
Si 615 450 322 543
U Bal. Bal. Bal. Bal.

The compositional analysis of all the four alloyastbeen carried out by the Inductively
Coupled Plasma-Atomic Emission Spectroscopic (IESA analysis. Results of the
chemical analysis are presented table 2.1. For carrying out the calorimetric

measurements on all the four alloy systems, smadiosh-cut pieces of regular geometry
have been annealed at 1273 K /1@¢or 10 h in high pure Ar atmosphere, followed by
slow furnace cooling.

In case of Fe-U system, a series ofobdJx alloys with U contenk varying from
0 to 95 mass % at an interval of roughly 5 massétuding the nearly stoichiometric

ordered intermetallic compound Uf-&ave been prepared in an electronically contlolle
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graphite resistance heating furnace under flowiig fpure argon gas (50 mL niip
atmosphere maintained at 1300 mill bar pressu®.[Recrystallized alumina crucibles
are used for melting the alloys. The starting mal®rused are reactor grade uranium
containing small amounts of carbon, oxygen andailias major impuritiesdgble 2.2)
and pure iron with less than 80 mass ppm of contbimgurities (Aldrich Chemicals, U
K). Before melting, the oxidized layer from the fawe of both uranium and iron pieces
have been removed by mild grinding. For ensuringmasitional homogeneity, each

alloy piece has been re-melted three times, afteclwthey are slowly cooled to room

temperature.
Table2.2

Chemical composition of reactor grade uranium ame jron used in synthesis of Fe-U
alloys

Reactor grade Uranium (composition in mass ppm)
: S | M

Al | Cr FeMgN|CoCdCemCNOS|nU
00|2 ]0. |31 55| 61

349 | 14.7) 73.5 11 32 0.24 > | a 6 41 > 5 9.3| Bal.

Pure Fe (composition in mass ppm)

Si Cu Ti C Fe

13 1 0.6| 14| Bal

After final melting, each alloy has been weighe@ds$sess the weight loss if any, accrued
during melting. It has been observed that the gamegight loss is of the order 0.5 mass
% for all these alloys. The as prepared alloys hbgen homogenized at 1273 K
(1000C) for about 10 hours in flowing pure Ar-atmosphet® ensure good
compositional homogeneity.

In the case of U-Rh alloy only the ordered intewmtiet compound URkhas been

prepared by arc-melting under vacuum™{26rr) from the appropriately weighed pieces
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of high pure Rh (99.99 mass percent purity, Aldretfemicals, U.K) and reactor grade
uranium [4,7]. The alloy buttons weighing about 2y-Bave been re-melted four to five
times for ensuring complete melting and a fair degrof initial compositional
homogeneity. The broken small pieces of as meligttobs have subsequently been
given an annealing treatment at 1273 K for abouthlid high pure flowing argon
atmosphere (50 ml mih, before the commencement of actual experiments.
2.2. Major experimental techniques. Calorimetry
2.2.1. Principle of calorimeter

A calorimeter measures the relative change in aeatgy, however heat cannot
be measured directly, but its action, for examplehange in temperature can be
monitored accurately using suitable thermometrye teasured temperature (change in
effect) can be converted in to heat after suitatddibration [8-10]. The general
calibration equation for converting the temperatdierence to its effective caloric
value is given below

Q (T) = GaxAT (2.1)

Q(T) is the heat content at a given temperatur@.j calorimeter constant that has to be
determined specifically for each calorimeter byngssuitable standards. Temperature
can be measured using a variety of thermometere agcthermocouples, platinum
resistance thermometer, gas thermometer or Hg treaster depending on the
temperature range. Further the determination ot#ierimeter constant should be done
under comparable conditions as measurements iGalibration constant is determined
by using a suitable reference material whose hegaddaity is known (e.g. Ag, Sn, Cu, Zn,
Hg, Au and A}O3) along with the sample.
2.2.2. Classification of calorimeters

In a broad way calorimeters can be classified itwtwcategories. They are: (i) reaction
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thermochemical calorimeter, wherein the changéhédhemical state of the sample is
being monitored and (ii) non-reaction calorimetetere change in the physical state of
the sample such as temperature, phase transfometiare monitored. Measurement of
the enthalpy of phase transformation, enthalpyeimant, heat capacity data comes under
non-reaction calorimetry, whereas determinatiopaotial or integral enthalpy of mixing,
enthalpy of formation of the compounds fall undEaation calorimetry methods.
According to Kubaschewski and Alcock [8-10] cahoeters can be classified in
to three categories based on three variables thatnamely TE-temperature of
calorimeter, E-temperature of the surrounding and Q-heat prodpeednit time.
> Isothermal CalorimeterTs = Tc = constant and Q varies, example is Bunsen Ice
calorimeter.
> Adiabatic Calorimeter Ts=T¢ # constant, § and Tc varies with Q, example is
Adiabatic scanning calorimeter.
> Isoperibol CalorimeterTs = constant, & is measured before, during and after the
reaction (sometimes referred as isothermal calaem®ut not correct.), example is Drop
Calorimeter.
According to Hemminger and Hohne [8] calorimetean be also classified based
on the working principles, mode of operation andstaiction.
Based on the working principle there are three tfpealorimeters
> Heat Compensation Calorimeteis this type of calorimeters any change in the
sample is compensated by an external source ofjernbkat could be either by phase
transformation or by electrical heating/coolingogrchemical reaction. Examples are the
ice calorimeter where compensation is done by faterat of ice melting, power
compensated DSC etc.

Heat Accumulating Calorimeteri this type of calorimeter the effect of heabt®
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measured is not compensated unlike power compagsge; but it causes a change in
the temperature of calorimeter and sample andctiesige in temperature is measured.
This change in temperature is basically proportidaahe amount of heat exchanged
between sample and calorimeter. An example is tthe chlorimeter.
> Heat Exchanging Calorimeterdn this type, one measures the heat flow rate
between sample and surroundings due to thermalegradihich has to reach a steady
state, in ideal conditions. An example would be teat flux type DSC, which is
employed in this study.
Further based on the mode of operation and conistrucalorimeters can be classified as
follows.
Static Mode- (i) Isothermal (ii) Isoperibol (iii) Adiabatic
Dynamic Mode- (i) Scanning of surrounding; example is heax IRSC (ii) Isoperibol
scanning; example is power compensating DSC (injaBatic scanning; example is
adiabatic scanning calorimeter
Construction principle- (i) Single calorimeter; an example is ice cafmier (i) Twin
calorimeter; an example is DSC

For the sake of brevity it is not possible to dssun detail all types of
calorimeters. In the present thesis, the descripgoconfined to heat flux differential
scanning calorimeter and inverse drop calorimei®these are the techniques employed.
2.3. Differential scanning calorimetry (DSC)
2.3.1. General principle

A differential scanning calorimetry is a twin typalorimeter and work on the
principle of differential thermal analysis. Differal scanning calorimetry (DSC) is an
experimental technique for measuring the energyessary to establish a nearly-zero

temperature difference between a test substanaedSits reaction products) and an inert
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reference material R, while the two samples argestdd to an identical (heating,
cooling or constant) temperature programme. Twesygt DSC systems are commonly

in use and these are power compensating type aidite type.
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2.3.2 Power compensating DSC

In the power compensating DSC any change in thepleaor reference temperature is
being compensated by means of an electric powen gxternal source to maintain the
temperature difference between sample and refemmacerial either zero or constant. In

addition, in power compensated DSC both samplerefelence materials are heated by
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two separate identical furnaces at equal heatitey fiche schematic diagram of power
compensated DSC is givenfigure 2.1. The temperature difference between the sample
(Ts) and reference @ is maintained to zero by varying the power inputthe two

furnaces. Since the compensation is being donekopan electrical power from an

I\

High Pure Argon

CSs-32
Controller

Fig. 2.3. Experimental setup of heat flux DSC used in thegme study

external source, the output of this type DSC imW. The compensating heating power
is linearly proportional to the temperature diffece AT between sample and reference.
The use of this type DSC at high temperatures aBOEC is limited because the heat
loss due to radiation is more prominent and cabaatxactly compensated.

2.3.3. Heat flux DSC

In this type of DSC the test specimen S and reterenaterial R (usually an empty
sample pan + lid) are enclosed in the same furtegether with a metallic block of high

thermal conductivity that ensures a good heat-f\@ath between S and R. The schematic
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diagram of heat flux DSC is portrayed figure 2.2. Further, the enthalpy or heat
capacity changes in the specimen S leads to a tatope difference between S and R
pans. This result in a certain heat-flow betweean R, however small compared to
those in DTA, because of the good thermal contativéen S and R. The temperature
differenceAT between S and R is recorded and this is relatéidet differential heat flux.
The heat-flux DSC system is thus a carefully medifDTA system. The important
difference is the good heat-flow path between thecsnen and reference crucibles.
Because of the specific design like DTA, the radratoss at high temperature is same
for both sample and reference materials and hdre®utgoing heat flow does not get
affected much. The accuracy of results obtainet thits type DSC is slightly inferior at
high temperature, notwithstanding the possibilify emsuring adequate experimental
precaution [11]. The DSC instrument used in thes@né experiment is a heat-flux type,
namely SetarafhSetsys 1600, which is portrayedfigure 2.3 [12]. The detail of this
equipment is given in next section.
24  Basic components of Setaram Setsys 1600 DSC

The Setarath Setsys 1600 heat fludifferential scanning calorimeter is
comprises of basically a furnace, measurement heads flow controller, gas circuits
and the controllers that are housed on a singlenmd\u separate chiller (JulaBd=C
1600 T) for water circulation is connected to ctha instrument furnace. The control of
equipment is made through the proprietary softwHrat is interfaced with the
equipment. The essential components of this DS@sfellows [12]:
2.4.1. High temperature furnace
In figure 2.4 (a) cross sectional view of internal chamberSettarari Setsys 160@ux
DSC is presented. The furnace is of cylindricalpghand its heating element is made up

of a graphite element. The heating principle emgtbi this type of furnace is resistance
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heating. Being graphite used as heating elemeninert gas atmosphere (high pure
argon) is always maintained at the furnace chanaavoid carbon evaporation at higher
temperature. A thermocouple of B-type (Pt-Rh witt6® and Rh- 30%) is placed in the

analysis chamber and furnace chamber for respeetimperature measurement.
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Fig. 2.4 (a). Setarar high temperature DSC furng, (b). Heat flux DSC plat-rod

2.4.2. Measurement head — DSC probe

The DSC measurement head used in the present D&Q@ging type and it is
displayed infigure 2.4 (b). The DSC probe or measurement head consists d)#t
plate, sample and reference crucibles, thermoceugie guiding alumina tube. The
sample and reference crucibles are made of redliigsthalumina having nearly identical

mass of about 240-250 mg and a volume of aboup106n either side. Both reference
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and sample housing base are connected to eachwgharmetallic plate consists of an
embedded thin wire of highly conductive platinuratteerves the purpose of heat resistor
between sample and the reference. Through thisuoting platinum wire any kind of
gain or loss of heat that happens either on saopleference side is being immediately
to maintain constant temperature difference betvixth reference and sample pan. The
differential thermocouple of B-type (Pt/Rh 6%/Pt/BB%) is positioned exactly below
the DSC plate and the gap between them is less2zimam [12]. In addition, the central
section of the DSC plate sensor contains a theropleoof B-type that measures the
sample temperature directly. The whole set up cemgy DSC plate, sample, reference
crucibles, thermocouples and guiding alumina tugether make up the heat flux DSC
probe which is hung from the top balancing platee DSC probe is always kept within
the uniform temperature zone of the water cooledplgite furnace. During the
experiment, one of these crucibles is kept emmhe(ence crucible), while the sample is
placed on the other crucible during the experiment.
2.4.3. Vacuum pump, gas circuit, chill water coogjrcircuit

After loading the sample both analysis and furnelscembers are purged with
flowing argon gas and subsequently evacuated tacaum level of 18 torr using
Edward§ rotary pump to avoid any contamination. Thereafteth the chambers are
filled with high pure argon gas. The pressure ia #nalysis chamber is maintained
between 1.2 to 1.3 bars. There are separate pocdarty protective gas and carrier gas.
During the experiment the flow rate for carrier gasmaintained at 50 ml/min. For
controlled heating and cooling an external air edalater circulator of model Julabo FC
1600 from Julab®is used. The gas filing, vacuum and the water lsupperations are

controlled through an electronic valve command i help of CS-32 interface.
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2.4.4. Mass flow controller (MFC)

An automatic mass flow controller is attached alanitp DSC for controlling the
gas flow inside the analysis and furnace chamiérs.functioning of MFC depends on
various parameters such as purity of the gas, htynadf the external atmosphere,
temperature maintained in the atmosphere etc. M&€C ngaintain the gas flow in the
range of 0-200 ml/min. The improper functioningW#C can disturb the DSC output.
25. Experimental procedure

The samples for DSC studies are obtained in thra fifrsmall cubes of about 2.5
mm in length and of mass that varied generally betw86-100+ 0.01 mg The
specimen is housed in a well cleaned 1Q0cylindrical recrystallized alumina crucible
inside the DSC cradle, which is alternately evaetdiand purged with high purity argon
(lolar grade I; Oxyger 0, moisture< 2ppm, nitroger< 2ppm) a few times, before the
commencement of an experimental run. A steady ftdwargon of about 50nl per
minute is maintained throughout the experimenthdligh argon being a poor conductor
of heat, as compared to say, helium, the constashtsteady trickle of argon served to
minimize the thermal turbulence throughout the expent and this is necessary in
ensuring wiggle free base line runs, as argonighdaise is a sink for heat. Since the mass
of our samples including pure metal referencesrarilligram range, it is believed that
the use of argon in place of a better heat condui® helium will not seriously skew
the caloric calibration of the signal [13]. An amg@ressure of about 13Q@bar is
maintained in the graphite furnace chamber.

It is found in case of pure iron, which is usedaasecondary calibrant that for
slow heating and cooling rate scans (1 K Minthere will not be any appreciable
temperature gradient across the section thicknegsedSC sample. This is judged by

the sharpness of the transformation peak and edso the absence of multiple serrations

57



arising from discrete melting events. The issugslired in DSC calibration is discussed
by Richardson [13] and in deference to brevityséhaspects are not dealt with in detail
here. A typical isochronal DSC run employed in phnesent study consists of following
heating and cooling schedules:

To begin with, the furnace temperature is graduallged to 473 K (20€C) and
is allowed to stabilize at this temperature for@bbs minutes. This is required for the
attainment of thermal equilibrium of the systemasefstarting any measurement. Such
preconditioning also facilitates the attainmentaamooth non-wavy baseline. This step
is followed by actual heating ramps and holdingtheams that are characteristic of
present DSC experiments. In an actual experimeuotglthe sample is heated at a pre
determined rate from 473 K (200) to a desired temperature in the range of 127317
K (1000-1506C) depending on the alloy used and is equilibratetthis temperature for
about 15 minutes, and then cooled at the same ret¢arto 473 K, again kept at this
temperature for a period of about 15 minutes, leetmoling to room temperature. The
scanning rate employed is varied between 0.1 to KO®in™ in order to study the
transformation kinetics. The very low scan rateddf K miri* is employed for special
experiments only (see chapter # 5). Fresh sampéesmployed for each individual run
and a few repeat runs are also performed for skisting rates (10 and 100 K r)rin
order to assess the reproducibility at either drtti@scan rate spectrum. In general DSC
is employed for following studies:
M Accurate determination of solidus, liquidus andeotkolid phase transformation
temperatures
(i) Determination of enthalpy of transformation
(i)  Studying of phase transformation kinetics

(iv)  Measurement of heat capacity
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Before giving details about measurement of any tjues1 mentioned above, a brief
description about calibration of DSC is presentethe following section.

2.5.1. Determination of phase transformation tempaures
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Fig. 2.5. DSC thermogram obtained during heating cyclaufanium

A typical DSC thermogram obtained during heatingleyfor uranium in shown
in figure 2.5. The difference in heat flow between the sample @ference is plotted
along y-axis and the temperature or time alongig-a¥hen the sample experiences no
phase change, the basic DSC signal is a smootHirnmseithout any characteristic
features; in the ideal case the heat flow is par#dl the x- axis, a straight line should be
obtained [8-9]. This can be witnessed even in #ee ®f uranium where the baseline is
nearly parallel to X-axis. However, in a heat flDSC the heat flux compensation
between sample and reference is far from beingterapecially at high temperatures;

due to the non identical thermal character of senagl well the crucible pans. A mild
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deviation from horizontal base line is what oftdstaoned, which constitutes the base
response of the equipment + sample under no phesege conditions. However, when
there occurs a phase transformation in the sartipedifferential heat flow due to the
latent heat of transformation which is transporedoss the heat flux resistor results in
the production of a distinct thermal arrest, ofandent as a peak in the otherwise
featureless baseline plot. This is illustratedigure 2.5. The phase transformation onset
(start) and finish temperatures are determinedrbwithg a tangent to the baseline from
the point of maximum inclination (inflection poinf the peak); - their intersection is
taken as the transformation temperature [8-9]. Tisisillustrated in figure 2.5.
Throughout this study, slis taken to represent the start of the phaseftianation, T,
the peak and (Tthe finish of the phase transformation.flgure 2.5 determination of
phase transformation temperature for two phaseggsane.a - 3 andp -y respectively
occur in the case of pure uranium is demonstrated.
2.5.2. Determination of transformation enthalpy

The enthalpy of transformation of a phase chasgeund to be proportional to
measured area of the peak observed during phasgehBhus,
AHy = k(T) x Peak Area (2.2)
where, AH; is the enthalpy change accompanying phase tranafmm, k(T) is the
temperature dependent calibration constant. Pezk iarthe total area under the phase
transformation peak and it can be readily obtaibgdntegrating the area by using the
software provided by SETARAM with proper baselin@enstruction [12]. The
determination of calibration constant is descrilvethe next section.
2.5.3. Calibration of DSC

Calibration is at the heart of quantitative measwents by differential scanning

calorimetry [11, 14]. There is an inherent potdrfbainaccuracy of measurements in all
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DSC analysis. Therefore in order to ensure optinamecuracy and repeatability of any
data calibration is needed. There are basically types of calibration done before

commencing any experiment; (i) temperature calibnalii) Enthalpy calibration.
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2.5.4. Temperature calibration

The temperature calibration is carried out by maag the onset temperature of
melting of given standards e.g. aluminium, zina, tcopper, silver, gold, and iron
standards depending on the temperature range Th¥.start temperature {jTof the
melting has been determined, based on the procedpiained in figure 2.5. These start
temperatures are determined for various heatirgg rsuiich as 1, 3, 5, 7, 10, 15, 20, 30 K
min™ etc., and is extrapolated to hypothetical 0 K Tmiimit which represents the
equilibrium onset temperature [15, 16]. These valasee compared with the literature
values in order to estimate the correction to bepleyed for obtaining the true
transformation temperature. The temperature caidiragprocedure for aluminum and
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copper is illustrated ifigure 2.6. The extrapolated melting temperature of Cu andsAl
compared with literature values and the deviatiorfaund to be within +4 K. The
temperature accuracy in case of low heating raperxents (1-30 K mirt) is found to
be + 2 K for samples of mass up to 50-100 mg; witils +4 K for high heating rates
(99 K min). The temperature calibration of DSC for the amglcycle is comparatively
difficult because of varying degree of undercoolesgsociated with the solidification.
Hence, the temperature calibration is only perfarnfer heating cycle of DSC
experiments.
2.5.5. Peak area calibration

The calibration constant k(T) is obtained by meaguthe peak area for either
melting or fusion reactions or structural phasengaof primary or secondary standards
like pure aluminium, zinc, tin, copper and iron kfiown enthalpy [16-19]. The
sensitivity of calibration constant k(T) is influsad by many factors like heating or
cooling rate, the hydrodynamic nature of the ami®eand the nature of calibrant which
introduces additional error in the measurement. tMoeferably, the melting or
solidification reactions of pure metals are emptbyer calibrating the heat effects of
unknown transformation events. In case of metalschvisolidify with large under-
cooling, the actually measured enthalpy will exhédeviation from the literature value
which pertains to equilibrium solidification. It fer this reason the calibration constants
are quite reliably estimated for low heating rates.addition, it is also desirable to
employ a calibrant that has similar thermophysidadracteristics to the alloy under
investigation so that spurious effects arising fittwn disparate conduction characteristics
are generally avoided. It is even preferable toleynp known member derived from the
same family as that of the alloy under investigais a secondary calibrant. For example

in the present study pure uranium and Fe has beed as calibrants for enthalpy
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calibration for determining the enthalpy of transfiation in the case of U-Zr and Fe-U
alloys respectively. Another source of error in gstimation of the enthalpy arises from
the uncertainty associated with the measured pesgk an cases where there is difficulty
in unambiguously fixing the transformation startdmish temperatures. In such cases,
the measured area might not correspond to 100%agepchange or else, it could be an
overestimate as well by the selection of wrong lr@seHence, in the present study this
pertinent source of error has been minimized bygo for accurate baseline calibration
by subtracting a nil sample empty run signal frdme tctual run recorded with the
sample in position. Also, identical pair of cru@b) gas flow rate and scanning rate
conditions etc., are employed to minimize the éffg@cspurious factors from affecting
the accuracy. The accuracy of the reported entlalnansformation data 5%.

2.6. Inversedrop calorimeter

In the present study, for measuring the enthatgyeimentA°H(T)=(Hr-H29s8.19
and heat capacity as a function of temperaturd) hégolutionSetaran® multi HTC
inverse drop calorimeter has been used [20]. Tinergé principle of drop calorimeter is
discussed as follow.

This calorimeter is isoperibol type and it invadvine isothermal measurement of
heat content of material under quasi adiabatic itiond [20]. Conventionally the
enthalpy content is used to be measured by heatsample to the desired temperature
and after equilibration at this temperature for sdixed time the sample is dropped in to
a well-equilibrated calorimeter block or bed that maintained at fixed reference
temperature. This type of calorimeter is calledliasct drop calorimeter. In this type of
calorimeter the differential rise in the temperatof the calorimeter with respect to the
sample is being measured. The temperature differertween calorimeter and sample
causes the heat transfer under externally insulededitions and this can be converted
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into enthalpy with proper calibration. The measures® in the temperature can be
correlated to heat flow (§)the following standard relation.

Qs=ms xC% xAT. (2.3)
Wherems the mass an@% are the heat capacity of the sample. The caliasi usually
done by dropping the reference or calibrating samopknown mass and known enthalpy
under identical experimental conditions and foerefce.

QR =mg xC% xAT. (2.4)
Wheremg the mass an@®s are the heat capacity of reference material. \ttighhelp of
Eqs(2.3 & 2.4) heat flow for unknown sample can béaoted. Further the output of the
drop calorimetry experiment, heat floWQ)( is related to enthalpy by the following
equation.

Q=mxC (T) x(Hr — Hzog.19 (2.5)
where C(T) is the calibration constant which is determined dalibration with a
reference material like -Al,Os. By determiningQ(T) as a function of temperature T, the
enthalpy of the sample at various temperatureseaobtained. In an actual schedule of
drop calorimetry measurements, temperature of s@anwlvaried in discrete closely
spaced steps and the experiments are repeatel afreach new temperature with new
sample. Despite the possibility that the successinps can be performed at fairly
closely spaced temperature intervals; the dropricaédry offers only a set of closely
spaced discrete data points rather continudhs. enthalpy increment {FHHxgs.19 asa
function of temperature is nonlinear in nature ahduffers a distinct change at phase
transformation point.A schematic variation of enthalpy increment ascfiom of
temperature is shown figure 2.7.

In the present study inverse drop calorimeter hagnbemployed and

measurements are made in the inverse manner, némeetample is dropped onto the
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hot calorimeter bed from the ambient temperatditee principal advantage of this
inverse drop mode over the normal one is that #et losses that are accrued in the
normal mode of dropping the hot sample are minichizg resorting to dropping of cold
samples. In accordance with this change, the im&nt is also tailored in its design in
the appropriate manner [21]. Inverse drop calonynbhs some advantages; namely it
can easily adopt small sample size, avoid any raikes phase retention from high

temperature excursion and ability to study manfedsnt types of chemical reactions etc
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Fig 2.7. Schematic of enthalpy increment variation with penature

[22]. The experimental set up Bktara! multi HTC 96 inverse drop calorimeter used
in the present study is showm figure 2.8. The essentials parts of drop calorimeter are
described below very briefly [21].

2.6.1. High temperature furnace

The high temperature furnace is suspended froroalogimeter cabinet’s top plate. The
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heating element of the furnace is made of graphitee which surrounds the
experimental chamber of the calorimeter and isdtely resistance heating element up
to a maximum temperature of 1773 K. A sealed alanue crosses the furnace through
the centre of the heating element and insulateseperimental chamber from the
furnace atmosphere. The line diagram of the higiperature furnace is shownfigure

2.9.
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Fig. 2.8. The experimental setup of inverse drop calorimased in the present study

2.6.2. Measurement head — drop Transducer

The measurement head itself is an integrated steichade of a cylindrical re-
crystallized alumina tube in which two grooves aut at its bottom to introduce the
sample crucible. The crucible has a working volwhé2.5 mni with dimensions 16.20
mm in diameter and 44.50 mm in height. The meagudrucible’'s temperature is
monitored by a thermopile made up of 28 B-type rii@rouples distributed over the
bottom and all over the side surface of the cresilaind it can be seenfigure 2.9 [21].

In addition, another dummy reference crucible bhgvian identical thermopile
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arrangement is kept underneath the sample crudibis.vertically aligned arrangement
of both the sample and reference crucible is plasetie uniform temperature zone of
the graphite furnace. Measurement of the sampldwandce temperatures is undertaken

by two thermocouples of B type (PtRh-6% / PtRh-2(24].

l-llrllll

Fig. 2.9. Schematic representation of inverse drop caloemet

2.6.3. Multi-sample introducer and the drop tube

The multi sample introducer is equipped at the goption of the experimental
chamber and provides 23 slots to load samples it Ithe samples are being dropped
manually from this introducer. Normally four to seamples are loaded for each
measurement. For each sample, a reference sanglkoitoaded in to the adjacent slot.
The sample from introducer are dropped to the alanmed via guiding tube made of
alumina known as drop tube.
2.6.4. Gas, vacuum, chill-water circuit and conttet

The equipment contains two separate gas circuiesfar the furnace and another
for the analysis chamber to maintain the requimseltigas atmosphere. An external
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rotary vacuum pump (EDWARD$ supplied bySetaramis used for evacuating both the
experimental and furnace chambers before startiegeiperiment. An external chill
water supply with controlled flow (Julabo FC 1600 i§ provided for the furnace
cooling. The heating schedule programming, the datquisition and storage are
performed through the CS 32 controller interfacathwhe personal computer. In the
following section, the procedure for performing ense drop calorimetry experiment is
discussed.
2.6.5. Experimental procedure

The samples for drop calorimetry measurements Voaided in to the specimen
slots of the multi sample introducer $étarammulti HTC 96 inverse drop calorimeter.
The standard or referenaeAl,O; samples, supplied by Setaram drop were also loaded
adjacent to the sample used for the experiment.s@h#le crucible was filled with high
pure alumina powder to 3/4f its capacity and loaded in to the measuremead hafter
loading the samples and placing the working crecibl its position, both furnace and
experimental chambers were evacuated using rotanppThis was followed by purging
both the experimental chamber and furnace with pigiity argon gas (lolar grade Il) for
few times and continuing with further evacuatiomc® the evacuation process was
completed both the chambers were allowed to fithvéirgon gas until the gas pressure
level reaches one atmosphere pressure. An inedsatmere was maintained throughout
the experiment in order to prevent the evaporatfocarbon from the graphite furnace at
high temperature and also to avoid the oxidatiosawhple. The chill water supply was
switched on before the furnace is started to hidat.furnace was gradually heated from
298.15 K to a desired temperature at the rate ok ¥8in™. The surrounding graphite
furnace heats the alumina bed. Once the pre-seé @l the alumina bed temperature

was reached within the accuracy of + 0.1 K, the am were dropped from the
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respective slot to the hot alumina bed through drdge. The heat absorbed by the
sample upon its drop from the ambient temperataote the hot alumina bed can be

guantified by monitoring the change in temperaagea function of time t. The
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Fig. 2.10. Snapshot of the drop experiment outfMtvs t

integrated output of the drop experiméMm vstime for one experimental run is shown in
figure 2.10. The net heat flonQ from the hot alumina bed to the cold sample was
measured as area under vstime t curve [23] and can be represented by thewng
expression.

Q =C (T) x4V x A4t. (2.6)

The dropping of the sample at a particular tempeeatvas followed by the dropping of a
standard or reference sample likeAl,O; with known enthalpy and mass at the same
temperature in order to determine the calibrationstantC(T). Both dropping of the
sample and reference were performed under iderdaraditions. The whole experiment

other than the dropping of sample was controlledugh a computer that is connected to
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the calorimeter by a proprietary interface moddlee signals from the calorimeter are
digitalized and transferred to a computea a CS 232 series interface. The data
acquisition period for each drop was maintainedaloout 20-25 minutes in the present
study. Once the data acquisition was completedf@ experiment, a gap of about 20
minutes was kept before dropping the next sampléhabthe alumina bed regain its
thermal equilibrium. Fresh samples were used fehahop experiment. In the present
study, the drop experiments for Yrend URR alloys were performed in the temperature
range of 463-1500 K. After the experiment, the dasywere weighed to check any loss
or gain due to reaction or due to oxidation. Thégiechange was found to be less than
1 mg. The isothermal drop experiment is performesuacessively higher temperatures
with approximate temperature step of 25 K
2.6.6. Temperature and heat calibration of drop cameter

Prior to the experiment the calorimeter has besibrated for temperature and
the peak area which is referred as heat flQ) [@4]. The temperature calibration has
been carried out with melting points of pure eletrgrch as In, Sn, Al, Ag, Au and Cu.
The resulting error in the measured temperaturefaasd to be £ 2 K. The heat flow
(Q) has been calibrated by droppiegil .03 the reference material into the hot alumina
bed set at different temperatures during enthalpgsurement of unknown samples. The
temperature variation of heat flo@ is shownin figure 2.11. The individual data points
of Q shown in figure 2.10 were taken from different esimental runs (more than 5
experiments) and were compared in the temperatumger of 460 to 1373 K. It is
observed that the standard deviation of Q is le@s & up to 910K and is less than 15 for
higher temperature. A typical sensitivity caliboaticurve used for enthalpy evaluation is
shown as an inset iimgure 2.11. Thecalibration constant data obtained as a function of

temperature was fitted to forth order polynomiapmessiona+bT+cT?+dT? and the fit
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coefficients obtained werea=0.2480.078 b=7.84t2x10*% ¢=8.7953x10% d=-

2.5+1x10"°. The high scatter above 910 K is due to the radidteat loss.
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Fig. 2.11. lllustration of the temperature variation of Q fartypical
experimental schedule and calibration constane()i

2.6.7. Estimation of enthalpy
The raw data which obtained from the output ofegkpent is basically the heat

flow Q (uV.s) for both sample and reference. Assuming néiégheat loss due to
radiation and quasi adiabatic condition in the expental chamberQyT), the heat
energy transported from the bed to the sample reayrtiten as follows [25-27].

Qs(T) = C (T) ¥ (Mm/Ms) x (Hr — Haog.19. (2.7)

In the above expressionys is the mass of the samphs its molecular weight an#i+-
Ha2gs.151S the measured enthalpy increment with respeotference temperature 298.15
K (25 °C) and C(T) is a temperature dependent calibratimmstant. The calibration
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constant can be obtained from the heat change meshdar the standard alumina
reference (Q and from the knowledge of its assessed enthalpyement data [28].
Thus
Qr(T) = C (T) x(Mr/Mg) X (Hr — Hz08.19Rr (2.8)
In the above equation gis the mass of the reference samatel Mk is its molecular
weight which is taken to be 101.96 kg*28]. Once the calibration constant C(T) is
obtained as a function of temperature fr&@m (2.8), the enthalpy for the unknown
sample can be calculated using Eq. (2.7) as aiamof temperature.
2.6.8. General observation of result of drop caloeter

It is generally assumed that the drop calorimeteasurements are carried out at
thermally equilibrium conditions. As a result, diable and consistent thermodynamic
data are obtained with static calorimetric measerd@s1 The enthalpy variation with
temperature measured at discrete temperature ieatsns used to derive heat capacity
by fitting the temperature variation of enthalpyatguitable analytical representation. In
principle, it is desirable to have as large a numifedata points as is possible for
obtaining reliable conversion of enthalpy into spedeat [28]. This is especially true
for characterizing the thermal property variatiarthe phase transformation domain. In
drop calorimetry, when adequate precautions araredssuch as temperature stability
high purity argon atmosphere etc., it is possibleathieve reproducible experimental
data points, especially since a high level of aacyirin measuring and maintaining
temperature stability is possible. In the presentdys we have allowed enough
equilibration time so as to achieve a temperattabilgy of £0.1 K. The accuracy of
temperature measurement is £ 2 K. In order to atlmcdeffect of thermal gradients in the
sample affecting the attainment of true equilibrjarslow heating rate of 5 K mirand
a reasonable sample mass of 50 to 75 mg are adwptks study. Too large a sample
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mass, while contributing to signal strength alsd ag to data scatter as the noise level is
also raised in general. In view of such careful sneas adopted in the present study, it is
assured that drop calorimetry technique has vyieldelthble estimates for basic
thermodynamic quantities. However, drop calorimédtag certain limitations and these
are described in the following section.
2.6.9. Limitation of drop calorimeter

The discrete nature of measurement is the majatalilon of drop calorimetry
results. If one needs to access the phase trareiorm point then fixing the
transformation temperature is quite tedious witbpdecalorimetry results (alone) because
of discrete nature of data points. To minimize #reor associated with fixing the
transformation temperature one needs to perfornexiperiments at very closely spaced
temperature interval say about 1 K. Each experiadlgnh at a given temperature takes
about an hour. Hence conducting the drop experiraeatery 1 K interval is practically
difficult. However, the accumulating drop data geiat 20 to 25 K interval is practically
possible. In addition, even if a close temperastiep is taken to generate the enthalpy vs
temperature curve, a continuous curve cannot bergtd using drop calorimetry unlike
differential scanning calorimetry. Hence, a preciseasurement of transformation
temperatures is not generally realized in the ad@primetry. Also, as drop calorimetry
technique involves the measurements under equitibrconditions, the energetics of
metastable phases like martensites cannot be dtinyiethis technique, which forms
under non-equlibrium conditions during rapid coglin However, a precise
transformation temperature can be fixed with thip led DSC which has been already
described in the previous section of this chaptenext section the other supplementary
techniques which have been employed in the prestedy are discussed.

2.7.  Optical metallography studies
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The optical microscopy studies are carried out witle Leica® MeF4A® optical
microscope fitted with deica® digital camera and associated proprietary softviare
image acquisition and treatment. The sample facalpinetallography has been prepared
using established procedures [29]. Due care has ta&en to ensure that it contains all
the representative features present in the invastigmaterial. Low speed diamond wire
saw has been used for sample cutting to minimieeddimage. Mounting of sample is
usually done using cold setting resin (epoxy resinil some samples through hot
mounting press (thermosetting plastic — phenol&nje Mounted specimens are ground
with rotating discs of abrasive papers such assii&ton carbide paper. Samples are
systematically ground from coarser to finer emaadgs. The final grinding is done with
4000 mesh, after which the samples are aluminadamdond polished. Since uranium is
being as soft metal alumina polishing is preferoedr diamond. After polishing each
samples were ultrasonically cleaned in soap salutionally electro-etching has been
carried out for different samples with appropriagéchant. Etched samples are
immediately washed with distilled water and metHatm protect from any further
chemical attack. U-Zr alloys have been etched melbemically by using 50 % 4RO,
aqueous solution as the electrolyte and 304 SSthede at a constant voltage of 2V.
However Fe-U based samples were etched manuallysbng solution having 50%
HNO3:50% HO.
2.7.1 Grain size measurement

The average linear intercept method is used tosumeathe grain size. It is
obtained by drawing a set of line segments on theastructure and counting the
number of times the line segments are intersegtegfdin boundary and finding the ratio
of the intercepts to line length. Thus it is writtes

Average grain size = line length /XM (2.9)
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whereN = number of intercepts amd = magnification. The statistical scatter in grain
size quantification from 50 measurements is ofattteer of £ 10 %.
2.7.2. Microhardness measurement

The hardness measurements have been carried tuleitZ® Vickers micro
hardness tester. All the measurements are takdn5R0ig load which lies in the load
independent region of the load. diagonal length plot made for uranium alloys. Abou
eight to ten measurements are taken for each saanpléhe average value is reported
here. A standard test block of known hardness piiiscribed load of 5@ is used for
calibration. The probable error calculated by tgkis indentation measurements on the
standard sample is found to be within = 2%. Thek¥is hardness number (HVN) is
calculated using the following formula
VHN=1.854F/D?). (2.8)
with F being the applied load (measured in kilogramseprandD?, the area of the
indentation (measured in square millimeters). Tppliad load is also specified when
VHN is cited.
2.8.  Scanning electron microscopy (SEM) study
The scanning electron microscopy studies are chwigt with Philips® XL30 ESEM
attached withEDAX facility. Secondary electron and back scatteredtela modes are
used for the microstructural observations. The $ampeparation procedure for SEM
studies is similar to the one employed for optioédroscopy studies. In order to prevent
the electrostatic charge formation, samples ared gmated and when required,
conducting carbon tapes are also used for the parmd charge grounding. The
magnification calibration is made with standardssrgrating samples of 20 lines / mm
and 2160 lines/mm. The high resolution calibratiest is performed on a carbon film

embedded with gold nanoparticles, whose spacingfithe order of 20 A. Energy
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dispersive X-ray analysis is carried out using gwedispersive spectrometer for
qualitative identification of elements with atommumber greater than 10. Energy
calibration is carried out with a detector resalntof 132 eV at Mn-K

2.9. X-ray diffraction (XRD) study

The X-ray characterization is performed witre[® XRG 3000 -X-Ray Diffractometer
which makes use of a curved position sensitive Keletector for detecting diffracted X-
ray intensity. Such type of detectors can measpr® 120 degrees obXimultaneously
and have high speed of data acquisition, especidilying high temperature
measurements. Thin slices of samples have bedrooutrespective uranium alloys with
a disc shape of diameter 10mm and thickness oftéboom using diamond saw. The
sample is cut in such a way that it is easily ledeflat in a sample stage to avoid the
height problem. Before loading, the samples hawa lggound well with 2000 grit paper
to remove any unwanted particles sticking in tdite voltage and the current level in X-
ray tube are set as 40 kV and 30 mA. The waveleaggid is of 1.5406 A (Cu-Kfitted
with nickel filter. The diffraction pattern for easample is recorded for 1h duration. The
diffractometer has been calibrated with anneallkcbsi powder supplied by NPL, India.
The particle size of the silicon powder is aboud®®R. The peak positions, the full
width at half maximum, and the d-spacing recordét this machine are compared with
the standard values suggested by NPL. The accufatattice parameter reported for

different materials in the present study is ofahger of+5%
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Chapter 3

Theoretical Aspects of Phase
Transformation Kinetics and
Evaluation of Thermo-Physical
Properties
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In this chapter the salient features of modellifigolmase transformation kinetics
in the purview of dynamic calorimetry measuremeams a brief description of quasi
harmonic Debye-Gruneisen formalism are presentbd.tfieory of phase transformation
kinetics is in fact very broad. But in the curreh@pter attention is focused on modelling
aspects of kinetic issues of diffusion mediated disglacive (martensitic) phase changes
in the physical metallurgical context. In precisents, the non isothermal version of the
Kolmogorov-Johnson-Mehl and Avrami (KJMA) model diffusional phase changes is
taken up for detailed discussion. This incorpordifierent nucleation and growth modes
for the overall progress of transformation exterthwime under linear heating or cooling
rate conditions. For modeling the kinetics of mastgcs transformation, the empirical
relation given by Koistinen and Marburger is us€drther, the second part of this
chapter deals with an analytical description ofaatipular version of thermophysical
equation of state that is known as Debye-Grunefeemalism. Before proceeding
further, the general aspect of kinetics of phaaasformation is discussed in the next
section.

3.1. Basicglimpse of kinetics of phase transformation

A study of phase transformations that occur indsslate is of interest on both
basic and applied grounds. Since phase transfansatirepresent the explicit
manifestation of thermodynamic instability, a coefpnsive mapping of the
evolutionary character of different phase fields terms of appropriate intensive
thermodynamic variables such as volume, pressampérature is extremely useful in
constructing phase diagrams, the use of which endésign of materials is only too
obvious [1-5]. If any of the thermodynamic variables suffer arnge correspondingly
the Gibb's free energy of the system also changesinciously or discontinuously.

Finally if the variation in free energy leads taalge in structural details of a phase, then
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"Phase transformation" is said to occur. Hence the system undergoes aephas
transformation to that new structure [1-5]. Theefenergy may vary continuously if the
thermodynamic variables like temperature or pressuwvaried and the rate of variation
is actually structure and system dependent. Omnasilba of the external conditions such

as pressure and temperature, the initial statbeokystem is no more in the equilibrium
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Fig.3.1 A schematic of different kinetic path ways offerbg three different cooling
histories is shown. Paths A and B stand for transitions occurring under isothermal and
linear cooling conditions, where as the path Ceasents a step wise cooling with small
incremental isothermal holds. Note that in all e paths A, B and C the net reduction in
Gibbs energA%G is the sam

While thermodynamic considerations decide themate stability of condensed
systems, it is the time scale that marks the ratgtainment of this true thermodynamic
equilibrium, which decides the effective usefulne$sa solid as a practically useful
engineering material. While thermodynamics classifphase changes in terms of the
nature of discontinuity in appropriate susceptipifunctions, the kinetic considerations

serve to broaden this classification further [138}e number okinetic pathsavailable in
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general for solid state phase transformations ameymand these can be realized by
selecting appropriatkinetic pathvariable[1-5]. Let us consider a system undergoing
phase transformation form one stateto other statgd during cooling from the high
temperature. Irfigure 3.1 the schematic illustration of path variable respec one
kinetic variable, namely cooling rat@)(is presented. Forrfigure 3.1, it is clear that
system can choose three independent paths whidgk, &end C which involve different
time durations for the same transformation [1-3jefe are other possible kinetic path
variables which includes starting grain sidedr morphology of the material, stress state
(o) and irradiation levektc These could act either singly or in combinationlécide the
overall kinetics of transformation. In the presease, an attempt is made to highlight the
role of one important kinetic variable, namely theating or cooling rate in decisively
altering the kinetics of simple structural transfi@ations that occur in metals and alloys.
The choice of this variable is based on the faat thplays a vital role in dictating the
final microstructure of many engineering alloys dige strategic applications. The other
reason is that relevant experimental kinetic daith wufficient degree of accuracy are
easily generated by carrying out the high resafutieermal analysis experiments and the
results of which are rather easily processed t@inbinformation on transformation
temperatures, the transformation velocity, esplycibéir dependence on thermal history.
In the present study in order to study the phaasesformation kinetics heat flux
differential scanning calorimeter has been used.
3.2. Isothermal and non-isother mal transfor mations

As illustrated infigure 3.1, a phase transformation between two phasesdf
can be realized under varying timg € temperature (T) combinations, known under the
generic name of thermal history. In the purely heomal case, the sample is held at a

fixed temperaturepath A) the magnitude of which decides effectively taeailable

83



chemical driving forceA°G) and diffusional mobility of atoms. Apart fronnteerature,
the time duration of isothermal holds decides tktera of transformation.

The isochronal process involves continuous heatingooling as a function of
time (path B shown infigure 3.1) or with interrupted isothermal holdgath C shown in
figure 3.1). The kinetics of such non-isothermal transforovadiis basically decided by
the cooling rate adopted. There is enormous eva@menetallurgical literature, which
suggests that on rapid heating or cooling conditichere is strong possibility that
classical nucleation and growth mediated phasegdsaare inhibited and yield way to
martensitic or displacivetypes of transformation [1-5]. This situation asiskeecause
under rapid heating or cooling conditions the diffun of species become difficult due
less available time.

It is generally the case that non-isothermal exrpemts are easily performed with
minimal expenditure of time; but their results #éine difficult ones to understand and
interpret in concrete terms. From an applied cdntexost of the industrial heat
treatments are done under complex thermal histibrgreby necessitating a holistic
understanding of both isothermal and non-isothenphase transformation kinetics. In
literature, there are very few rigorous treatmexmtsed primarily at tackling the problem
of phase evolution under varying time-temperatustohy [6-16] and generally their
mathematical complexity comes in the way of theidespread practical appeal. In the
next section the theoretical aspect of transformnatkinetics of diffusional based
transformation under both isothermal and non-igotlaé case is discussed in detail.

3.3  Kineticsmodéd for nucleation & growth type transformation

There have been immense efforts from differeneassh groups to develop
suitablekinetics models for solid state transformations3|- In past, especially the
contributions from Johnson and Mehl [9], Avrami {18] and Kolmogorov [13] known

jointly as the Johnson-Mehl-Avrami-Kolmogorov mod@IMAK) are found to be
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significant. The derivation of the KIMA model isseal on the combination of three
specific independent processes that are nucleagromth and impingement of growing
particles. It has been observed that mode of nticiteand growth can be different
depending on the transformation. The nucleationcgsses considered are either
continuous nucleation, when the nucleation ratehenging with temperature or as site
saturation if all nuclei are present before theaghostarts. Further, the growth processes
can be either diffusion controlled, or interfacenttolled depending on whether overall
kinetics is being decided by diffusion or interfac®bility [6-16]. In the following
sections the derivation of KJIMA equation is diseass detail.
34  Rateof transformation

For the analysis of kinetics of solids state tfamsation experimentally, one
needs to measure the variation of a physical ptppenthalpy, electrical resistivity,
length, hardness, specific volume and magnetizagtm) as a function of time or
temperature during the course of a phase changen FRuch data the degree of
transformationX (0<X<1) can be calculated as follow.

_ (Pr—Py)
x=Yr A%_%) (3.1)

Where,Pr is the instantaneous physical property measureidglthe transformation at
any temperature TPy and P; are the value ofP at the start and finish of the
transformation, respectively. The transformed foactloes not depend dror T(t) in a
direct way, although the thermal history of the enal decides the extent of
transformation. In order to correlate the extentrafsformation and thermal history, let
us now define a path variabl® which determines the extent of transformation and
depends on thermal history. Therefore one can egptee fraction of transformation as
follows [14].

X =F(Q) (3.2)
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The aboveEg (3.2 does not impose any constraint on the type ofsfoamation
considered. If the transformation mechanism is obanging for a given time-
temperature path (t-T), the@ can be assumed to be proportional to number of iatom
jumps because temperature decides the atomic yodiid time defines the duration of
transformation process. Under these circumstaricegshermal history dependence®@f
can be described in the following way dependingwdrether process is isothermal or
non-isothermal [14].

Q=k(T®)). (3.3)

Q= [k(T@®))dt. (3.4)

In aboveEqgsk(T) is rate constant and assumed to be of the Arredamm.

k(T(®)) = koexp _ Qerr RT) | (3.5)

With k, as the pre-exponential or frequency fac@Qg is the apparentor effective
activation energy for the overall transformationgess and R is gas constant. In general
terms,Qesf mMust be treated as dependent on the transformeimtX(T(t)) as well, but
for reasons of convenience and simplicity, is ot@en to be a constant. In the reported
literature, the kinetic theories for non-isothern@iase transformations have been
derived from the theory of isothermal transformasian conjunction with additivity rule

[14] given below.

Iy (% is0) = 1. (3.6)
Where,t*° is the time required during one isothermal stapwords, it can be stated that
if a non isothermal transformation is composed skges of isothermal processes then
the total time required follows by adding relatiderrations of time spent at each
temperature and equating this sum to one. But &trha remembered that this will only

hold when process is isokinetic [6]. If a non-isathal experiment is described as a
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series of isothermal anneals, each of infinitesileagith of time, and&q. (3.3) is applied
to each time step [14-15] for overall isochrona.(constant heating rate) experiments.
Then only the outcome will be in accordance witle #q. (3.4). In the classical
methodology adopted for analysing the kinetics ofiueleation and growth type of
transformation as studied by thermal analysis nushahe following separable
functional representation is often invoked to repreé the instantaneous reaction rate

from Eq. (3.2) [14-17].

dX/dt = (dF(Q)/d_Q) (dQ/dt). (3.7)

If we assume that the time gap between two isothkepnocesses under isothermal
transformation is infinitesimal thes = k(T (t))dt this leads tdeqg. (3.4), therefore with

the help ofEq. (3.3) andEq. (3.4), we can write [25].

dX/dt = k(T(®) dF(Q)/d_Q- (3.8)

From the above equation it is clear that the rateaosformation can be described if both
the terms are clearly defined Hy. (3.8). The first term is standard Arrhenius teanu
therefore one need to have a clear idea abouettend term alone.
3.5. Transformation mechanism: nucleation and growth

The overall kinetics of phase transformation cardescribed in terms of fraction
transformed as function of time/temperature. Theral fraction transformed is function
of nucleation and growth. In the next section teétded descriptions of nucleation and
growth modes are discussed.
3.5.1. Nucleation modes

There are four different categories of nucleatimodes; (1) continuous nucleation
(2) site saturation nucleation, (3) mixture of ¢gonbus and site saturation nucleation, (4)

Avrami nucleation.
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The continuous nucleation means the rate of nticleais monotonically
increasing with time. The rate of nucleation isided by the number of critical nuclei
present and the rate of jump of atoms across ttezface from parent to the critical
nuclei of the product phase. The jump frequencgubh the interface can be described
in the form of Arrhenius fornexp(-Q/RT)[6] whereQy stands for activation energy for
nucleation. The number of critical nuclei dependsan activation energdG and it can

be approximated in the following form [7].
AG* ~ Cfyma. (3.9)
WhereC, is constant relatively intensive to temperatungl AT is under cooling or

overheating. Hence the nucleation rate per unitmel can be written as [7].
N(T)=N, exp (— QN/RT) exp(— AG /RT)' (3.10)

If AT is very high themdG will be very small and in this case nucleation natt only
depends on the mobility of the atoms across therfate and thd=q. (3.10) can be

written as follow [6-7].

N(T)=Noexp (= O/ pr). (3.11)

The main features of continuous nucleation is tiat=0 the number of nuclei of
supercritical size will be zero.

In the case of site saturation nucleation theeatmn rate does not change during
transformation and it remains constant throughloattansformation, in this case the rate
of nucleation can be defined as follows [6-7].

N(T) = N'6(t —0). (3.12)
Whered denotes Dirac function ard’is number of nuclei presents at t=0.
It has often been observed that mixed mode ofeatich are present during

phase transformation in real system. Under thiegmaly there are some nuclei already
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present at t=0 and other formed during the courséramsformation. The rate of
nucleation for mixed mode is just the weighted agerof the rate of continuous and site
saturation nucleation. The rate of nucleation fakead mode can be written in the

following way [6-7].
N(T) = N'§(t—0) + Nyexp <— QN/RT). (3.13)

In Eg. (3.12)N‘andNo represents the relative contribution from two eliént modes.

In the case of Avrami nucleation mode the nuclesupercritical size formed
from the nuclei of subcritical size, such that tbtal number of nuclei of supercritical
and subcritical remains constant. Therefore thechtinge of supercritical nuclei number
can be expressed as follow [10-12].

N = Ny, (3.14)

Where# is the rate at which subcritical nuclei changsupercritical nuclei and it can be

expressed in the following form
o _ _Qn / 3.15
1= 1,exp RT | (3.15)

with 7, pre-exponential factor. Upon integration Bfj. (3.14), after separation of
variables, usindg=q. (3.15) and the boundary condition that the numidesutcritical
nuclei equald\' att=0, it is obtained for the rate of formation of sugritical nuclei at
t=t .

N(T) = n,N'exp (— fot iydt). (3.16)
By variation of 7, the mode of nucleation can be varied from siteurséibn (7,
infinitely large) to continuous nucleation (infinitely small).

3.5.2. Growth modes

In a more general way two types of growth modesdentified, one of which is
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diffusion controlled growth where long range diffus is involved. Under diffusion
controlled growth mode the product phase has @iffecomposition than parent phase.
The second category of growth mode is interfacerotbed. The interface controlled
growth mode involves short range diffusion and alleromposition of the product phase
iIs same as the parent phase.

In the case of diffusion controlled growth, longnge diffusion in the matrix
governs the growth of the new phase particles. ditfiesion length, R is proportional to
square root of time and it can be expressed ifalk@ving form [6-7].

R = (D)2, (3.17)
WhereD is diffusion coefficientsEqg. (3.17) is valid under isothermal condition only and
it is also known as parabolic growth. Under northeomal condition the diffusion length

can be approximated as follow [6-7].

R = [[ DT(t)dt] 2. (3.18)
Further the temperature dependence of diffusioffficant can be described according

to following equation

D(T(t)) = Doexp <— QD/RT)' (3.19)

with Do as the pre-exponential factor a@Qg as the activation energy for diffusion. The
growth laws given irEq. (3.17 & 3.18) are only valid in very large matiak parent
phase and holds only in the initial stages of fi@msation until there is no impingement.
[18]. If Eq. (3.17 & 3.18) holds together then the volumerofgng particle will be
V = gR%. (3.20)
Whereg is particle geometry factor anlds the dimensionality of the growth.

In the case of interface controlled growth modhe particle growth is governed
by the mobility (driving force normalized velocityf interface between product and

parent. The velocity of the interface is decidedhry net jump of atoms from the parent
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phase to the new growing phase per unit of time. jiimp of atoms is determined by the
difference in the Gibb’s free energy for an atontwaen parent and product phase.
However, the transfer of the atom is inhibited ttuéormation of new interface which in
turn create an energy barrier for the jump of ataeress the interface. G® is the net
free energy difference between parent and prodhasey then the net flux of atoms
jumping from the parent to the product phase adtos#nterface can be approximated as

follow [6-7].

J = Joexp (_ AGa/RT)- (3.22)

In Eq. (3.21)Jp is the pre exponential factor. Further in the cafseterface controlled
growth the volume of growing particle can be wnttes follows [15-17].

V = g(JJdt)e. (3.22)
The Egs (3.20 & 3.21) for both diffusion and interfacentwlled growth model can be
combined and given in compact form. At any timéd tolumeV of growing particle

that nucleated at timeg iis given by [15-17]

vV = g(f9dt)*/m, (3.23)
9 = Ygexp (— Qg/RT>. (3.24)

with 9, as the pre-exponential factor for grow@y, the activation energy for growth, and
m as the growth mode parameter. For the case ofsthffiucontrolled growthim=2, Qq
equalsQp (activation energy for diffusion) ané|, equalsD,. For the case of interface
controlled growthm=1, Qq equalsAG*® (interface energy barrier) aniy equalsly
3.5.3. Effect of impingement on growth

The volume of the growing particle given g (3.23) is referred to as the
extended volume, which counts for the entire tramséd volume without considering

impingement of transformed domains, is a virtualagpt [14-17]. Thus the overlapped
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domains should be counted twice or even multipte=t in order to obtain the virtually
defined extended volume. In reality, the parti@des not growing into an infinitely large
parent phase and the extended volume does notragdoouhe overlap of particles (hard
impingement) and their possibly surrounding diffusifields (soft impingement).
Therefore, the relationship between the extendéuhv®Ve,and the actual volumé' of
transformed phase is needed. If it is assumedthemnuclei are randomly dispersed
throughout the space and suppose that at a ginest the actually transformed volume
is V' andduring the course of transformatiafter an infinitesimal time laps ot,df the
extended and the actual transformed volumes aredse by We, and d/. Then from
the change of the extended volum&,g only a part will contribute to the change of the
actually transformed volumeVd namely a part as large as the untransformed \®lum
fraction (V-V/)/V. whereV is the total volume of the system. Therefore thenge in the

real volume can be expressed as follow [14-17].
AVt = (V - Vt/V> AV, (3.25)

Further the degree of transformation can be defased

x="VY, (3.26)

After integrating Eq. (3.25), one can get the following expression &xtent of

transformation [14-17].
X = Vt/V =1—exp (Ve’“/v). (3.27)

3.5.4. Overall transformation kinetics
The overall transformation kinetics describes thlationship between fraction
transformed and time for different reaction tempee Actually it is function of both

nucleation and growth rate. The empirical expressidescribing the overall
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transformation kinetics can be obtained by sulistguthe expression for extended

volume inEq. (3.26)

X=V/,=1-exp [-((DE}]. (3.28)

Wherek(T) is rate constant and is function Bfandn is time exponent. Note that this
equation cannot be derived for a mixture of theleatton modelsEq. (3.28) has first
been derived by Johnson and Mehl (for the casesathérmal transformations with
continuous nucleation [9] and by Kolmogrov and Aurdfor isothermal transformations
with continuous nucleation and site saturation) Hregdefore it is referred as the KIMA
equation with Avrami exponemt[10-12].
3.5.5. Formulation of Kolmogrov-Johnson-Mehl and Aami model for isothermal
and non-isothermal transformations
By combiningEq. (3.3) & Eqg. (3.28), the expression for fraction transformed
underisothermal case can be rewritten as follow.
X = F(Q) =1-exp[—2"]. (3.29)
However, for the case of non-isothermal annealimgthe basis of nucleation and growth
models, an equation f&fex can be derived and after substitution ikip (3.28) leads to
a KIJMA-like equation and also fulfill the prescigt of Eqg. (3.2) with £ defined
according toEqg. (3.3. Additionally, if a KIMA-like equation can be olrtad then the
associated kinetic parameterQ andky can be given in terms of appropriate nucleation
and growth models even in the case of non-isothidmarasformation. In the following, it
will be shown that this is possible for at leasthe case of isochronal annealing as long
as the nucleation process involved is either siteration or continuous nucleation.
Considering the case of isochronal annealing, fiese transformation
temperature under dynamic heating condition caexipeessed as follows.
T(t)=T,+ pt. (3.30)
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WhereT, is the start temperature (t&0) of the experiment anflis the constant heating
rate. The above formulation can be analogous tioftinasothermal transformations with
certain mathematical intricacy. The integraE. (3.22 cannot be evaluated analytically
in general. An Arrhenius term can be obtained Hysstution ofEqgs (3.5) and (3.30)

into Eq. (3.20)and integrated over time as follows [17].

Q =k, [ exp _Qerr /R(TO + gy |t (3.31)

The above equation can be also be integrated ewapdrature by replacing time with
temperature by using &q. (3.30).The integration i&qg. (3.3]) is performed over a new
time parametet=t + T,/ 3 by invokingdt=dt and T,+A=&'=T(t'). The boundaries for
the integration then beconig/s andt'. If on heatingl, is chosen small, such thatT-
To) = 0, the start of the new time scale (iteT,/f) can be shifted td'=0 without

changing the value of the integral [19]

_ .t _ Qesy f_ t _ Qerr :
Q2 =k, fTO/ﬁ exp Rpt dt =k, [, exp Rpt dt’. (3.32)

With this it become possible to obtain an analyticaegration by using a series

expansion of type [15-17]

foo e—xt e;x [1 _ ;l n(n+1) +] (333)

0 tn " + x2

With the helpEq. (3.33),2 can be approximated as follow

_ koR,Bt'z/ _ Qesr B Rﬂt/ Rﬂt/
Q= Qess | P Rpt' 1=2 Qeff+6 Qerr

(3.34)
Further the back substitutidi=T(t')/5 can be made so that there is no time paramdters (

or t') is involved anymore. On basis Bfj. (3.34), explicit analytical equations can be
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derived for the degree of transformation in theecas isochronal annealing, and for
specific nucleation and growth models following theipe indicated at the beginning.
For pure site saturation and for pure continuawdeation or both in combinations with
growth according toEg. (3.24), KIMA like equations can be obtained thdt be

compatible withEq. (3.1)with 2 as given byeq. (3.2)andk given byEq. (3.5). In this

Table3.1
Listing of different kinetics parameters under Itmal and isochronal condition
Continuous Nucleatior Isothermal Isochronal
N d/m+1 d/m+1 (with d/m as integer
value)
(-1)Q+Qun (-1)Q+Qun

n|gN,95 ! n|gN, 93!
n n s

Site saturation

n d/m d/m
Q o Q
Ko YV gN* 9% Y gN*o?

way explicit expression fon, Q and k, can be obtained in terms of the operating
nucleation and growth mechanisms and corresporekipgessions are listed iable 3.1
From table 3.1 it can be seen that for the nucleation and grogabes the KIMA
parameters pertaining to isothermal annealing andsachronal annealing are equal

(except for the correction factor s given belowragqg. (3.35) [17].

S:(n—l)!/

nn-1 (335)

(Qv+ (-~ 1>Qg)"/ . |
2o (Qn +JQy)

In above table m decides the mechanism of transfbom and for interface controlled m
= 1 and for diffusion controlled process m=2. Teead term d is the dimensionality of
growth. Further, the expressions for the overdleative activation energyQ, given in
table 3.1 can be represented by a single equation, incaipgrthe exponent, the ratio
of the number of growth dimensions and the growtbdeyd/m and the separate

activation energies for nucleatia@y, and for growthQg, as follows [17].
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[(#/m)@g + (n =9/ m)QNJ/n _ (3.36)

Qesr =

The above equation holds for both isothermal aadnonal annealing.
3.6. Determination of kinetics parameter from DSC results

From the experimental DSC peak profile as showhgure 3.2 as a model, the
fractional extent of transformation as a functidriesnperature X (T), is estimated using

the following expression.

Jy (DT

= [T p(rydr

(3.37)

Here, the integral in the numerator, namell,¢ (T)dT, stands for the partial area under

the peak in the temperature domagrT as shown ifigure 3.2 by crossed lines. The

Fig. 3.2. Schematic of DSC peak profile used for calculaphgse fraction

denominator+J" ¢ (T) dT stands for the total peak area covering Hmire
transformation temperature ranges{F). Eq. (3.37) assumes that transformation is
complete upon reaching;, Talthough this is certainly not true for higheratieg rates.
The transformation plots obtained usikg. (3.37) is displayed irfigure 3.3. In the
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present study the transformation plots are fitteith vihe following non-isothermal
version of the Kolmogorov-Johnson-Mehl-Avrami (KJM#formalism for the fraction

transformed X(T) as a function of temperature aistant heating rategs( [17]

n

X(T) = 1—exp |-k | R(T _Ts)z/ﬁQeﬁ . (3.38)

The above expression assumes site saturation tymecteation. It may be noted that in
the above model, we have chosen g[{he temperature increment with respect to the
experimentally observed threshold or onset tempexdils) as the independent variable,
since this corrects in an apparent manner for tmer encurred in not accounting
precisely for the true start of the transformatoanresponding to near zero transformed
fraction (X = 0). In above equatidnis Arrhenius rate constant amndis the so-called

Avrami or transformation exponent.

Isochronal Transformation

; B1 |32 ﬁa [34 B

1.00 - _ : so— n
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o 0.75 ’

g
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-_'% | B1<B2<.B3<B4<---l3n

g 0.25 ata fixed T

L i (x), = (%), > (x), = (x), > ... (x),
0.00 .~ ewm .....................................

Temperature

Fig. 3.3. Phase fraction curve obtained uskmg (3.38)

3.7. Martensitic Transformation: Koistinen- Marburger Relation

The kinetics of martensitic transformation is mieteafter the popular relation
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proposed by Koistinen and Marburger on empiricalugds [32]. In what follows, we
use this relation in a slightly modified form, inder to incorporate explicitly the cooling
rate in it.

x(r) = exp{=[(¥'/) s = )|’} (3.39)
HereX(T) is fraction of martensite formed at temperaturénTthe above expressiofijs
the cooling rate in K sé&g Ms is the onset temperature in Kelvin amis a constant. By
setting b/A)"=b, a simple two parameter descriptionnoértensitictransformation after
the well-known empirical framework of Koistinen ahMhrburger (K-M) can be readily
obtained [32]. It must be added that in the oribikadV prescription,n is taken to be
unity [32]; but we allowed it to vary here in orderget better numerical agreement. The
results of fitting of the experimental data obtairen uranium usindeq. (3.39) will be
discussed later. However, it is useful to note, thisiceEq. (3.39) is empirical in origin,
it is not possible to provide a physicochemicaliddsr the cooling rate variation of
parameteb. The negative value af arises from the fact that with positive valuestfor
argument (TT), the transformation exted(T) increases with decreasing temperature.
The K-M equation was justified by Magee on phenoohggical grounds in the
following manner [33]. Magee assumed that in adinemperature dro@T, the number
of new martensitic plates per unit volume of auiséetiN, is proportional to the increase
in chemical driving forcedGy That is,

dN = k,,d(AGy) (3.40)

kn is the proportionality constant for martensitenf@rmation. Ifdy is the corresponding
change in volume fraction of martensite in this penature intervad T, then,

dy = VdN, (3.41)

V, is the average volume of the newly formed plateg] dNv is the change in the
number of plates per unit volume. Settalgv/dN= 1y, we get,
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V(1 — )k, ASy (AT). (3.42)
In EqQ. (3.42), we have used(4G,)/dT=4S, the entropy of transformation. Thus, in final

analysis

[, , = I VkaSAT (3.43)

Integration by variable separable, yields with éissumption tha¥ k. 4S, is a constant
and thatdT=AT=MsM;. the temperature interval between martensite stad finish
temperatures. Thus,
In(1 — y) = Vkp, AS, [Mg — Mg]. (3.44)
Thus, we get the K-M relation, with the tacit idéoation thatV k, 4S,=b, the K-M
constant in the empirical equation. The effect ltérang £, the cooling rate has to do
with the constank,, sincedS, andV are independent of thermal history. But this aspec
is not probed in this study any further.
3.8. Quas harmonic theory

In recent years many first principles and semi-eiogli modelling methodologies
have been developed alongside with advances irriexpatal techniques and these have
been successfully applied for many metallic alldgsderive basic thermodynamic
properties in a self-consistent manner [36-46].nktaric approximation given by Debye
model has been widely used to calculate the vibmatifree energy. But under harmonic
approximation it has been assumed that the frequehwibration is independent of
volume as well the temperature and there is na-pttenon interaction. The vibrational
free energy can be expressed analytically by ttenqh frequency alone. However, the
harmonic approximation failed to explain thermalpamsion. In order to explain
anharmonicity, quasi-harmonic Debye-Grinesien fiismahas been developed. This
considers the volume dependence of frequenciesghated the temperature effect on

frequencies. Based on the knowing of the vibratigpactrum obtained by experiment or
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calculated precisely with numerical methods suchdassity functional perturbation
theory or frozen phonon method, quasi harmonic &ism has been found to reproduce
thermodynamic properties quite consistently witlpeskmental results. However, many
investigations also discover that the quasi harmtormalism is inadequate in the region
of high pressure and high temperatures [36-50].high temperatures, the intrinsic
phonon interaction (anharmonicity) neglected bysguermonic formalism becomes
prominent in many materials. But as of today inwngkthe intrinsic anharmonicity in a
rigorous way is quite difficult; however there igrgficant improvement in this field [36-
50].

Accordingly, in the present study, we have adoptes method for obtaining
reliable first-order estimates of thermal quangitismcluding heat capacity and thermal
expansion in an integrated and self-consistent erarin the following section, a brief
familiarizing account of this formalism is provided

The Debye-Griuneisen quasiharmonic formalism isegaitrobust method for
modelling the vibrational contribution to thermabperties and requires only standard
input data [36-50]. The details of this model adeguately described by the monograph
of Anderson, for example [45]; only a brief familang account is given here. In
essence, the quasi-harmonic approximation involtres treatment of the volume
dependence of the vibrational frequencies through Mie Grineisen parametéys’
which has been brought into play for explaining tthermal expansion effects arising out

of lattice anharmonicity. The Grlineisen paramefgrrhay be defined as [45].

_ _dlnw . _din8
Y6 = iy = ®/ gy (3.45)

In the above expressianis frequency of lattice vibratior is Debye temperature and
V is (molar) volume of solidEq. (3.45) is an approximation tg under the validity of

Debye model [45]. Basicallys has been introduced to relate thermal propertigis w
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elastic properties of materials [45]. In more basgay ys can be defined as change in

pressure of a material resulting from increasengrgy density at constant volume.
vo=V(%/4g) - (3.46)
Where E stands for energy densiyis molar volume an@ is pressure. If the change in
pressure is exactly proportional to the change nergy density thenys will be
independent of bot® and T, and experiments show this to be nearly correcing
considers the case for the variationefwith T at constanV. In fact, the proportionality
constant usually lies between 1 and 2. Furthgecan be expressed in terms of measured
physical properties as follows.

vo=("%/4g), = ((Z_;)V/(Z—f)v) (3.47)

Further, the numerator and denominatoiEnp (3.47) can be defined in the following

forms.
(GP/dT)V = ayB; . (3.48)
(aE/dT)V =Cy. (3.49)

With the help oEqs(3.46, 3.47, 3.48 & 3.49) we can getin the following form.

BV
)/G = aV T /CV (350)

In the above expressiony, is the volume thermal expansivitg; is the isothermal bulk
modulus and Eis the isochoric or constant volume specific h&aius )& given byEq
.(3.50) is composed of individual measurable phygicaperties, each of which varies
significantly with temperature, but the ratio ok#e properties as given B&yg. (3.50)

does not vary greatly with temperature, and sonestinot at all.
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The starting point of Debye-Grineisen quasiharmdarmalism is that for a
condensed system at equilibrium, the total presactiag on the system is assumed to
be composed of two components. Of these, the agidtential pressure, corresponding
to zero Kelvin temperature is a function of onlylurne. The other thermal pressure
component (at fixed volume) is a function of ordyniperature. Thus,

Piotar = P (V) + Py (T, V). (3.51)
WhereP, is the zero Kelvin cold pressure arising due toesdre forces of the solid,

which can be expressed in terms of the Helmhod#te &nergy F as follow.

P, = —(aF/aV)T. (3.52)

It is clear from above equation that a completecdeson of P, could be obtained by
calculating Helmholtz free energy as a functiorvolume at 0 K using a suitabbb-
initio method or through semi-empirical inter atomic ptisd schemes or from suitable
empirical P-V equations of state [44-46]. Irrespexcbf the methodology employed, it is
clear that at equilibrium conditions.

dP = 0 and hence P, = Py, . (3.53)
The thermal pressure can be estimated from thewoily fundamental thermodynamic

identity given inEq. (3.48) [42].
<apth/aT> = avBT = ]/GCV/V (354)
14

It is true that in the real case is temperature dependent [45-47], which can letdce
accurately if details of experimental phonon speutrdata are available [45]. On the
contrary, with little or no details of phonon disgien, it is customary to neglect this
temperature dependence gf in many first order calculations of thermal effecets
moderate pressures [45]. Sometime$y) dependence is also empirically approximated

in terms of a simple power law, namely
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*ely,) = <VT/VO) A (3.55)

In the above expressiony is the reference volume Grineisen parametercpigdthe
power law exponent [45]. In many simulations that 1, is often assumed. However, in
the present study, the thermal pressure composetneated in the following manner.

IntegratingEg. (3.54) along the isotherm, one can write

fdp= —{ (“VBT/V) T = — | (VGCV/V> dr. (3.56)

By taking (J&/V) = (y/Vo), the value at the reference temperature of 29K,16is easy

to simplify the above approximation as follows.

=P = (")) [ Codl = (Y°fy, ) B (3.57)

In above expressioB,, is the internal energy, which is a function ofwole and hence
temperature P, can be expressed by adopting for example, the lpopdurnaghan
equation of state [45, 46], which considers thedimvariation of the bulk modulu;
with pressure with proportionality constant beihg isothermal pressure derivative of
bulk modulusB 7t [45]. It may be added that Murnaghan equationtafesholds good
only for small excursions from equilibrium volumdsinally at thermodynamic
equilibrium the condition thaP, = Py,, must hold good. Accordingly, the basic Mie-

Grlneisen thermal equation of state can be re-sgpdein the following manner [45].

+ 1}. (3.58)

E vi
Vr= VO{ */(Q0 - rEvi)

More details on Mie-Grlneisen quasi-harmonic forsmal can be obtained from the
recent monograph of Anderson [45].WhePe=B.Vo/)p and r= (B't-1)/2; \, is the
volume,B, is isothermal bulk modulus am¥; is the pressure derivative of bulk modulus

at 298.1%. In order to evaluate the consistent temperatepeddence of volume using
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Eg (3.58), one need to have accurate estimatiof,@f Br, B't and . and these
discussed in ensuing sections
3.8.1. Evaluation of vibrational energy

The internal energy and specific heat at constahinve can be described in
terms of either Debye or Einstien model with a tansOp or Og. Alternately one can
incorporate the temperature dependenc®giia Griineisen parameter defined Hig.
(3.45) [45]. In the current study, we however aédp constant value 6fp as this gives
satisfactory results. The temperature dependenc&,pfas well asC, have been
estimated using the Debye formula [45]. The choafethis formula is that it
satisfactorily approximates the integral especiallythe low temperature. In terms of

Debye model, the vibrational free energy can bétevrias [44-46]

Eyip = ONK5T (T/HD)3 D (x3dx/(ex _ 1)) (3.59)

In above expressioxs = &/T and & is Debye temperature. The Debye temperature in
the present study has been taken from the literaturd preference is given for
calorimetric based data. On the other hand, thenasbn of other parameters namely,
isothermal bulk moduluBr, its pressure derivativ®'t and Grineisen parametgy are
discussed in the following sections.
3.8.2. Estimation of isothermal bulk modulus andipressure derivative

In order to obtain a reliable estimate of isothdrimak modulus and its partial
derivative first we have scrutinized the literatared given the priority t&-V based data.
The availablé®-V data has been re-analyzed in the present studyg lisearized form of
Murnaghan equation of state given by Smith [49JerEffore, the advantage of this linear
transformation of rawP-V data is that appropriate choice of the empiricplagion of
state can be made for proper treatment of the ewpatal data. The equation which

relates the scaldel-V quantities is given below [48].
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Pli= B2+ s[pul'a. (3.60)
In the above equationy = 1-VN, ands = (B7+1)/4; V, is the volume at atmospheric
pressureY is volume at any pressuire

In the second scheme we have collected the daisotrermal bulk modulus and
corresponding lattice parameter for different hargolus compounds. Based on previous
systematic studies carried out on minerals [45F iwvell known that bulk modulus and
corresponding molar volume for homologous compouwnrddements obey the following
relation.
B;V™ = constant (3.61)
The above equation holds good for many isostrucalementals and compounds.
3.8.3. Estimation of Grineisen parameter

The other important quantity required for calculgtthe temperature dependence
of volume under Debye-Grineisen formalism is the Ge@meparametern€). There are
various methods which have been adopted to cacydain terms of experimentally
measured thermo physical properties or based tinelatynamics [45]. There are two
types of Grineisen parameters one of which is kn@asnmacroscopic or thermal
Griuneisen parameter and other is referred as nogpas Grineisen parameter. Thermal
Grineisen parameter can be evaluated either instasfmmacroscopic first order
properties that includes heat capacity, thermalaesyity, bulk modulus and molar
volume or in terms of equation of state propersash as pressure derivative of bulk
modulus [45]. Thus, Grineisen parameter in termmaé€roscopic physical properties
can be written as follows [43].

ayBV ay BV
o =", = e, (3.62)

On the other hand if one considers the theory tifcéa dynamics then the

Grlneisen parameter can be evaluated in termstofhgit elastic constants. In the
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present case for evaluating, the famous equation of state known as Slater dam

which has been employed and the respective foroaridbe written as follow.

Ye = 1/2 <dBT/dp) - 1/6 (3.63)

If for a given material B is known theng can be calculated using above equation.
3.8.4. Calculation of thermal expansivity and hezdpacity

Having thus estimated all the required quantities,temperature dependence of
volume can be calculated usifg). (3.58). Further from the derivative &q. (3.58)

givesthermal expansivity data and it is expressefldn(3.64).

= |(@Cy)
e ' /{T(T - 1)Eslb - QOEm'b(ZT' — 1) + QOZ} ’ (364)

Subsequent to the estimation of thermal expansiba, harmonic contribution to
isochoric heat capacit@", has been estimated from the temperature derivafivEg,
(3.59). The dilatational and the electronic conttibns to heat capacity have been
estimated from the following relation [45].

Cp= Ch, 1+ ayygT) + I,T. (3.65)
The last term, fc T) accounts for the small, linear electronic conttibn to the heat
capacity The details regarding the actual implementatioDebye-Gruneisen model for
obtaining self consistent estimates of thermal exman and heat capacity for UFand

URhg intermetallic compounds are presente@hapter 7.
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Chapter 4

Investigation of Effect of
Heating/Cooling Rates on Phase
Transformation in Uranium using
Calorimetry
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4.1. Introduction

In chapter 1, the relevance of study of the phase stability aithse
transformation kinetics in U-Zr, U-Fe and U-Rh gHoin context to the fast reactor
program has already been discussed. Before statitty on these alloy systems, it is
decided to investigate the role of heating and ingotrates on the structural phase
changes in uranium. This is because a clear ertotiaf relevant issues in a relatively
simple and relevant system as pure uranium is totalvolving a proper appreciation of
composition mediated effects in Uranium based allbience. before proceeding further,
brief information related to phase transformatiarekics on uranium are presented here.

It has already been discussed that uranium exigksee allotropic modifications
namelya -orthorhombic 3-tetragonal ang-bcc, in the order of increasing temperature
[1]. Owing to the fact that uranium being a reaetimetal and is prone to easy oxidation
and picking up of impurities, a certain scattefoisnd among the reported values for the
transformation temperatures in literature [1-6]céing to the recent assessment of U-
Zr phase diagram by Okamoto uranium undergoes thgrrphic transformations —
B andP -y at temperature of about 941 K (663 and 1049 K (77%&) respectively [7].
The allotropic phase changes in pure uranium httvacted a great deal of interest right
from the early days of research on actinide ma@iy8—18]. Thus for example, it has
been established that bath. 3 andp - a transformation temperatures are very sensitive
to the cooling rate from the high temperatyrbcc phase [15]. A highly non-linear
decrease in the transformation temperatures widtreasing rate of cooling in the range,
10 to 1¢ K sec! has been found [15]. A similar scenario is witeesduring heating for
the a - 3 transformation as well for a smaller range of imgptate variation [2]. These
early studies clearly revealed that it is ratheffialilt to quench and retain the

intermediate B phase in pure uranium at room temperature, since fBea
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transformation kinetics is very rapid and it becenmecessary to alloy uranium with
small amounts of transition element to stabilisefiphase at room temperature [8]. It
has been convincingly argued by Burke [16] follogvia critical appraisal of the
experimental findings available then [8-15], tHa# 8 — a structural change can assume
different mechanisms under different cooling ragimes. In fact a TTT curve with two
noses that are separated by a plateau has beélisbstd for the formation afi phase
from 3 phase [916]. It must be added that there exists an exteniigrature on the
physical metallurgy of uranium alloys covering tmedynamic, structural and phase
transformation aspects [1, 8]. Nevertheless, masyes related to the fundamental
kinetic aspects of these phase changes still remvaitear [8, 17, 18]. A comprehensive
account of the intricacies of tlee= 3 phase transformation in uranium is provided by
Vandermeer, who used dilatometry and metallografhymonitor the3 formation
kinetics [18]. This study supported that kinetidsf3e- a transformation is massive in
nature based on the light microscopy characteoisatnd Turnbull’s theory of interface
controlled phase transformation [19]. SubsequenV#mdermeer’'s study not much
progress has been made in explaining the basiesssfwarious phase transformations in
uranium and its alloys. Subsequent to this stunl{he best of our knowledge, we are not
aware of any controlled thermal analysis invesiigabf the transformation kinetics at
the lower end of the heating and cooling rate specin the recent past.

In this context, in the present study, charactéasaof phase transformations in
reactor grade uranium using differential scannialprimetry (DSC) has been taken up.
The kinetic aspects of allotropic phase changasgramium are studied as a function of
heating/cooling rate in the range’16 1F K min™* by DSC. Further, the results obtained
for the a-pB and B-y transformations during heating confirm to the stadd

Kolmogorov-Johnson-Mehl-Avrami  (KJMA) model for aucleation and growth
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mediated process. The kineticsyof B phase change on the other hand is best described
by the two-parameter Koistinen-Marburger empirigalation for the martensitic
transformation. However the kinetics @f. a transformation is modelled using another
empirical relation given by Kamamato.
4.2. Experimental Details

The detail about the uranium melting, its compoasititable 2.1) is already
presented irchapter 2 along with the experimental detail about differ@nscanning
calorimetry (DSC). Therefore in this present cheptaely the results part will be

discussed in the ensuing sections.

Fig. 4.1. SEM micrograph obtained for uranium annealed 88@&@or 10h

4.3. Results
4.3.1 Preliminary Characterization

The SEM micrograph of reactor grade uranium anceatel273 K (80%C) for
10h is shown ifigure 4.1. As can be seen, the grain size of the startirggasiructure is

rather large and is estimated to be in the rande t85400 um. The necklace like
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decoration of the-phase grain boundary marked by arrowSgare 4.1 is due to coarse
uranium silicide particles which are also identfiesing EDX spectra shown figure

4.2. Further XRD pattern obtained for uranium givea same annealing treatment is

U Ma

3.00 6.00 9.00 12.00 15.00 18.00 21.00 24.00

Fig. 4.2. EDX spectrum from the particle shown by arrowWigure 4.1

presented iigure 4.3. From the XRD pattern it is clear that the anngahécrostructure
of uranium contain only the orthorhomhicphase. No extra peak related to uranium
silicide is noticed in the present XRD results. Wil these results it can be stated that
the uranium used in the present study is fairlyepbesides the presence of some
impurities of C, O and Si (sé¢able 2.1).
4.3.2. Transformation peak profiles and transformation temperatures

In figure 4.4, a typical DSC profile obtained during a 3 K fiheating and
cooling schedule is displayed. Very sharp transéiiom peaks associated with the heat
effects ofa = 3 andp = y transformations are clearly revealed. A considerdbgree of
undercooling is also noticed for bogh. 3 and3 - a transformations. Further, a careful

inspection of the - 3 endothermic transformation peak indicates thegores of a very
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weakly discernible shoulder like feature. This isren clearly brought out iigure

4.5(a), wherein theo — B peak profiles observed for smaller heating rate3Q K min™)

! |
Uranium

Normalized Intensity (au)

I U I U I U I U I U I
(020)
110
L ! )(021)-au
(111)
(022)
112)

20 30 4I0 | 5I0 | 6I0 | 70 | 80 | 90
26 (Cu - K ) / degree

Fig. 4.3. XRD pattern obtained for uranium annealed a8d0r 10h

are collated together. Further, the peak profiles o -3 transformation for higher
heating rates (40-99 k mth are portrayed ifigure 4.5 (b). In order to enhance clarity,
we have sketched only the transformation profileezaising the no-sample base-line
subtracted DSC profiles and this base line compgiemsas done for each scan rate
independently.

Since the present study focuses on the transfaméinetics, the mapping of the
ordinate of DSC plot in terms of heat flow raten@ done here. Further the DSC peak
profiles obtained at different heating/cooling gatere normalized with the mass of
samples. A clear shoulder like feature is noticed I, 3, and 5 Kmin™ heating rate
scans. In fact, this shoulder is fairly resolvetlydor very low heating rate scans, and is
found to gradually merge with the main part of ffeak profile as the heating rate is

increased (comparégure 4.5 (a)& (b)). A similar set of transformation peak
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profiles are obtained for thg-y phase change as well; but with the difference tioat

specific shoulder like splitting is seen in thisedor low heating rate scans. The

0.0 T T T T T T T T T T T
S Uranium

1 1
= o
N o

1
=
[o°)

DSC Output, pVv
N

1
w
o

-4.2

825 900 975 1050 1125 1200
Temperature, K

Fig.4.4. A typical DSC profile obtained for uranium at the scan r4t8 k& min™

individual peak profiles are not presented hererder to avoid unnecessary proliferation
of graphical information. Ifigure 4.6, the heating or cooling ratg)(induced variations
of transformation start ¢J, peak () and finish temperatures gTfor botha < 3 and

B =y transformations are graphically illustrated. Altigh a general increase (decrease)
of the transformation temperatures to varying estemith heating (cooling) rate is
clearly revealed ifigure 4.6, it is nevertheless interesting to note that thisrease is
highly non-linear in nature. This non-linear belwawviis quite remarkably revealed in the
heating rate variation oft,Tthe transformation finish temperature. On thetr@oy, the T
temperature after a clear initial increase at fbe $eating rate regime (2-7 K mih
evinces a sort of plateau for higher values /f As a result, the width of the
transformation domain given by the temperaturerviaiel:- T, increases effectively with

increasing heating rate, implying thereby a kiretndluced expansion afi€[3) and
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(B+y) two phase fields at higher heating rates. Thestamation temperatures for both
a - P andB -y structural changes measured for the slowest hpatite of 1 K mift

recorded in the present work are 936 K &53and 1056 K (78&) respectively.

T T T T T T T T T T T
0.0F- . -]
> 04} 4 Uranium .
= I o - B transformation |
S 0.8} 1-30K min™ -
Q.
S 1.2} .
9 g
16 ¢ -
=
2.0} n
1 \|30 1

936 944 952 960 968 976
Temperature, K

Fig.4.5(a). The DSC profiles for tha - 3 transformation obtained at
lower heating rates are stacked together (1-30 K ni

Notwithstanding the presence of impurities in otarttng material and the invariable

T T T T T T T
0.0
%_ -0.6 | -
*:"; Uranium
o 1.2+ 20 75 a - B transformation
g 40 - 99 K min™
-1.8 -
@) oo
0p) S 85
O 24| § _
3.0} .
. 99

930 940 950 960 970 980 990
Temperature, K

Fig.4.5(b). The DSC profiles for tha - 3 transformation obtained at
higher heating rates are stacked together (40-89ri).
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presence of thermal lag in the DSC equipment (thiieiegnce of this factor has been
minimised by proper temperature calibration; butadtbgether eliminated), these values
are fairly in agreement with the ones quoted in literature for the equilibrium
transformation temperature [1, 2]. One final pdmtnote infigure 4.6, is that for the

B - a phase change, the observedialue for 99 K miff seems to be somewhat higher,

1150 T T T T T T T T T .] T T T T T IT
Uranium e
1100 F B-Vooe .
I i,/’ T,
N 1050 b7 iu—A—A—A—A—A—A‘AA—AT_
) - ,/>>.>~>l>\,/>/::="; s
— | P e i T
% 1000 _Tf‘”“—"‘“_' . " a-pB r
|
— | i e o O - ©-00-0 -
3 950 e
S 900l cooling ]
e
|q_) [T N /o/? y
850 | o * ././'”'/"/ heating 7
T, Ne® oo |
o—9
800 _Tf?\?ofo./l R R 1 1 |

-100-80 -60 -40 -20 0 20 40 60 80 100
Heating/Cooling rate, K min ™

Fig.4.6. The non-linear variation of the transformatiornrtsf&s), peak (T,) and
finish (Ty) temperatures with heating / cooling ratedos 3 andf <y
transformations

which is contrary to the expected decreasing tr8ntte in the present study, higher than
100 K min* cooling could not be achieved, it could not beeaisined by higher cooling
rate experiments as to whether this upheaval reptes genuine physical effect like the
onset of a new plateau, or is it arising from thawoidable experimental scatter.

In figures 4.7(a) and 4.7(b) the DSC peak profiles gf- 3 andf3 - a transformations

that occur during the cooling part of thermal cyate illustrated. Again, for the sake of

brevity, only the low heating rate traces are pnest: As a general remark, it may be
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added that thg- 3 peak profiles are fairly sharp and smooth for thére range of
cooling rate adopted in this study; on the contraéing 3 a profiles contained some
undulations for slow heating rateseé the circled region in 1 K mihscan infigure
4.7(b)). The cooling rate dependencies of respectivestoamation temperatures are
illustrated in the left half of the compostigure 4.6. Again the non -linear variation of
the transformation temperatures with respect tdimgaate is readily apparent. For a

given cooling rate say 1 K mifnthe observed transformation starf)(mperatures for

T T T T T T T T T

St 30 -
Uranium ~
4 y - B transformation 5
> 3-30 K min™ /T
5 3t l
o 3
S o
o 2t & i
S 1|
N 1t -
(0] S L
1

1000 1010 1020 1030 1040 1050
Temperature, K

Fig.4.7(a). DSC profiles for they— B transformation during cooling

y— B andB - a transformations are 1038 K (75 and 913 K (64{C) respectively.
4.3.3. Transformation plots

From the experimental DSC peak profile, the frawioextent of transformation
as a function of temperatuke(T) can be calculated by recalling the expressionrgive

in Eq. (3.37) ofchapter 3 as follow.
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Jy o (T)dT

= [77 p(TydT

(4.1)

In above equation, the integral in the numeratamely, J" ¢ (T)dT, stands for the

partial area under the peak in the temperature oiofaT. The denominator)™ ¢ (T)

T % vranum
0.8+ B - a transformation|
101 .30K min®
>
= 06} }
—
-
8 04+ 4
-
o
O B -
N 0.2
QO
0.0+ 4

840 855 870 885 900 915 930
Temperature, K
Fig.4.7 (b). DSC profiles for thgd - a transformation during cooling

dT stands for the total peak area covering theeemtansformation temperature range
(T<Ty). Eq. (4.1) assumes that transformation is complete upaching 7, although this
is certainly not true for higher heating rates. Titamsformation plots obtained usikg,.
(4.1) are shown ifigure 4.8(a) for a - 3, and in4.8(b) for B -y respectively. Irfigures
4.9(a) and4.9(b), these are presented for 3 and3 - a transformations respectively.
4.3.4. Empirical description of transformation kinetics

As had been briefly sketched in the introductiooth nucleation and growth and
martensitic modes of transformations are foundranium. In the classicahethodology

adopted for analysing the kinetics of a nucleatod growth type of transformation as
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studied by thermal analysis methods [20-24], thdodong separable functional

representation is often invoked to represent teamtaneous reaction rat@x(ot) z [25].
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Fig.4.8(b). The transformation plot f - y transformation

(OXIZ) 5= (IXITT)z x B=F(X) K(T). (4.2)

121



In the above expressiof(X) is often taken to be an empirical, but suitabdaction
model that is consistent with the established kinfetatures of the transformation under

consideration. The empirical rate constigfit) is normally assumed to be of the
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Arrheniusform as already discusseddnapter 3.
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k = ko exp(Qer/RT), (4.3)
with Qett being theeffective or apparerdctivation energy for theverall transformation
process In general termXQes must be treated as dependent on the transformeximt
X(T) as well, but for reasons of convenience amdpécity, it is often taken to be a
constant. A few technical points need be elaborai#it regard to the application &
(4.2) in explaining the non-isothermal reactionetics. It is a standard practice to use
Eqg. (4.2) in conjunction with the additivity rule fexplaining the transformation kinetics
occurring during continuous heating or cooling [26must be admitted however, that in
a rigorous sensé&q (4.2) is incorrect for representing the continsidtansformation
kinetics, when the law of additivity itself is vaied due to the possible non-isokinetic
character of the transformation concerned [27].hSacsituation could arise due to
changing nucleation, growth or impingement condsgi@s the transformation gradually
progresses towards completion. As an alternativeého combination of isothermal
KJMA plus additivity rule, one may adopt the apmtodollowed by Mittemeijer and his
group in their study of solid state transformatlonetics by thermal analysis methods
[21]. Here, the reaction rate is taken to be a tioncsolely of a path variable that
implicitly expresses the thermal history of the p&m during the course of
transformation. It has been shown that a formalnmagorov-Johnson-Mehl-Avrami
(KIMA) type integral expression for the fractiomnisformed X(T), can be derived for
practical applications under certain restrictiotecpd on the type of nucleation, growth
and impingement proceseéchapter 3) [21, 28]. Under such simplified conditior@gs
can bedentified with a physically based model of nucleatand growth [28]in fact, it
can be shown thafe is actually a weighted sum of individual activatienergies
involved in nucleation and growth processes [28fany case, the kinetic parameters of a
true rate equation are a function of batrand T and the adoption of a separable rate

expression liké€eqg. (4.2,) is essentially a crude approximation ® ttbal non-linear state
123



of affairs [29]. With this understanding, we adapthis thesis a relatively simple non-
isothermal form of KIMA expression for fitting th@nsformation data of nucleation and

growth phenomenon.

Table4.1
Listing of the kinetics parameters estimated fercth- 3 transformation usingq.
(4.4).
Heating rate § Qe ko x 10 k kB | R?value
n for the
(K min™) (kJ mol?) (s (shH | (KY fit

1 1801 2.#0.2 | 3.80.01 21 1231 0.99
3 176+1 2.20.1 | 3.10.02, 40 718 0.99
5 1742 3.a:0.4 | 2.20.01, 61 724 0.99
7 176+2 4.0:0.1 | 2.20.03| 63 541 0.99
10 182+1 7.30.1 | 2.¢0.01, 57 344 0.99
20 186+3 10.90.2 | 2.40.04| 55 164 0.99
30 188t1 14.80.3 | 2.30.01| 61 123 0.99
40 1901 18.60.2 | 2.20.02| 58 89 0.99
50 191+1 24.80.4 | 2.20.07| 71 85 0.99
60 1932 30.6:0.8 | 2.#0.08| 67 67 0.99
75 194+2 33.31.2 | 1.20.01| 72 58 0.99
85 195+2 43.:01.5 | 1.20.02| 75 53 0.99
90 197+1 50.6:2.2 | 1.90.02| 77 52 0.99
99 199+3 56.33.2 | 1.80.01| 63 38 0.99

In the present study, for thee- 3 and3 -y transformations, the following non-
isothermal version of the Kolmogorov-Johnson-Mekkani (KIMA) formalism for the
fraction transformed X(T) as a function of temperatat constant heating raf®) (see
chapter 3) is adopted [21].

X (T) = 1-exp{-R [R(T-T9*/B Qerd "}. (4.4)
The above expression assumes site saturation typecteation. It may be noted that in

the above model, we have chosen g[{he temperature increment with respect to the
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experimentally observed threshold or onset tempexdfls) as the independent variable,
since this corrects in an apparent manner for tmer ancurred in not accounting
precisely for the true start of the transformatoanresponding to near zero transformed
fraction (X = 0). The Arrhenius rate constanis given byEg. (4.3).n is the so-called
Avrami or transformation exponent, whose theorétiGdue (ranging from 0.5 to 4)

depends on whether the transformation is bulk sl or interface controlled, besides

Table4.2
Listing of the kinetics parameters estimated ferf3h. y transformation usingag.
(4.4).

Heat(igg rate | Qer ko x 10 i k kiB =2 valu.e
KminY) | kImol) | (s Y | (ky | orthefit

1 1592 2.50.3 | 3.1%20.01 4 242 0.99

3 147+1 3.50.5 | 3.120.01 | 20 407 0.99

5 1432 2.5:0.1 2.980.01 | 24 283 0.99

7 1431 3.#0.1 2.7&0.03 | 37 312 0.99

10 144+3 3.20.2 2.680.02 | 29 171 0.99

20 151+1 7.6:0.4 | 2.480.05 | 33 100 0.99

30 154+1 10.31.1 | 2.3%0.01 | 33 66 0.99

40 155+2 12.41.2 | 2.250.04 | 37 55 0.99

50 155+1 14.32.1 | 2.180.01 | 43 51 0.99

60 15743 18.22.2 | 2.080.02 | 40 40 0.99

75 164+2 34.#3.1 | 1.990.05 39 30 0.99

85 1652 48.%#3.5 @ 1.930.08 45 32 0.99

90 166+1 52.9%4.1 | 1.880.02 | 48 32 0.99

99 1751 | 128.28.1 | 1.8%0.01 | 41 25 0.99

the dimensionality of growth. Since, only allotropransformations are being dealt with
here, the transformation kinetics is taken to berface controlled. The dimensionality of

growth may take various values. The experimenta) ¥ata for both the on—heating
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transformations, namely the- 3 and -y are fitted usingEq. (4.4) by means of a
standard non-linear optimisation routine and ttseliteng values for the kinetic quantities
namely Qe, ko, @andn are listed intable 4.1 for the a -3 phase changelable 4.2
presents the same information 8~y phase change. As may be judged from these
tables, the value af for the overall transformation kinetics exhibitg@dual decrease
with increasing heating rate, suggesting therel®y dhanging role of nucleation and
growth characteristics with the extent of transfation. The value of n for both - 3
andp -y transformations is found to be varying in the &g 1.8-3.6; which suggest
that kinetics is of interface controlled. The amgpdroverall activation energes shows
a mild increase with respectgoPutting it more candidly, the ratidg, representing the
heating rate normalised value of the rate cons&uitibits a remarkable decrease with
increasing heating rat§vhile the physical implication of this point willebaddressed in
the discussion section, it is sufficient to noteehthat notwithstanding the theoretical
restrictions placed on its applicability, a simgldf KJIMA model is able to provide a
good analytical fit for botlx - 3 andp -y transformation kinetics.
4.3.5. Transformation kinetics upon cooling

An attempt to fit theX(T) data for they— 3 transformation on cooling by means
of Eq. (4.4) turned out to be unsuccessful. This is sease expected, since this reverse
transformation on cooling is known to be non-difful in character [8]. Further, the
transformation plots obtained in the present stagy also non-sigmoidal in character
(seefigure 4.9 (a)) suggesting thereby the inapplicability of the nslard KJIJMA
formalism for modelling the displacive transforneatikinetics. In view of this, we have
invoked the following empirical expression givenBg. (4.5) for fitting the temperature
dependent progression of the 3 martensitic transformation.

X(T) = exp {-[(b/A (T=T)]"}. (4.5)
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In the above expressiof,is the cooling rate in K sé¢ Ts is the onset temperature in
Kelvin andn is a constant. By settindp (3" = b, a simple two parameter description of

y- B transformation after the well-known empirical fremvork of Koistinen and

Table4.3
Listing of the kinetics parameters estimatedyfoi3 andf3 - a transformation usingag.
(4.5) & (4.6)
y-B P-a
O . .
B n Value.for (K s n value )‘or

(K min?) (s the fit the fit
1 0.05:0.001, -3.2+0.01 0.99 0.03:0.001| 5.30.03 0.99
3 0.03:0.002, -4.1+0.01 0.99 0.08:0.001| 4.30.02 0.99
5 0.04:0.001, -3.4+0.02 0.99 0.14+0.001, 3.80.01 0.99
7 0.09:0.001, -1.9+0.01 0.99 0.22+0.001, 3.40.01 0.99
10 0.05:0.003, -2.6+0.01 0.98 0.29+0.001, 3.80.01 0.99
20 0.0#0.001, -2.5t0.02 0.99 0.58:0.001, 3.30.02 0.99
30 0.09:0.001, -2.0+0.01 0.99 0.85:0.001, 3.40.01 0.99
40 0.08:0.001, -2.8+0.10 0.99 1.16t0.002 | 3.40.02 0.99
50 0.09t0.002, -2.2+0.01 0.99 1.5#0.001 2.60.01 0.99
60 0.12+0.003, -2.0+0.02 0.99 1.82t0.003| 3.20.02 0.99
75 0.12+0.001, -2.3+0.01 0.99 2.490.002| 2.#0.01 0.99
85 0.16:0.001, -2.2+0.03 0.993 | 2.66:0.003 2.30.02 0.99
90 0.13:0.002, -2.3+0.01 0.99 3.05:0.001| 2.30.03 0.99
99 0.15:0.001, -2.5+0.02 0.99 2.96t0.004| 3.20.01 0.99

Marburger (K-M) is readily obtained [30]. It muse ladded that in the original K-M
prescription,n is taken to be unity [30]; but we allowed it torydere in order to get
better numerical agreement. The results of fitbhghe present experimental data using

EqQ. (4.5) are tabulated irable 4.3. It is useful to note that just as in the casa off3 and
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By transformations wherein, the value ldf3 changed withg, the values fob also
exhibited an increase with increasing cooling (table 4.3). SinceEg. (4.5) is empirical
in origin, it is not possible to provide a physibemical basis for the cooling rate
variation of parametdn’. The negative value af arises from the fact that with positive
values for the argument £T), the transformation extent X(T) increases vad#treasing
temperature.

In a similar manner, the transformation dXi@) for the - a transformation
during cooling have also been modelled by the Yalhg empirical expression proposed
by Kamamoto [31],

X(T) =1 - exp{-[0/B xT]". (4.6)
Where, 7 = (T<T)/(TsTy), is a dimensionless quantity defined in termJgoénd F. b
andn are empirical fit-constants. Again by settifgy/{f)" = b, we obtain a simple two
parameter model for the variation of transformatixtent with temperature. As a
passing remark, we may also add that the empiagptession of Kamamoto is not
known to have been used for describing displacigastormation kinetics, since it is
basically a recasting of a KIMA nucleation and gfotype kinetics [32]; but with the
major advantage that it provides a better numedeaicription of certain complicated
nucleation and growth kinetics, but with poor iptetability of the fit parameters in
terms of a rigorous physical model. Kamamoto’s egpion is more generic of
diffusional transformation kinetics. It should beemtioned here that neither the
simplified KIMA (Eqg. (4.4)) nor the K-M expressionEqQ. (4.5)) were able to fit
satisfactorily the observe®(T) data of B—a transformation, partly because, this
transformation is known to adopt a mixed mode ddpgnupon the cooling rate, as
Burke and Dixon have argued long ago [16].t#ble 4.3, the parameterdy and n

obtained by fitting the experimental resultEip (4.6) are listed.
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44. Discussion
4.4.1 Nucleation modes and therole of heating rate

The present study clearly brought out the fact tihat transformation arrest
temperatures for all the allotropic phase changedaind to be strongly dependent on
the heating or cooling rate, intact, which is irdrgrto many nucleation and growth
processes and for which quite a few explanationg leso been proposed based on
established viewpoints on nucleation and growtlcg@sses [33]. In the case of uranium,
such a finding had been recorded earlier as welligver, to the best of our knowledge a
careful reasoning of the underlying physical pheeoom in terms of appropriate
metallurgical factors has not been undertaken isdlfee present investigation conducted
with nearly thermal gradient free small samplethaalgh in a restricted range of 10
10* K min™®) heating and cooling rates, clearly suggests thatase of theo -8
transformation, a split DSC peak profile or a paath shoulder is observed for slower
heating rates, while a standard, single peak isrobkd for faster rates of heating.

At this point it is rather instructive to recalktifiact that very similar observations
have recently been recorded by leual in their thermal analysis characterisation of the
kinetics of {fcc) — a(bcc) phase change during cooling in fairly largairged pure iron
samples [34]. A direct comparison of our resulthwibe findings of Liuet al [34]
suggests that there could be a possible changehantransformation nucleation
mechanism, when the starting grain size exceebleeahold limit. A so-called abnormal
mode of allotropic phase change is advocated fdy fiarge starting grain size samples.
Stated briefly, the explanation given by Liu, Somraad Mittemeijer [34] rests on the
fact that repeated autocatalytic nucleation of pheduct phase ahead of the moving
transformation front is what is responsible for toeeurrence of a split or multiple peak
phenomena in DTA peak profiles. But what is impott@ note is that such “aheatithe

interface bulk nucleation eventsfnust occur in discrete pulses with passage af ton
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account for the multi-peaked nature of the varratib the transformation rate with time.
In what follows, we seek a logical exploration afck a possibility for a simple
nucleation growth mediated phase transformatiompimenon.

Taking the general case of a phase transformatohiing no change in
composition and occurring upon heating for examplean be argued, that for a given
initial microstructure and heating rate, owing tee tubiquitous presence of energy
barriers associated with diverse modes of nucleateppreciable overheating of the
sample results before product phase nucleation lmaneffected. This extent of
superheating, or more appropriately the degree hictwthe transformation onset
temperature is made to exceed its equilibrium vawefunction of the heating rate.df
is the typical incubation time for steady stateleation of(3-phase at temperatures that
are not too away from the equilibrium transformatmint (T,). Then for a sample that
is heated at a rate ¢f, the first instances of nucleation would be reget at a
temperature T8 and it can be approximated as follow,

T(B =T, + Br. 4.7)

In the present study, the variationTq3) with Sis rather non linearfigure. 4.6) , which
in essence suggedts). (4.7) is technically correct but not able to explthe non linear
behaviour ofT(f) with S observed in the present study. This is becausenwiore than
one type of nucleation modes with different chagastic time scalesr.; and 7., are
under operation, then the linear approximation wgireEqg. (4.7) needs to be modified
accordingly. In the present case, we chose theviallg form.

T(B) =To+ Bty +for +...). (4.8)

In the above relation, we have further included asditional weighting factors$; andf;
that reflect the relative contributions from theotdifferent nucleation modes to overall

number density of nuclei. Further, if we make theseghting factors sensitive to the
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variations in heating ratef), that isf; =f1(3) andf,= f2(), then a non linear variation of
the transformation arrest temperatures @ik readily obtained.
Recasting this model in terms of the standard wutd a DSC experiment,

namely the total rate of transformatj¢dX/dtyp = (dX/dT) x S, we obtain

(dX/dTy = (LB {f(X1) xka(T) + f(X2) x ka(T)}. (4.9)
The above relation is written using the simple saiple@ representation ddX/dT)y
invoked inEq. (4.2) withk,(T) andky(T) are respective Arrhenius rate constants. Thus i
emerges from this reasoning that the occurren@amposite peak structure with split
or multiple shoulders is due to the operation ohatorent but differently weighted
contributions from two different reaction mechanssmvhich could in principle be
multiple and concurrent nucleation modes, or gromgchanisms or a combination of
these two. For a sample with a fairly large stgrtirphase grain size, the choice of small
heating rates (1 to 18 min™ in our experiment) with resulting small overhegtiffs
To), would first enable the heterogeneous nucleasiathe 3 phase from triple junctions,
that is grain corners, then grain edges and finallhe grain interior. The incidence of a
large starting grain size results in a net reduaciiothe number of potential low energy
nucleation sites (grain edges and corners) to stdit Hence, after the quick initial
exhaustion of such low activation energy nucleat®ites, there is a drop in the
nucleation rate from this mode. In addition, thenfation of 3 phase with a larger
specific volume and elastic stiffness than the mam-grain will result in the
development of stresses at the transformationfaterand this would also effectively
reduce the driving force available for further pagption of the transformation. This then
results in a slowing down of the reaction rate thatld reflect as a dip or a kink in the
corresponding DSC profile. This kinetic retardatminnucleation is only temporary in

that it will be followed by fresh nucleation evemtsmore difficult to nucleate sites such
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as grain interior, which will now become accessihlpon reaching to higher
temperatures with further passage of time. Thuseatsul nucleation events at
successively higher time or temperatures in cassonfinuous heating can in principle
lead to multiple peaked DSC profiles. Now, if wepsh to heat the sample at a faster rate
ensuring thereby the attainment of a higher transition start temperature, then both
homogeneous and heterogeneous types of nucleatmseare triggered simultaneously
and with the predominant contribution coming frommogeneous nucleation mode for
larger grain sized samples and this leads to aadd8C profile with single peak. If the
startinga-phase grain size is very small then at all poaitime, there will be present
enough catalytic nucleation sites to ensure thetimoous propagation of the
transformation front for practically all the heafimates. Thus, there exists a threshold
grain size above which only, the anomalous transédion mode is triggered in simple
interface controlled nucleation and growth transfations [38].

To complete the explanation, we may also add thaery high rates of cooling
(10° K sec?), as for example adopted by Duwez [15], it emelfges Eq. (4.7), that a
very large under cooling and hence a significate pp of the thermodynamic driving
force is made available at, Tor both initiation and progress of the transfation. This
higher driving force can facilitate the rapid prgption of the transformation front. Thus,
the small number dB-phase nuclei that are the first ones to form, ieatppe matrixa-
phase triple junctions for reasons of energeticroan transform by rapid advancement
of the a/B interface. Although, the present study is not eoned with such very high
heating or cooling rates, there are adequate peecedin literature to support the fact
that massive and martensitic modes of allotropgmgformation do in fact occur for

faster rates of heating and cooling [35-37].
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4.4.2. Kinetics parameters. heating rate dependence of Qe

At the outset, it must be admitted that followitige reasoning advocated by
Berkenpaset al with regard to a model based analysis of transétion kinetics [38],
and by Sewry and Brown with regard to the intrieadnvolved in a so-called model-free
reaction kinetics [39], it is not clear as to hoav the values extracted for the kinetic
guantities by fitting the transformation data topamcal rate expressions are meaningful
in a fundamental sense. Nevertheless, we indulgach an exercise in the present study
only to offer a plausible estimate @t involved in the structural phase changes in pure
uranium. A straight forward application of Kissimger Ozawa formalism [40] for
effective linearization of the data on shift in theak transformation temperature with
heating rate yielded non-linear plots that in $pubviates the applicability of these
methods for extracting the kinetics quantitiesfdot, a similar observation had earlier
been recorded in case of a DTA study on the ajpatrtvansformation of plutonium [41].
In deference to the limited scope of this study,deenot present a detailed discussion on
this issue, but it is suffice to say that the amdlon of Kissinger like method for
extracting the apparent activation energy of tramsétions involving multiple and
concurrent steps is strictly not correct. In thesent study, this difficulty is however
overcome by directly fitting the transformation @l&b suitable empirical reaction models
by means of a robust non-linear optimisation raaitin

The values foiQes thus obtained for tha - 3 phase change varies from 174 to
199 kJ motf, and for the - y transformation, it ranges from 143 to 175 kJ @lables
4.1&4.2). The activation energyeported for self-diffusion in the three structural
modifications of uranium are abouwt:U:167.5,8-U : 175.8 andy-U : 115.1 kJ mot
[42]. It must be remarked that we have adopted a simglifersion of KIMA model,

which do not really incorporate the role of chamggimucleation and growth rates with the
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extent of transformation. Notwithstanding this eas limitation, and taking cognisance
of the fact thaQe.s is actually a weighted sum of individual contriloats from nucleation
(Qn) and growth (Q), we may write,Qer = pQu + qQg, With p and g being arbitrary
constants. It is normally the case tkat which is of the order of a few kilo joules per

mole is much less tha@s. Under this condition, we may note that the meaur
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Fig.4.10 The variation of heating rate normalised Arrhematg constant
(k/B) with 8 for a - B transformation

activation energies are primarily reflective of ti@wth component and going by the
fact thatQg is in the same range as the self-diffusion adtwa¢nergies. Finally we may

conclude thata -3 and B -y transformation mechanism is one of involving atomi
jumps across the phase interface. As for rinealues are concerned, we refrain from
attributing a definite physical meaning, as we jarithy treat it as a fit parameter in this

study. Besides, it must also be added that thetikimgiantities,k,, Qer andn form a
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unique kinetic triplet in the sense that a changene parameter totally off-sets the
overall goodness of fit.

In the present study, we also note a small butigteacrease irQq« with heating
rate. This reflects probably the increasing degifedifficulty associated with nucleation
at high rates of heating, as growth rates at ttesperatures are expected to be high and

remain constant. The dramatic role of heating oatk/S, theoverall heating rate
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Fig.4.11. The variation of heating rate normalised Arrhemate constant
(k/B) with Bfor B -y transformation

normalised rate constant is nicely brought oufigure 4.10 andfigure 4.11. Quite
interestingly, the observed behaviour for both 3 and 3y transformations can be
fitted to a simple power law of the following form

kif=C(O™. (4.10)
From,Eq. (4.10) it is possible to define a dimensionlesardity, ¢ characterising the bi-

logarithmic variation ok with . Thus, it emerges frofag. (4.10)

135



&=dink/dIng = (1-m). (4.11)
The value ofm obtained in the present study is 0.99 éor 3 and 0.72 for -y
transformation. The physical import of this findirgythat there is present an intrinsic
scaling behaviour in the heating rate dependenc@XfdT) for both the on-heating
transformations. If we were to assume the validitystandard iso-conversional rate
equation formalism, namely that given by equati¢h2) and (4.3), it may be deduced
from the scaling law presentedtiu. (4.11) that for fixedX, the fraction transformed, the
pseudo reaction ra{elX/dT), varies with respect to heating /cooling rate@3"( Thus,

the knowledge ofdX/dT), for one standard heating rate with attending m&tron on
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Fig.4.12 The heating rate dependence of the width of the
transformation zone (Ty) for thea - 3 transformation

the Arrhenius rate constant can be used to genératéransformation plot for other
heating rates. This predictive capability is ratlmpuilt in our transformation plots
(figure 4.8(a) & 4.8(b)) in the sense that the gradually changing nattitbeoslope of
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transformation plots with increasing heating ratesiadily apparent. If on the other hand,
the heating rate has no influence on the transfoominetics, then the transformation
curves for different heating rates, when plottechorormalised temperature (BTbasis,
should all merge to give a single master curve. él@x, such is not the case witnessed
in the present study. Before closing this point, mvay also add that this simplified
interpretation of scaling law rests on the validdy iso-conversional rate equation
hypothesis; but in reality this is rather questlded21].

4.4.3. Other general aspects

The other useful point to emerge from this studyné& for botha - 3 andf3 -y

80 1 T T T T T T T T . T
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70 L B -y transformation

60 -

50 -

40 [ -1, 0.53

T,- T, (K) = 6.17 (B/Kmin™)

T-T./K

30 -
20 |-

10 |-°

0 20 40 60 80 ., 100
Heating rate / K min

Fig.4.13 The heating rate dependence of the width of tmestormation
zone (FTs) for the - y transformation

phase changes, the effective width of the transftion domain represented by the
differential temperature, T, varies approximately as the square root of thatihg

rate. This is illustrated irfigure 4.12 and figure 4.13 for a -3 and By phase
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transformations respectively. It can be seen that gimilar exponent values are noticed
for both phase changes. At present this aspect nodasbeen fully analysed and
understood, but an attempt to arrive at a comparatiterpretation of this finding in
terms of a similar finding in massive phase trameftions suggests that the heating rate
dependence of the nucleation event could be otieeafeasons [49, 50]. Considering the
experimental uncertainties involved, the valuesth&f power law exponents obtained
from the fits showrfigure 4.12 andfigure 4.13 may be taken as close to 0.5, a fact
supported by the findings of Bhattacharya et al] @3 also by Caretti and Bettorello
[44] regarding nucleation controlled massive modepbase change. Admittedly. a
mathematical treatment on this line is not carpetin this study, as reliable values for
many parameters like interface energy, mobéity, are currently lacking for uranium.
45  Conclusions

(). A comprehensive thermal analysis investigatadrthe kinetics of allotropic phase
changes in uranium metal has been carried outenptiesent chapter which include
measurement of transformation temperature as fumaif heating and cooling rate for
different phase changes occur during heating antingpcycle.

(i). The transformation temperatures exhibit aosgy non-linear variation with the
heating or cooling rate. For small heating ratd®e DSC profile for thea -3
transformation contains a shoulder, which featsr@awever absent for larger heating
rates. For small heating rates, the relative coitipetbetween heterogeneous and
homogeneous grain interior nucleation events cénthe structure development.

(i) The considerable hysteresis have observedvdmt on-heating and cooling
transformation.

(iv). The kinetics of both the on-heating phasenges, namelyg -3 and-y are
described well by a standard KIMA formalism for thgcleation and growth process.

This however is not true for the- a andy- 3 phase changes that occur during cooling.
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(v). The effective activation energies estimatedtfi@ on-heating phase transformations
are of the same order of the activation energiesiwed in the self-diffusion processon
andp uranium lattices.

(vi). The kinetics ofy- 3 phase change is found to be non-sigmoidal in citerand is
well described by the empirical Koistinen and Magmr expression for the martensitic
transformations. Th@ - a phase change on the other hand is sensitive tingo@te
and is accounted for by the empirical Kamamotdatien for the fraction transformed.
(vi). The heating or cooling rate normalised engail rate constant, namelyfkéxhibits

a power law relationship witf.
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Chapter 5

Calorimetric Investigation of Phase
stability and kinetics in U-x wt.% Zr
(x=0, 2,5 & 10 wt.%) Alloys
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5.1. Introduction: genesisof the present study

This chapter presents and discusses the resutts@imetric characterization of
phase stability and phase transformation in U-@& &,10 wt.% Zr alloys. The literature
information related to the phase equilibria andsghwansformations in U-Zr alloy has
already been presented chapter 1. From this survey, it emerges that reliable
experimental data on basic thermodynamic and kirgtantities of different phases as a
function of temperature and composition in U-Zipyd are still lacking. In addition it
has been observed that the temperature and compositall the invariant reactions are
not confirmed beyond doubt. Further, the naturdoaiation of metastable displacive
o’-martensite either separately or in conjunctionthwd-UZr, intermetallic phase upon
cooling from high temperatungbcc is yet to be clarified beyond doubt. It algpears
that the kinetic aspects of various solid statensf@mations have also not been
investigated clearly thus far. Rigorous computationadelling of phase equilibria and
phase transformation kinetics is also hamperedlypdue to the lack of reliable (recent)
data on various mobility values for Zr and U infelient allotropes of uranium. In order
to fill this gap to certain extent, comprehensiaoometric study of high temperature
phase equilibria and phase transformation chatrattsrin UxZr (x = 2, 5, 10 wt.%)
alloys has been undertaken, as a function of skelreading/cooling rates.
5.2. Experimental details

The experimental information related to alloy swsils, composition analysis and
annealing treatment given to different alloys oZUEU-0, 2, 5 & 10 wt.& Zr) used in the
present study are presenteddmapter 2. In addition the experimental methodology
adopted for differential scanning calorimetry miegdaphy and X-ray diffraction are
also presented inhapter 2. In the present chapter the results and discugsots are

presented in detail.
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53. Results
5.3.1. X-raydiffraction and microstructure

The X-ray diffraction (XRD) patterns of U-0, 2, 5% wt.% Zr alloys annealed
at 1073 K (808C) for 2 h in high pure argon atmosphere followedibyace cooling to
room temperature, is shown figure 5.1. The XRD profiles clearly showed that all the
three alloys consist of only supersaturatgdrthorhombic) solid solution phase. At this
stage, it cannot be said in definite terms as tethdr the formation of in the present

samples occurreda, martensitic mode, or through diffusional modele€omposition
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Fig.5.1. X-ray diffraction patterns obtained on U-0, 2, Sl& wt.% Zr alloys.

of high temperaturg-bcc (refer the equilibrium phase diagram of U-¥stem given in
figure 5.2), since the structure ofi’-martensite is basically the same as that of
diffusionally formeda, with little difference in lattice parameters [1f.is only the co-

presence of accompanyidgJUZr, phase that might probably indicate the diffusiveden
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of a-phase formation, since in this case, the formabiodUZr, along withaeq requires

appreciable long range diffusion [1-4]. Accordirgthe equilibrium diagram shown in

figure 5.2 the alloys of U-2, 5 and 10 wt.% Zr must at ro@mperature have some

amount ofd-UZr, phase [5]. However, it is very difficult to confirthe definite presence

of &-UZr, from powder XRD profiles shown ihgure 5.1, since most of the prominent

peaks ofd phase match closely with that of orthorhombiphase [1]. In addition, the

phase fraction od-UZr; is also rather small in alloys of lean Zr contenaking its weak
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Fig.5.2. Equilibrium diagram of U-Zr system. The expandéeziwon
uranium rich side is shown as inset for betteritglar

high angle reflections rather difficult to be deest unambiguously. The lattice

parameters of the phase estimated from present XRD results are giveable 5.1.

The typical optical microstructure of annealed skemgd U-2 wt.% Zr alloy is

presented iigure 5.3(a). Before proceeding further, it may be added th&wd.% Zr is
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taken as typical case study candidate for highhghthe important findings of this study;
for other compositions, the results are presenteeither graphical or tabulated forms.
Fromfigure 5.3(a), the fine cellular morphology af phase outlined within the prigr

phase grain boundary is immediately apparent. bitiac, a Widmanstatten like side

plate morphology emanating from pripgrain boundary is also seen at some places in

Table5.1
Listing of lattice parameters oforthorhombic phase for U-0, 2, 5&10 wt. Zr %
alloys obtained in the present study
a b c
Composition
(nm) (nm) (nm)

U 0.28507 0.58661 0.49602
U-2 wt.% Zr 0.28616 0.58565 0.49648
U- 5wt.% Zr 0.28652 0.58548 0.49688
U-10 wt.% Zr 0.28702 0.58503 0.49702

microstructure figure 5.3(b)). Such type of microstructures were reported eari U
rich U-Zr alloys, and was taken to be indicativeted formation of martensitia’ phase
[2-4]. Further, it is also interesting to note thppreciable change in microstructure
morphology that develop upon slow cooling (1 K Hifirom y-phase. Irfigure 5.3(c)
andfigure 5.3(d), the secondary electron image and the X-ray mab Kfmin’ cooled
sample of U-2 wt.% Zr alloy are shown. It is instiiue to note the presence of strong Zr
enrichment along the grain boundary of relativalsgea-grains or cells. It is clear that
the preferential formation a¥-UZr, all along the grain boundary during slow cooling,
has given rise to such enrichment. It is also ugefaote that somé&-UZr, particles are
also present inside of thee-grains. In addition, it is also found that withcdeasing

cooling rate, the cells have a sufficiently coasskappearancdi@ure 5.3(c)), and are
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decorated with thicker grain boundaries. The tylpm&rohardness of the annealed U-2
wt.% Zr alloy is found to be about 380 VHN. Witlcieasing Zr content, the hardness of
annealed microstructure is found to increase, uplout 420 VHN for 10 wt.% Zr
composition. Further, the hardness is also foundnétwease with cooling rate. The
increase in hardness is also attended by a cormatm#finement of microstructure that

is, a decrease in cell spacing.

Fig.5.3(a). A typical optical microstructure of annealed U-2% Zr alloy and in this the fine
cellular morphology ofa phase is clearly outlined within the prigrphase; (b). The
Widmanstatten side-plate like morphology, emanatiogn select prioty grain boundary is
shown (arrow markersjc). The secondary electron image of U-2 wt.% Zr alogled at 1 K
min™ from 1273 K (100€C) and in this, large equiaxed oafcells can be readily witnessed;
(d). X-ray map of 1 K mift cooled sample and from this a clear Zr enrichnadoig grain
boundary region, together with the preferentiahfation ofd-UZr, at select locations (arrow
markers) can be noticed

5.3.2 Phase changes and transformation temperatures

Figure 5.4 shows the typical DSC profile obtained at 10 K Tieating/cooling rate on
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annealed U-2wt.% Zr alloy. For other compositiaihg relevant thermogram data are
collated infigure 5.5. For the purpose of clearly elucidating the natfrezarious on-

heating/cooling induced phase changes, the U-2 wit.#lloy has been taken as typical
case study candidate. It is clear frdigure 5.4, that a total of four distinct phase
transformation events take place on heating in Wlfmys. Postponing the detailed

explanation of these events to a latter sectianay be said that the sequence of these
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Fig.5.4. DSC thermogram obtained for U- 2wt.% Zr alloy @tklmin™. An expanded
view of the first composite endothermic thermagatrarising due to the co-occurrence of

martensitic relaxation andUZr, dissolution is also shown as inset.

phase changes is in accordance with the phaseadiagihown infigure 5.2. The first
endothermic thermal arrest which begins at 856 316) and ends at 885 K (6X2) is
actually a composite one. An expanded view of thrapmosite nature of this first thermal

event is projected as an insetfigure 5.4. If the starting microstructure is taken to be
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eithera’-martensite or a mixture of (predominantly) eduilum a-orthorhombic phase
and a small fraction @i-UZr; (see, phase diagramfilgure 5.2); then the first thermal

arrest could arise from either of the following eige

heating rate - 10 K min’’

a(a)+d - aty,

—, U-10wt.%Zr

a(a)+d - aty,

U-5wt.%Zr

DSC Output (au)

<-— endo

800 850 900 950 1000 1050 1100
Temperature / K

Fig.5.5. On heating DSC thermograms obtained at 10 Krfon U,
0, 2,5 & 10wt.% Zr alloys are stacked together.

0] a’' - qa; that isa’-martensite relaxation (in case of martensite assthrting
microstructure),
(i) Oeqtd - Oegtyz; the (gradual) peritectoidal dissolution dfUZr, phase (if

starting microstructure containgq+0).
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The structural relaxation af’-martensite in U rich U-Zr alloys is generally mgped to
take place between 840 and 862 K (570°689[6, 7]. However, the peritectoidal
dissolution ofd-UZr, also occurs at a closely spaced temperature alteramely around
890 K (617C) [9, 10] (sedigure5.2), if equilibrium dissolution conditions are assume
to prevail. In either case, there is a clear pagyitof overlap of these two on-heating
transformation events, if the starting microstroeticontains some martensitir’,
diffusionala andd-UZr,. Of these, the peritectoid transformation is botondccur with
feeble thermal effect, if the phase fraction ®UZr, is rather small. The other
contribution arising fromu’ - a-relaxation becomes meaningful, only if the relaot
enthalpy is somewhat appreciable, that is withia tletection capability of DSC. In
literature, it is widely reported thgts a’-martensite formation during cooling is easily
facilitated for even moderate cooling rates [38,710-12]. Thus for example, the critical
cooling rate for the formation of 100é6-martensite is estimated to be about 60 K tin
for U-2wt.% Zr alloy [12]. It decreases however #dloys of higher Zr content; for U-
10wt. % Zr alloy, even cooling at the rate of 10mn™ can result in near 100 %
martensite transformation [12]. In the present wtuid has been observedidure
5.3(a,b)) that the starting microstructure contained premantly a-phase (possibly with
a small a’-martensite fraction), together with grain boundad-UZr, phase.
Nevertheless, it cannot be said that equilibriumoam of &-UZr, would have
precipitated during cooling after the high temperatannealing treatment. It is estimated
by the application of lever rule, that about 4.2¢avblume of UZp should be present in
U-2wt.% Zr alloy at room temperature. This is sefyrcsufficient to unambiguously
record the presence &fphase by conventional XRD. Notwithstanding thisitétion, it

is likely that both martensitic relaxation of and 6-UZr, dissolution had actually

occurred together upon heating, and this contribtiiethe composite character of the
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first on-heating thermal arrest seenfigure 5.4. The relative competition between
martensite relaxation an#tUZr, dissolution will be addressed separately in onéhef
ensuing sections.

Continuing with the enumeration of DSC results, waymote that the second
peak observed at 942 K (663 is due to the eutectoid reactian;y. - B+y. (see, phase
diagram infigure 5.2). The third thermal arrest is again a composit@kparising from
two reactions: the monotectoid on@ity.-[+y: and finally the B+y;—y phase
transformation [13-15, 9-12]. In fact, the tailipgrt of this composite peak corresponds
to the formation of single phagdrom B+y;. It may be added that the offset temperature
of the monotectoid and the onset temperature oftier phase transition are rather close
for U-2wt.% Zr composition f{gure 5.2). This is further accentuated by kinetic or
diffusional lag due to sluggish Zr diffusion, whiehhances the overlapping occurrences
of these two phase changes in a standard therrafisa profile. The overlap is more
keenly observed at higher heating rates and edlyecidnigher Zr content alloys, where
the sluggish nature of Zr diffusion attests itssprece in clear terms. Only a very slow
heating scan can portray these two thermal ardestisictly in such cases. This fact will
again be deliberated upon in detail while discugssire kinetic aspects of phase change
in a latter section of this manuscript.

During the cooling part of the thermal cycle, &létfour phase transformations
discussed above have been observed with varyingeeegf under cooling. Thus, the
first peak occurring at 978 K (785) is associated with the formation[®#y; phase from
single phasey after reaching the onset ofity,) miscibility gap. This reaction is
represented ag- Y1+, and is reflected as a very small hump in the D&Cet The
second step observed at 945 K (&7Ris the completion o formation upon reaching

the horizontal eutectoid invariant line. The appiae transformation is represented as:
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vi+B - B+Y2. The third peak at 902 K (62®) is due to the formation af phase fronf3
through the reactior3+y.—~ a+y.. The a-phase formation is complete only when the

temperature reaches about 880 K ()7that is the peritectoid line, at which point the

Tableb.2
Measured transformation start (Ts), finish) mperatures for various solid state
and melting transformations and corresponding toaingation enthalpyX&H) are
listed for 2, 5, 10 wt.% Zr alloys
. . Enthalpy of
| Transformation Transformation Trans_f(_)rmatlon transformation
Composition Reaction start finish AH
Ts(K) Tt (K) 1
Jg
a-pB 933 942 12.7
U By 1057 1067 21.8
Melting 1401 88.2
a'+d - a+y, 853 888 1.2
a+y, - B+y2 944 958 14.2
U-2wWt. Zr | B+yo— B+y1 969 982 11.9
B+vyioy 988 1010 11.1
Melting 1426 1455 97.4
a'+d - a+y; 855 886 1.85
a+ys - B+ys 954 966 16.7
U-5wt.%Zr | B+y.— B+vyi 968 985 16.3
Yi+VYooy 995 1007 2.5
Melting 1446 1509 112.9
a'+d - a+y, 858 889 3.7
a+yz - B+ys 956 966 36.2
Y By By, 969 978 8.0
Vit VooV 996 1008 8.5
Melting 1644 1650 128.8

UZr, phase starts to come outoofy,. This last step constitutes the fourth thermagstrr

It is useful to highlight the point that the temgteire at which the precipitation &UZr,
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starts is fairly close to the equilibrium peritadtdine of UZr, dissolution, that occurs
during heating cycle. As mentioned before, a singkt of experiments were also carried
out for other compositions (U-5, 10 wt. % Zr) untiee same experimental conditions. In
figure 5.5, these different on-heating DSC traces obtained-e@r (x=0, 2, 5, 10 wt. %)
alloys are compared. It may be added that at 10 iK'rheating rate, some of the
transformations are not well resolved in 5 and 10% Zr alloys, as these intermediate
transitions are skipped during 10 K miheating cycle. The transformation temperature
data obtained during slow heating at 3 K thimave been reported separatelytable
5.2. It may further be added that at such slow scém oaly, all the transformations
evidenced by phase diagrafig(ire 5.2) are distinctly observed in all the three alloy
compositions. Before proceeding to discuss furtheiention is paid to discuss the co-
occurrence ofl’ - a anda+d - a+y,reactions upon slow heating in U-2 wt.% Zr alloy.
5.3.3. Co-occurrence of UZr, dissolution and martensite relaxation

According to Lagerberg, Bauer and Duffelyal [10, 16, 17], the equilibrium
UZr, dissolution temperature in U rich U-Zr alloys &imated to be around 8900 K
(617+10°C). In U-2wt.% Zr alloy, Basakt al.,[6] have observed the dissolution of WZr
at a lower temperature of 862 K (589 using dilatometry. But, Basadt. al. have
attributed the corresponding dilatometric inflentim martensitic relaxation af’phase
[6]. Meanwhile, Akaboriet al., [18, 19] have observed in U-1.98 wt.% Zr alloging
differential thermal analysis (DTA), a peak at 867584°C). This has however been
attributed to UZy dissolution. Recently, Kaitgt al., in their DSC study on U-6wt.% Zr
alloy have observed a peak at 842 K (569 [8]. Again they interpreted it is due to
o - a’-martensitic relaxation. According to the currgnticcepted phase diagram, the
UZr, dissolution takes place at 890 K (8CY under equilibrium conditions. Keeping in

mind all the above reported diversity with regardhe possible co-occurrence or overlap
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of two distinct phase transformation events upoatihg, an attempt has been made to
resolve this issue in the present study.

In a separate series of experiments, three diffestamting microstructures have
been produced on U-2wt.% Zr alloy. To begin wittsaanple has been taken to 1273 K
(1000°C), and held at this temperature for 5h, followedcbypling at the rate of 99 K
min™ to room temperature in DSC. Subsequently, a sesample of roughly the same
mass has been equilibrated at 1273 K (2a9dor 5h and directly quenched in water.
The long equilibration at high temperature has lmre to promote grain growth, which

facilitates atherma) - a’-martensite transformation. In a third experimehg sample
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Fig.5.6(a). Microstructures of 99 K mihcooled U-2wt.%Zr alloy revealing’ martensitc structurep).
Microstructure of water quenched sample of U-2wtt%&howing fine acicular needles @f martensite,
(c). SEM micrograph of 0.1 K mihslow-cooled sample of U-2wt.%Zr alloy showing ihesence of
equilibriumaeq and grain boundarg-UZr, (arrows).

after annealing at 1273 K (10W@) for 5h has been cooled very slowly at the raté.bf
K min™. It is believed that this very slow cooling is gdate enough to ensure
thermodynamic equilibrium of the alloy, as it treses through different phase
transformation domains and result in the formatibequilibriuma-orthorhombic phase.
The microstructures of 99 K miincooled figure 5.6(a)) and water quenched

sample figure 5.6(b)) indicated the presence af-martensite. The 0.1 K mih slow-
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cooled sample showed on the other hand the preseiheguilibrium a and more

importantly, grain boundarg-UZr, phase figure 5.6(c)). The microhardness value of

o’-martensite is found to be 466 VHN. The 0.1 K thinooled sample having large

equiaxed grains ai-phase, showed a microhardness value of 336 VHN.

In a fresh set of DSC experiments, the 99 K mawoled sample having'-

martensite as the starting microstructure has heated in DSC at 1 K mii The

-0.8
P U-2wt.%Zr
%\9 99 K min” Cooled Sample & reheated at 1 K min™
S 121 %,
%o s
= R
: 1.6 | 853K (580°C)
= : a+s - a+d 890 K (617°C)
Q. ass -avy Btvy,- Bty,
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Fig.5.7(a). The on-heating DSC thermogram obtained at 1 K'noim 99 K min'
sample of U-2wt.%Zr alloy. The occurrence of botartansitc relaxation and

UZr, dissolution are clearly noticed.

resulting DSC profile is shown ifigure 5.7 (a). This figure indicates clearly the

presence of two distinct thermal events arisingnfiooth martensite relaxation ale

UZr, dissolution at a closely spaced temperature iatené 853 K (586C) to 890 K

(617°C) respectively. The presence of two thermal evémiisgs out the fact that a

156



complete suppression of the diffusive formationdafZr, phase could not be realized
even in the case of Zr-lean U-Zr alloys, at a yairoderate cooling rate of 99 K rifin
Although, the starting microstructure in this casessessed a distinct lath martensite
morphology, {igure 5.6(a)), the presence @&UZr, cannot be ruled out, as it could still
be present as a thin interlath particles or laraellaaking it thus undetectable at optical

and normal SEM levels of resolution. Further, astioaed earlier that, the

- U - 2wt.%Zr ]
1.5} .

- oc'+8—>oc+8——ot+y2
1.0 - 856K (583°C) 890K (617 °C)

: i
0.0 - ato-aty
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L water quenched
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| 0.1 Kmin~ cooled—

25 | | | ] ]
800 850 900 950 1000 1050 1100

Temperature / K

Fig.5.7(b). The on-heating DSC thermogram obtained on watenched and
0.1 K mni* slow cooled samples of-Pwt.%Zr alloy.

volume fraction ofd-UZr, being small (~4.2%) in U-2 wt.% Zr alloy, it is wally
difficult to be detect this phase by convention&®Xin U-2 wt.%Zr alloy. At this point,
it is also instructive to recall the earlier obsdron of Mckeownet al., who had shown
thatd-phase is present even in as-cast microstructute Iwt.% Zr, in the form of fine
nanometric lamellae [1].

157



In figure 5.7(b) the DSC profiles obtained on water-quenched anéedaample
are compared. It is clear that the WQ sample egiaceomparatively large endothermic
peak area, whose enthalpy effects come from bothtensite relaxation and UZr
dissolution. It is also useful to note that thierthal event associated with-relaxation
is initiated at a lower temperature of about 85583°C) and ends at about 890 K
(617°C). The DSC trace of the 0.1 K rifisample on the other hand, revealed only a
small step like inflection in the base line thatndicative of meager change in enthalpy
associated with the dissolution of (a small voluimaetion) -UZr, phase. Further, this
inflection is also found to occur at a higher tenapare of 885 K (61%), which is in
fact very close to the equilibrium peritectoid teargture of 890 K (61°C) (seefigure
5.2). Thus, in the final analysis, it emerges thatcanplete suppression of-a’-
martensite formation in U-Zr alloys requires thepémgment of very slow cooling rates
of the order of 0.1 K mih as observed in this case. For any other moderatasonably
high cooling rates, thg-a’ formation readily co-occurs along with the edoiilum
Y- Oeqt0-UZr, formation. The relative extents of these two neast and hence the
nature of the thermal analysis profile is a strdagction of Zr content, and cooling
history from singley-phase field. It is generally the case that theuwa fraction ofd-
UZr,is rather small in Zr-lean alloys, which makesaiher hard to be detected clearly in
regular DSC experiments. Nevertheless, its pressnattested in the sensitive dynamic
calorimetric trace obtained in the present studythe form of composite thermal arrest.
In the current study, this has been demonstratgdfonU-2 wt. % Zr alloy; but it is a
straight forward matter to carry out similar expggnts on alloys of higher Zr content.
Since the phase fraction 8fUZr; phase increases with Zr-content of alloy, the @pth

effect associated with its dissolution is also morereasingly reflected in the DSC
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profiles of high Zr alloys. This is evidentiigure 5.5, where the DSC profiles of U-0, 2,

5, 10 wt. % Zr are collated together.

5.3.4. Effect of heating and cooling rate on phase transformations

Since heating and cooling rate variations playwial role in determining the

kinetic pathways of alloy phases [9, 11, 3, 4]etaad DSC runs covering a spectrum of

heating/cooling rates in the range, 5-50 K Thiwas performed on each composition. It

may be mentioned that each run was performed wifhesh sample, under nearly

identical experimental conditions. figure 5.8, the DSC profiles obtained on U-2wt.%
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Fig.5.8. DSC thermogram obtained as function of heatitg (350 K mirt) for U-
2 wt.% Zr alloy are presented.

Zr for different heating rates (5-50 K rifinare shown; irfigure 5.9 the corresponding

cooling cycle profiles are collated. It may be mbtkat the figures are self-explanatory,

as various thermal arrests are clearly annotatemveder, it is obvious that with
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increasing heating rate, the separation betweeflintteh temperature ofi -~ 3 and the
start temperature of -y transformation is getting narrowed rather graguéfligure
5.8). For heating rates higher than about 40 K hihe two thermal events overlap. A

similar phenomenon is also noticed during coolinge figure 5.9). Further, in the case

U-2wt%Zr
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Fig.5.9. DSC thermogram obtained as function of cooling r®-50 K
min™) for U-2 wt.% Zr alloy are presented.

of U-2 wt.%Zr alloy, for cooling rates exceedingoab 60 K min', there is a clear
possibility of directy— a’-martensite phase change, as is also observedrdaylHills et

al [4]. It may be noted that with increasing cooliraje, the degree of undercooling
experienced by phase also becomes higher. This results in thease of the driving
force for the decomposition giphase [10]. However, the diffusion of Zr and U tmes
increasingly sluggish with increasing under coglimghich ultimately favoursy- a’-

martensite transformation. But one interesting fieatiiat merits special attention in

160



figure 5.8, is that the dissolution d-UZr; is observed at all heating rates and further,
the dissolution temperature does not change sogmfiy with heating rate. A similar
behavior has also been observed in the case ofl0-ait. % Zr alloys, since the results
for higher Zr content follow the same trend, andréfore, these results are not being
presented here in order to avoid space prolifanationally, one may also add that in
case of pure uranium, there is no dirgcta’-martensite transition possible, even under
very fast cooling rates. This aspect had alreadynhbdiscussed in detail in our earlier

work [20].

As received
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Fig.5.10. The effect of cooling rate on microstructure iR2Unt.% Zr alloy. Individual
micrographs are arranged in the order of increasimding rate
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5.3.5. Effect of cooling rate on microstrucutral morphology

The effect of cooling rate on microstructure isidegd inFig. 5.10, for U-2wt. %
Zr alloy. The individual micrographs fig. 5.10, are arranged in the order of increasing
cooling rate, from 0.1 to 99 K niin The corresponding variation in microhardness has
also been labeled on each micrograph. This coltageals that with increasing cooling
rate, there is a significant change in the mictastral morphology, from that of
equiaxeda (0.1 K miri®) to an aciculaa’ martensitic type (WQ). In the case of slow
cooled sample, the enrichment of Zr along grainnilauy, due t®-UZr, formation has
already been discussed elsewhere in this repatf{gare 5.3(c) & 5.3(d)).
5.3.6 Continuous heating and cooling transformation diagrams

The heating and cooling dependencies of variodl state transformations
(transformation start gfand transformation finish sTtemperatures )are nicely brought
out in the form of continuous heating (CHT) and oyl (CCT) transformation
diagrams, shown iigure 5.11 (a) andfigure 5.11 (b), respectively for U-2wt.% Zr
alloy. temperatureslt is clearly evident from the THiagram figure 5.11(a)) that
separation betweem- [3 transformation finish and the beginning[# y transformation
is getting narrower for higher heating rates. Sanyl, one can see from CCT diagram
(figure5.11 (b)) that for cooling rates exceeding about 40-60 K'the two successive
phase changeg— B and B-a heavily overlap. In a similar fashion the continso
heating and cooling transformation diagrams (CHT & C&@TF U-5& 10 wt.% Zr alloys
are also obtained and presentedigure 5.12 (a), figure 5.12 (b), figure 5.13 (a) and
figure 5.13 (b) respectively. Further, the direct possibilityyot a’-martensite formation
at high cooling rates is also evident from CCT diaggdor all the three compositions.
The critical cooling rates needed for effectinga’-displacive phase transformation are

estimated to be, 60, 20 & 10 K riimespectively for 2, 5 and 10 wt. %Zr alloys.
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54. Discussion
As mentioned earlier, the physical metallurgy oZtJalloys has been investigated quite

extensively in the past. Yet, to the best of ounwdedge, thenumber of comprehensive
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Fig.5.11(a). Continuous heating transformation (CHT)
diagram for U-2wt.%Zr alloy
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Fig.5.11(b). Continuous cooling transformation (CCT)
diagram for U-2wt.%Zr alloy.
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calorimetry investigations on this important nucléanary system is comparatively
rather minimal, and almost very few in the past years. Accurate high temperature
dynamic calorimetry can offer two principal advages.

In addition to the fact that it can serve to essiibthe sequence of phase changes as a
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Fig.5.12(a). Continuous heating transformation (CHT) diagram
for U-5wt.%Zr alloy.
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Fig.5.12(b). Continuous cooling transformation (CCT) diagram
for U-5wt.%Zr alloy.
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function of temperature, and providing accuraterttoelynamic data on associated phase
changes, it can also be used to obtain valuabbenmEtion on transformation kinetics.
The calorimetry results become even more appealhgn they are supplemented with
metallographic characterization of transformed dampicrostructure, as had been done
here. In the present study, fairly accurate datavamous solid state transformation
temperatures, together with entahlpies of phasesfivamation have been obtained on
three U-Zr alloys. The results are in good agreemath most of the values reported in
literature [6-20] and also in line with the recadsessment of phase equilibria [5].
However, to the extent we have surveyed the operature; experimental estimates of
enthalpies of various solid state phase changesfasction of Zr content are scarce. In
this sense, the enthalpy data reportetilote 5.2, constitute a valuable (additional) input
for future optimization of U-Zr and other higheder systems.

One of the principal outcomes of this study is ¢tear enunciation of the role of
composition and cooling rate from high temperatabec phase, in deciding the course
of phase evolution. The possible coexistence.gbr a’-martensite and-UZr, phase in
annealed U rich U-Zr alloys (with Zr content up2@wt. %) and more importantly their
separate attestation upon subsequent heating hd®e@o unambiguously established in
literature. This is partially because one needsnbploy a combination of techniques to
resolve this issue. Further, in Zr-lean alloys, #gwgiilibrium phase fraction a¥-UZr,
being small, it often remains undetected in coneeal analysis. If one estimates the
phase fraction of UZrphase in U-2wt.% Zr from equilibrium diagramigre 5.2), it is
around 4.2% and this will be more for higher Zogd. Hence, in principle the presence
of 8-UZr, phase must be confirmed by XRD. However, if one gares carefully the®@
positions ford-UZr, anda-orthorhombic phase in a wide range éfspectrum, it can be

found that they are almost the same for many praiaieflections. There are of course, a
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few weak non overlapping high angle reflections @& intrinsic tod-UZr, phase, but
their intensity being small, they often go unnatige a general purpose analysis. In a
recent transmission electron microscopy study, Mukeet al.,[1] has clearly confirmed
the presence of UZphase in the as-cast structure of U-10 wt.% Zyal\ccording to

this study, the UZrphase has lamellar structure with an average lamalidth of the
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Fig.5.13(a). Continuous heating transformation (CHT)
diagram for U-10wt.%Zr alloy.
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order of 20 nm. Again it is not possible to chasaege such feature using scanning
electron microscopy, as has been observed in #sept study as well. But then, if one
has to detect the presenceddilZr, either with or without the accompanying presence o
martensitic a’-phase, it is necessary to devise specific heatmgl cooling rate
combinations, to establish the individual preseoice- 3 —a andy- a’transformations
separately. At the end of normal annealing cycléhvgiow furnace cooling (furnace
switched off), one often ends up with a mixtureogf a’ and smalld-UZr, phases, due
to the mixed mode of-bcc decomposition. This finding is important ashés some
bearing on the microstructure development of compleZr-Pu base alloys that actually
constitute the kernel of metal fuel. The present®tber alloying additions, besides
impurities will influence the decomposition kinetiof y phase in U-base alloys, by the
way of modifying the diffusive mobility values.

As for transformation kinetic aspects are conceriieel experimentally obtained,
baseline subtracted DSC peak profile of a phassfsamation can be de-convoluted to
obtain quantitative information about the extenpbése transformatioxX as a function
of time (t), or temperature (T) for a given heatorgcooling rate £= dT/dt) (instructive
to recall fromchapter 3).

X(T) = {d" (6(T) dT)/(d™ (¢ (T) dT)}. (5.1)
Where the integral in the numerataf’ ¢(T) dT represents the partial area under the
transformation peak in the temperature domainsTWhile the denominatosd™ ¢
(T)dT, stands for total peak area for entire transftion range, Jto T;. Further, a
guantitative modeling of the transformation kingtioamely X(T) versusT(f) data for
fixed heating rat@, is also possible, by invoking a suitable concalptormalism for the

non isothermal transformation kinetics [20]. In present study, for modeling the
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kinetics ofa - 3 transformation in the light of experimental DSCajadhe popular, often

used Kolmogorov-Johnson-Mehl-Avrami (KJMA) modekhzeen employed [20-27]. In
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Fig.5.14. Phase fraction versus temperature data obtaimed-$@ on-heating transformation
in U-2wt.%Zr alloy. The KIMA model fit is shown aentinuous line, passing through
experimental data points, shown as filled circles.

simple terms, assuming site saturation nucleattoanon isothermal KIMA model for
the diffusional transformation kinetics can be egsed as follows (refer thapter 3).

X (T) = 1-exp {k," [R(T-Ts)?/q Qer]"}. (5.2)
The above equation assumes that all the potent@éation sites (of equal potency) are
already available at the beginning of the trans&irom.q is heating rate in K5 R is the
universal gas constants s onset temperature in Kelvik, is the frequency facton is
the empirical overall transformation exponent, wehtigeoretical value (ranging from 0.5
to 4) depends on whether the transformation is diiflasion or interface controlled and

growth proceeds in one, two or three dimensions2@0. Qx is the apparent activation
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energy for the transformation process. In a ssecise @ reflects the suitably weighted

Table5.3
Estimated effective activation ener@y for a — 3 phase transformation kinetics
as function of heating rate, for U-0, 2,5& 10 wtZalloys
Composition Hest::gi_l?ate n k K JQniﬁoll
3 2.8:0.02 | 2.x10'+0.2x10" 1762
5 2.5:0.03 | 2.%10'+0.1x10" 1741
7 2.740.01 | 3.%10"'+0.3x10" 1761
U 10 2.740.04 | 7.%10'+0.6x10" 182+2
20 2.4+0.02 | 1.x10"%+0.7x10" 1861
30 3.1+0.02 | 1.410'%+0.9x10" 1882
40 2.8:0.05 | 1.&%10'%0.8x10'" | 190¢1
3 1.8:0.01 | 1.%10"+0.4x10" 220¢2
5 1.8:0.01 | 8.&10'%0.1x10" | 2151
7 1.740.02 | 3.%10"%+0.2x10" 204¢2
U-2 wt. Zr 10 1.8:0.02 | 1.%10"+4.5x10" 2141
20 1.8:0.02 | 3.&10"%0.5x10"% | 2012
30 1.8:0.02 | 7.410"%+0.7x10" 2071
40 1.740.02 | 1.x10"+1.5x10" 2082
3 1.2¢0.01 | 2.%10"+0.5x10" 2231
U i 20 5 1.240.01 | 9.x10™+2.5x10'? | 23Q3
7 1.2¢0.02 | 1.x10"+8.5x10" 22%1
10 1.2¢0.02 | 2.5%10"+7.5x10" 2192
3 0.9+0.01 | 1.&10"+8.5x10" 2513
010wt 21 5 1.1+0.02 | 6.&10"+1.5x10" 24242
7 1.140.01 | 6.%10"+2.5x10" 2482
10 0.9+0.01 | 4.410"+4.5x<10" 2401
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average of the activation barrier for nucleatiod growth. As such, it has to be treated
as function of the extent of transformation X(T)wasll [20]; however, in the present
case, these complications are avoided and inssetadken as constant through the entire
transformation .The experimental(X) data fora - 3 phase change in U-2wt.% Zr alloy
have been fitted usingg. (5.2), by means of a standard non-linear optinonatoutine.
The fit along with the experimental ') data are shown ifigure 5.14. The figure

shows that both experimental data and the KIMA iritidre in good agreement. The
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Fig.5.15. Phase fraction versus temperature data obtained ofor on-heating
transformation in U-0, 2, 5&10 wt.%Zr alloys. ThdMA model fit is shown as continuous
line, passing through experimental data pointsywshas open circles.

estimated kinetics parameters, nan@ly, k, andn for a - 3 phase change are tabulated
in table 5.3. Similar exercise has been performed in caseharalloy compositions and

the corresponding fraction curve and fitted datagi&KIJMA for different U-Zr alloys
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obtained at given heating rate of 7 K fhiare shown irfigure 5.15. The estimated
kinetic data are listed itable 5.3. It can be seen from the tabulated data that with
increasing Zr content of alloy, the effective aatien energyQes, IS increasing. This is in
line with the observation that solid state diffusizecomes progressively more sluggish
with increasing Zr-content, which is one of thes@as, as to why- a’- displacive
transformation is favored rather easily in highcdntaining U-Zr alloys. The activation
energy fora - 3 transformation in the case of U is found to béhimrange of 174-190 kJ
mol™ and it is in good agreement with the reportedvatitn energy for self diffusion of
U in a-U matrix, which is about of the order of 168 kJIh@8]. For U-2, 5 & 10 wt.%
Zr alloys the activation energy is found to belie range of 200-250 kJ niolTo the
author’s knowledge, experimental inter-diffusividigta on U-Zr alloys are not available
in open literature for low temperature orthorhomdtizicture. However, for-bcc alloys,
the activation energy of Zr diffusion has been regmbto be much lower, that is in the
range 90-150 kJ mo) for Zr content in the range of 10- 50 wi{28-31]. On the other
hand, in the case of U-2.5 wt. % Cr and U-1wt.% IRtys, the reported activation
energy forB - a transformation is of the order of 190 and 135 kalhmespectively [32,
33]. A comparison with these sparse data suggeatgte activation energy obtained in
the present study for different U-Zr alloys is Raireasonable and in expected order.
However, more research needs to be carried onntimisrtant issue. The transformation
exponent (n) obtained in the present study for puemium is in the range, 2.58-3.05
which signifies that the polymorphic transformatisninterface controlled [20]. But in
the case of U-2 wt. % Zr alloysvaries in the range of 1.7-1.9 and this indicatd the
transformation is controlled by diffusion with contous nucleation process [34].

However in the case of U-5 & 10 wt. % Zr allaysaries in the range of 0.9-1.2 and this
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indicate that the transformation is controlled lijugion with site saturation nucleation
process.

In an early study, Hillgt al.,[4] have investigated the change in microstructural
morphology in U-0.97 to 27.7 wt.% Zr alloys by emaench method. A general phase
refinement with increasing cooling rate was obseér¢owever, the effect of controlled
cooling rate on microstructure evolution, as obsdrin the present study has not been
reported earlier. In the present study, it is distabd that very slow cooling fropaphase
is required for obtainingeq along with grain boundar:UZr,. It is quite likely that the
preferential segregation of Zr to prigrboundaries might have been instrumental in
enhancing the local super saturation and hence atalyzing the heterogeneous
nucleation of®®-UZr,. The enrichment of Zr along grain boundary hasbmeported by
X—ray map shown ifigure 5.3(d). Further, at very slow cooling rates, the growtlugf
is also facilitated as sufficient time is providied the development of regular equiaxed
grain structure.

In the present study, it is found that upon insieg the cooling rate, the-cells
become finer; and with further increase, a Widmeattesh like side plate morphology is
seen to develop. However, beyond a threshold apotite of about 60 K mih(U-2wt.%

Zr) the microstructure significantly changes fromallgar to lath like morphology,
indicating possibly the formation afi’-martensite. Further increase in cooling rate
results in the refinement af’-colony size, with many intersections occurringviseen
newly formed laths. For large enough cooling ratesh as water quenching, we see very
many fine aciculan’-needles, populating thickly the entire speciméh The change in
microstructure upon increased cooling rate has bésn reflected in the increase of
hardness values. It is clear that thermal histay @mposition taken together decide the

course of phase transformations and microstruewoéution in U-Zr alloys.
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5.5.

(i)

(ii)

(iii)

(iv)

v)

(vi)

Conclusions

Calorimetric characterization of transformation s=tee, transformation
temperatures and enthalpy have been made fatrigx=0, 2, 5, 10 wt.%) alloys.
The reported transformation temperatures and ewhafl transformation have
accuracy of the order a2 K and 5% respectively.

Upon slow heating of an annealed sample of U-2 wAralloy, the following
phase transformation sequence is found to take eplaa(a’)+d-
UZrs - Oegtyo - B+y2 - B+y1 - Y. For U-5 wt.% Zr and U-10 wt.% Zr alloys, the
corresponding sequence is found todo@’)+8-UZrz - Oegtye — Y2 - Yitya - V.

In case of annealed U-Zr alloys, it is found thabw heating, bot-UZr,
dissolution anda-martensitic relaxation occurs in a concomitanthias.
However, if the initial microstructure consists @fg + d-UZr,, then the major
thermal effect arises fro@UZr, dissolution.

A clear enumeration of the effect of cooling rateni high temperature single
phase, and alloy composition in influencing theaeposition modes has been
made. It is found that for slow cooling rates, k¢ brder of 0.1 K min or less, it
is possible to obtain equilibriunwi-orthorhombic phase along with grain
boundary -UZr, phase. However, with increasing cooling rate, ecdmes
difficult to nucleatea andd-UZr,, due to sluggish Zr diffusion. This favors the
formation ofa’-martensitic phase directly fromthrough a displacive mode.

The critical cooling rate required for-a’ direct displacive transformation is
found to decrease with increasing Zr content. &, 8, and 10 wt.% Zr alloys,
it is found to be of the order of, 60, 20, 10 K thirspectively.

Based on present dynamic calorimetry results, coatia heating and cooling

transformation diagrams have been obtained for §& 10 wt.% Zr alloys.
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(vii)  Significant change in the microstructure morphologih increasing cooling
rates has been found. The morphology changes fopiaxeedae, orthorhombic
phase to aciculax,-martensite needles, with increase in cooling fiam 0.1 K
min™ to severe water quenching.

(viii) The apparent activation energy for. 3 on-heating phase transformation showed
an increase with increasing the Zr content whicplies that with increasing Zr
content the diffusion of Zr in uranium matrix bec®mdifficult. Further, the
kinetics ofa - 3 phase change in the case of uranium is contriedhterface
mobility however in the case of U-2, 5 & 10 wt.%aloys it is controlled by Zr-

diffusion ina’-phase.
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Chapter 6

Investigation of Phase Equilibria of
Fe-U System using Calorimetry
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6.1. Introduction

According to the literature survey presenteahiapter 1 on Fe-U binary system
it emerges that the metallurgy of this system hasnbwell studied in past [1-19],
nevertheless some ambiguities still persist indbwetext of transformation temperatures
of invariant reactions [1-19]. In order to addrédssse issues to some extent, a differential
scanning calorimetry based characterization of heghperature phase equilibria and
phase transformation kinetics in;ggUx binary alloys, withx varying from 0 to 95 mass
% U has been undertaken. In the present study atecareasurement of transformation
temperatures pertaining to: (x-Fe-y-Fe- &-Fe polymorphic phase change, (ii)
UFe+y-Fe- L and UFe+UFe - L transformations and (iii) melting has been masi@a
function of uranium concentration. The measuredsf@mation temperatures are used
to construct the binary Fe-U phase diagram, whitbhw&d general agreement with the
latest assessment. The heat of transformation dapws invariant reactions and solid
state transformations has been obtained from DSdltseas a function of U content. It
must be added here that the novelty of this worthat these measured data will act as
valuable source of information for rigorous phasguikbria assessment through
CALPHAD method.

The experimental details related to alloy syntheaimnealing treatments and
composition analysistdble 2.2 are already presented amapter 2 In addition, the
experimental procedure of DSC experiments, metadlggy and SEM are also presented
in thechapter 2. Therefore the following account covers results disdussion part only.
6.2. Results
6.2.1. Transformation temperatures measured as function of U content in Fe-U alloys

In figure 6.1, the typical DSC thermo-gram for Fe-5 mass % Uyatkecorded

during heating/cooling cycle at 3 K rifitis presented. This composition is taken as the
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typical one for highlighting the sequence of phelsanges that occur in Fe-U alloys. In

deference to limited space, the individual DSCedsafor other alloy compositions are not

shown here, except for the fact thaffigure 6.2, the DSC profile bears clear testimony

to the presence of single phaseUrdt may be noted that according to the currently

2000 . . . . . .
| Fe-5mass % U Eutectic 15
1800 |- _
1600 - . 3, 1°
L 1039 K 2 %, ., T
5 1400 P CureTe E \ 1037K - -2 >3.
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Fig. 6.1.The DSC thermo-gram obtained on Fe-5 mass% U allegan rate of 3 K min

accepted version of Fe-U equilibrium diagram [3,t6¢ Fe-5 mass %U alloy existscas

Fe+ FeU two phase mixture at room temperature. Sinceethee three allotropic phase

changes associated with iron, in addition to thgme#ic phase change as a function of

increasing temperature therefore a total of fivelathermic thermal events must be

observed upon slow heating. This is fully evideranf figure 6.1 The first small

endothermic peak observed at 1039 K correspontisetonagnetic transformation af
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iron solid solution phase. The second peak locatetil88 K is due ta(bcc)- y(fcc)
allotropic phase change of Fe-rich solid solutidspon further heating, a third
transformation thermal arrest is seen to occuBa&bXK which marks the onset piFe +
UFe - L reaction. Subsequent to this transformation, @ (fcc)- o-Fe (bcc) phase

change is observed at 1668 K. The on-heating wamsition sequence is completed by

2000 T L T y T : T L T
1 Fe-68wt%U (FeU) 2
1800 -
1 -0
1600 - Solidification S
E 1400 - ~—1385K - -2 \:L
Q T hd
S 12004 L4 3
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N
E 800 - Y=
600 -
T
1 g
400 - u s T
' L 12
200 T y T y T y T L T
1x10* 2x10* 3x10* 4x10* 5x10*

Time /s

Fig. 6.2 DSC thermo-gram obtained forJEkalloy at 3 K mir_ll

the fifth dominant endothermic melting peak plaeed 793 K. This corresponds deFe
(bcc)- L transformation. All the phase changes observwethd heating cycle are traced
back during cooling as well, but with distinct un@eoling effects. Similar experiments
have been carried out for other Fe-U compositionduding FeU intermetallic {igure
6.2) and one composition close to Reuhtermetallic compound. Irable 6.1 the

measured transformation temperatures for diffealay compositions are compiled.
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The on-heating transformation temperatures measnrbe present study for different

Table 6.1

Fe-U alloys
Curie
Composition | Temperatu G_Flfe_’ ¥ Fe{*ﬁe y-Fe - &-Fe Liquidus
(mass % U) (fKG) K) ) (K) (K)
0 1043 1185 1663 1811
5 1039 1188 1355 1668 1793
8 1043 1184 1357 1666 1747
10 1043 1179 1353 1669 1735
15 1042 1189 1357 1663 1708
20 1041 1178 1352 1667 1687
25 1040 1185 1353 1662 1681
30 1041 1190 1354 - 1573
35 1041 1189 1349 - 1520
40 1039 1191 1354 -- 1503
45 1042 1193 1346 - 1423
Fe,U+ y-Fe
—L
50 1043 1178 1357 -- 1401
55 1045 1188 1354 -- 1410
60 -- 1195 1347 -- 1463
65 -- 1188 1351 -- 1486
68 1
(FeU) - -- -- - 1505
FeU +
FeUs— +L
70 994 1500
75 988 1473
80 995 1353
85 991 1268
FeoU+Fe
Ug—L
90 992 1043
95 1001 1064
100 a-U—-B-U | B-U-y-U
940 1046 1405
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6.22 pyFetFeU - L and FeUgtFeU — L transformation characteristics

In figure 6.3, the measured variation of the eutectic tempegatwvith U-content is
graphically portrayed. It can be seen that notwathding the compositional effects,
which certainly influence the kinetics of phaserajg the transformation temperatures
measured in the current study, 1357 +5 K for theleé + FeU - Liquid reaction and
1001 5 K for the FebrFeU - L reaction are fairly in agreement with the repdrte
values in literature [3-8]. In addition, the measlivariations in the enthalpy of three

principal on-heating transformations namely, (i)tmg, 6L, (ii) y— 0 and (iii) y-Fe +

5 Gordon (1080°C / 1353 K)
Leibowitz (1071°C / 1344 K)
Michaud (1055°C / 1328 K)

UGFe + UFe2 -L

Michaud (725°C / 998 K)
Leibowitz (721°C / 994 K

1001 K

Eutectic Temperature / K

4]

00

0 10 20 30 40 50 60 70 80 90
Mass percent Uranium

Fig. 6.3.The variation of UFgy-Fe- L and UFg+UgFe- L transformation
temperatures with uranium content along with sdlemiature data

FeU - L, are graphically depicted iiigure 6.4 for alloys of different U contentt can

be seen that starting from pure Fe-side, the auhddf U results in a progressive decrease
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in the enthalpy of melting; this is however comad by an increasing contribution
from the enthalpy of eutectic transformation, whrefaches the maximum at the exact
eutectic composition. In the current study, theeetit composition on Fe-rich side is
identified to be close to 47 mass %U. The assatiatgtectic reaction enthalpy is
estimated to be 19969+1736 J mol of atdmio the best of author's knowledge, no

previous experimental measurements of this quaatéyeported in open literature. It

24000 - Fe-UFe2 domain

21000 EEEE Melting Fe+UFe2 .
— B E utectic ey
EZZ7 gamma to delta (y - 8)

UFe2

18000 -

15000 -

12000 -

9000 H

6000

3000 H

Enthalpy of transformation / J mol atoms™

0
10 20 30 40 50 60 70
Mass percent Uranium

Fig. 6.4 The variation in enthalpies of (i) melting, (Fe+y-Fe- L and (iii)
y-Fe- o-Fe transformations with uranium content.

also emerges froiiigure 6.4, that the share of melting enthalpy increaseslioys lying
on the right side of eutectic composition, and eéaaghes the maximum value of
20983+2098 J mol of atoriisfor FeU. In the recent, Chatait al [3] has estimated the
melting enthalpy for UFeto the order of 43715 J mol of atomswhich apparently is

based on the previous heat capacity measuremebhébobcheet al., [14].
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Nevertheless, Chatast al., remark that there could possibly be a slightemastimation
of the enthalpy of melting of Uge&ompound [3]. Irfigure 6.5, the measured enthalpies
of eutectic and melting reactions for alloys in BegU to Fel} intermediate composition
regime are graphically plotted. In this regione tmelting enthalpy decreases with
increasing U-content and the maximum melting epthaf 36448+3608 J mol of atoms

!is measured for Fe-70 mass% U alloy. For the skeatectic, Fa&J+Fel;— L (~ 89

o I E utectic |
g 40000 [ Melting |
® |
s

€ 32000 -
3

= |
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= 24000 [ -
£

5 |
e 16000 | 4
©

= |
(=]

2 8000 | I -
-
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c

w 0 , , , , ,
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Mass percent Uranium

Fig. 6.5 The variation in enthalpies of (i) melting angl (i
U Fe+UFg- L transformations with uranium content

mass.% U), the measured transformation enthalpg0R50+2113 J mol of atorls
Unfortunately, the present authors are not awarangfother independent experimental
estimates of the enthalpy of this second eutectiosformation. Intable 6.2 the
measured transformation enthalpies are summaraedifferent alloys.

6.2.3. Construction of Fe-U phase diagram using current data and reported literature

The temperatures of phase changes as observeifféoernt alloys during heating
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cycle figure 6.1 & 6.2; table 6.) are used to construct the Fe-U phase diagrans.ighi
shown infigure 6.6, which also contains important data drawn from dgefgevious
research as well. In order to enhance the appeffjufe 6.6, the temperature axis is
presented in both K anC units. For plotting the liquidus line, the measlipeak

temperatures of the melting thermal arrest have bsed in place of the onset

Table 6.2
Measured phase transformation enthalpies as adanat alloy composition are listed
The measured values are accurate to £ 10%.

Allo -Fe - &-Fe Meltin
compo)s/ition ! (J mol of y-Fe + FeU Hé‘ FelstreU ”.Ié (J mol %f
(mass % U) atoms)) (J mol of atoms) | (J mol of atoms) atoms)

5 871 1335 - 6911
8 536 1903 - 9162
10 544 2358 - 8588
15 379 3407 - 7129
20 198 5605 - 4220
25 138 6353 - 3867
30 9569 - 2899
35 13197 - 3051
40 14327 - 1529
45 19423 - 10
50 19180 - 23
55 16589 - 3086
65 2112 - 20116
68

(FeU) 20983
70 842 36451
75 4327 30679
80 11092 9219
85 13745 2877
90 21179 359
95 16986 3888

temperature. This is done in order to reduce tleeainty in precisely fixing the onset
temperature. Alternately, it is possible to add bnset temperature of solidification
thermal arrest recorded during slow cooling scamragquivalent measure of liquidus

temperature. However, the differential degree afaurcooling encountered in alloys of
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different composition even at a constant slow iogptate of 3 K mift has rendered this

measure somewhat less rigorous. Despite this limitathe peak temperatures of

melting as observed in this study for slow heatsaan are found to be in good

agreement with the liquidus line projected in therently assessed Fe-U phase diagram

[3] and also with some of the previously reportedezimental data [4-9]. It may be
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Fig 6.6. The Fe-U binary phase diagram constructed usiegemt measurements along with
other reported data are also included in the figoreomparative purpose

noted in general terms that an uncertainty of tlieoof+5 % is generally attributed to

thermal analysis determination of solid-liquid asualid-solid phase change temperatures

[20-22]. Considering this point, our present estesaof eutectic transformation
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temperatures and the liquidus line may be takdretno more accurate thab and 12 K
respectively. This is clearly brought outfigure 6.6, wherein the previous estimates of
liquidus points that are co-plotted with the presgaia, exhibit a good agreement with
present measurements. The on-heating melting tempes (T/K) obtained in this
study for different alloy compositions have beembmed with the literature data to
yield the following analytical representation wittgard to the dependence on U-content

Xu, given in atom percent.

Tw/K = 1813.2 - 27.08 Xy + 1.157 X% for (0= Xys7.5) (6.1)
Tw/K = 1672.19 + 8.072 Xy - 1.793 X% for (7.6sXusl7)  (6.2)
Tw/K = 690.52 + 47.51 Xy - 0.685 Xy% for (17s Xys33) (6.3)
Tw/K = 1505 + 8.349 X, - 0.229 X% for (35< Xy<66) (6.3)
Tw/K = 778.87 + 2.913 Xy - 0.0075 X/ for (66 X,<85) (6.4)
Tw/K = -7351.67 + 166.064 X, - 0.787 Xy for (85< Xy<98) (6.5)

6.3  Solid state transformation kinetics

In figure 6.7, the DSC peak profiles obtained at 3 K tifor a-Fe-y-Fe
transformation for three alloy compositions namg)Jy8 and 10 mass % U are shown.
From the ratio of the partial area to the totalkpaesea spanned in the transformation
onset to offset temperatures, the fractional extdntransformation as a function of
temperature is readily obtained. The calculatiorfiration area is already discussed in
more detail inchapter 3. The fraction curve is plotted inglre 6.8, wherein the
sigmoidal character of the transformation is evidé&ollowing the earlier work on the
kinetic modeling of phase changes in uranium [Bi4, kinetics of diffusionati-Fe- y-
Fe transformation is modelled after the site satmaapproximation of Kolmogorov-
Johnson-Mehl formalism [23]. Modeling of transfotina kinetics is already discussed

in detail inchapter 3and it is instructive to recall that according ta Et al., [24], the
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fractional extent of transformatiof (T) under nonisothermal conditions may be

represented as follows.

: T : T : T y T y
< 00p - — .
(o2 i
£ 0.6
>j-. .
PR
5 125 .
(o} B
=
8 LR i \ Fe-10U i
0 24+ -
0 Fe-8U
D L
-3.0 - —
| Fe-5U
L 1 L 1 1 1 1 1 )
1180 1190 1200 1210
Temperature / K
Fig. 6.7 DSC peak profiles for the-Fe- y-Fe phase transformation in Fe-
5U, Fe-8U and Fe-10U alloys are stacked together.
— n R(T - TS)Z
X(T)=1- -k . 6.6
(T) = 1~ exp /s0.,, (6.6)

Where k, is the kinetic prefactor, & is the apparent or effective activation energy for
the overall transformatiom is the empirical transformation exponefits heating rate

(K s, Tsis transformation start temperature in Kelvin @ds the gas constant. The
experimental data obtained in the present studyehah{T) are fitted toEq. (6.6) by the

method of non linear least square regression. ahees of the fit parameters are listed in
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table 6.3 A value of 150 kJ mdlis obtained for @. It emerges from a comparison of
the present estimate offQith the recent inter diffusion study on U-Fe biynaystem by
Huang et al. [25], and also based on the earligtysof Pavlinovet .al [26]., that Q is

in the expected range for the diffusional procesa&sg place in uranium-transition

metal alloys.
| ! | ! | ! | ! | ! |
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Fig. 6.8.The fractional extents af-Fe- y-Fe phase transformation in Fe-5U, Fe-8U
and F10U alloys as a function of temperature are graglyidlustratec

6.4. Characterization of solidification microstructure development

In figure 6.9, a collage of secondary electron micrographs of slodéidification
microstructure is presented for different alloy gasitions spanning the range, 5-80
mass % U. It may be noted that all the alloys angjext to identical heating/cooling

schedules in DSC. It is interesting to note thengleain microstructural morphology as
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the eutectic composition is gradually approachéds Igenerally known that eutectic
microstructural morphology is decided by the inkeypof several factors, such as,
solidification (cooling) rate that determines théerfacial velocity through under cooling
below the liquidus, nucleation difficulties assaech with the complex intermetallic

compound, presence of impurities, liquid-solid ifdee energy and its anisotrogtg

Table 6.3
Kinetic parameters obtained by fitting the expentata-Fe- y-Fe transformation
data to KIMA model are tabulated.
Apparent _

Alloy Activation Energy Avrami ke

Composition exponent L

% U Qe n =)

(mass % U) (kJ morY

5 150+ 1 3.2+ 0.2 8.7+ 0.9x10’
8 149+ 2 1.8+ 0.1 8.4+ 2.1x10
10 149+ 1 2.2+ 0.1 4.2+ 0.3x10
15 149+ 2 2.3+ 0.1 2.5+ 0.4x10’
20 149+ 1 1.8+ 0.1 3.3+ 0.3x10
30 150+ 2 1.8+0.1 1.2+ 0.1x10’
35 150+ 1 2.6+ 0.1 1.7+ 0.1x10

[27]. It is generally held that of the two phasesgolved in any eutectic reaction, if
heterogeneous or sympathetic nucleation of oneeplsagmduced over the other, then
typical rod or lamellar morphology is expected withell-defined orientation

relationships [27]. If on the other hand, the twloages nucleate independently for
reasons of drastic difference in crystal structumd interfacial energy, then complex or
anomalous eutectic morphology is witnessed [27rfifodynamically, such situations

are governed by the magnitude of the entropy oftimelA°S,), the degree of under
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cooling below liquidus and in addition to the volrfraction of the phases involved
[27].

In the case of LL FeU + y-Fe eutectic reaction, the nucleation obleLaves phase

from liquid is somewhat difficult owing to its congx crystal structure and a wide
difference in the composition of nuclei as compat@dhe matrix ofy-Fe phase. It's

entropy of melting is also fairly appreciable (4.Bmot* K™). Therefore, for the L

FeU+Fe eutectic, the FE phase is observed as the intercellular film. frtarix Fe-

Fia. 6.€. A collace of SEM microaranhs for different-U allov combpositionis nresente

rich phase appears as blocky white etching graiis unded or non faceted shape
(figure 6.9(a)—(c)). It can also be seen that as one moves close toetitectic

composition, the change in the nature of euteatiorty is more distinctly revealed. The
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presence of so-called ‘halo’—or the white envelopEe,U surrounding the primarg-Fe

phase which appears as black embedded regiditgine 6.9 (e)-(f), is indeed typical of

many eutectics [27]. For compositions very closthtostoichiometric F&J, large

Fe K

B
U-M

200 4.00 6.00 B.00 1000 1z.00 7 - .

1000 12.00

d
UM,

600 900

U-L

1200 15.00

Fig. 6.10.The EDS spectra along with SEM microstructure talegrphase identification in Fe-25
mass % U and Fe-75mass % U alloys are presentech fhie EDS spectra the presence of distinct

phases, such as Fe,Beand UFe can be clearly identified

primary grains of F&J, surrounded by continuous intergranular netwofkeotectic

mixture are noticed figure 6.9 (h)-(i)). A similar, but more clearly revealing

microstrctural development has been witnessedanctise of the eutectic solidification

of alloys with compositions, Fe-70, 75 & 80 masdJ%d-or 70 mass % U alloy which is

rather close to k& intermetallic, the minority FelJphase appears as small white

inclusions embedded in the large grainy matrix efU~(figure 6.9 (j)). With further

increase in the U-content of the alloy, the volufraetion of Feld phase exhibits an

increase, and this phase forms with a distinct molgmy, as may be seen frdigure

6.9 (k) and(i). In figure 6.10 (a-f), the EDS spectra obtained from different phakes t
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constitute the solidification microstructures ofes¢ Fe-U alloys have been graphically
portrayed.
6.5. Discussion

In the present study, an attempt has to trace dhwperature and composition
dependent phase evolution in Fe-U binary systemgudynamic calorimetry technique.
Although the literature on Fe-U system contains yrtéwiermal analysis studies [4-9], the
present study has significantly augmented the iegidtnowledge base. In addition to
establishing precisely the on-heating transfornmetigmperatures, useful data with regard
to transformation enthalpies have also been oldaifiaken together, the transformation
enthalpy data generated for different alloys regmessaluable additional inputs that
facilitate greatly the optimization of Fe-U phasguidibria especially, when combined
with accurate first principles calculations of phasability at low temperatures.

A critical appraisal of transformation temperata@a as shown imable 6.1
reveals that for Fe-rich alloys, the measured ttianstemperatures for bott -y and
y— 0 phase changes of terminal solid solution phasendidshow appreciable variation
with U content. Obviously, this is due to the loalubility of uranium in iron even at
high temperatures. As the alloy composition is eatézl from pure iron to BE side, it is
observed that the Fe+fké-. L transformation temperature is found to vary oallittle
(1346-1357 K) for alloys of different U-content. i¥hattests to the fact that present
experiments are conducted at near equilibrium d¢mmdi. As stated before, the small
variation found for the eutectic temperature meagdor different alloys is well within
the typical scatter band and uncertainty limitlefrmal analysis investigations. Further,
the average of Fe+Réd - L transition temperature measured in the presenyss found
to be close to the value of 1353 K reported by Goret al., [5] and that of 1344 K

assessed by Leibowitt.al. [6]. However, the value 1328 K reported by Michd@pis
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significantly lower than the present measuremenmdy be mentioned that the recent

assessment of Fe-U phase equilibria by Chataah, also recommends 1353 K for tre

Fe+FeU - L transformation temperature [3].

As for the second eutectic reaction involvingWBend Fel is concerned, the
present measurements indicate that for alloys féérént U content, it is observed to be
in the range of 988-1001 K, which is reasonablgelto the values of 998 K, reported
by Michaud [9] and 994 K reported by Leiboweéizal. [6]. In the recent assessment by
Chatainet al., the value of 998 K has been recommended for th& FeFels L
reaction [3]. In literature, there are only few ekmental values reported for enthalpies
of different phase changes encountered in Fe-lesysThis is probably because of the
situation that the earlier phase diagram studieg, [9] employed basic versions of
thermal analysis as the major technique which doeeadily yield for reliable calibration
of enthalpy effects. In the present investigatianvéver, it is possible to obtain fairly
reliable and consistent estimates of enthalpy obsingpr all the investigated
compositions. It is also possible to employ dynao@torimetry technique for obtaining
high temperature heat capacity values, which ateab#e additional information for
performing an integrated thermodynamic assessnidiFe system.

6.6. Conclusions

® Comprehensive characterisation of high tempeeaiphase equilibria in Fe-U
binary has been performed using differential saagealorimetry.

(i) The eutectic transformation involving éandy-Fe occurs at 135745 K, and at a
composition of 47 mass % U. The transformation &pth is estimated to be
19969+1736 J mol of ators

(i)  The eutectic reaction involving K@ and Feld occurs at 1001+5 K, with an

enthalpy of 20250+2113 J mol of atoms
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(iv)

(v)

(vi)

Liquidus temperatures have been measureddgpfJx binary alloys Xx= 0 to 95
mass %). These are found to be in good overalleageat with the currently
assessed Fe-U equilibrium diagram.

The melting enthalpy of BB intermetallic is found to be (20983+2098 J mol of
atoms') with associated entropy of 41.96 J rhél™

The Fe-U eutectic alloys solidified with a néaceted colony microstructure.
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Chapter 7

Measurement &odelling of
Thermophysical perties of UFeg
and URR Intermetallics
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7.1.  Introduction

In the present chapter, the results of measurensm modelling of
thermophysical properties of two important uranitramsition metal based intermetallic
compounds UEg& URh3 are presented and discussed.

A study on high temperature thermal properties B&lUs relevant in both basic
and applied contexts. From the point of view of enstinding the physics of magnetism
in alloys of actinide and d-band elements, @ been attracting enormous attention
from physics quarters, especially in terms of @ecicharacterisation of its low
temperature structural, electrical, and magnetioperties, using a variety of
experimental techniques [5-10]. In addition, extemgheoretical studies of the ground
state electronic structure and high pressure emuafi state (EoS) using a variety aif-
initio or density functional methods have also been edrout on UFg [11-16].
However, to the best of our knowledge, there atg faw experimental studies devoted
to the elucidation of high temperature phase stabf UFe, especially using
calorimetry [17-23]. On the applied front, the caoetpensive knowledge of the thermal
properties of UFg the most stable intermetallic in U-Fe binary eystis a vital
prerequisite in understanding the effects of higimgerature interaction between
stainless steel clad and U-Pu-Zr metallic fast tagafuel [24]. The high temperature
metallurgical compatibility between fuel and clad crucially dependent on the
thermodynamic and kinetic aspects of Wf@mation at the clad-fuel interface [24].

The thermodynamic characterization of intermetalld uranium metal with d-
block transition elements, especially Pt, Rh, Rilj, IPetc., are of interest from the point
of view of understanding and modelling the fuesi product behavior at high
temperatures [1-4, 25-30]. In view of the restidctolubility of Pt-group elements in
uranium, these compounds are often present asulsisalesidues in dissolved spent fuel

[2]. There have been extensive studies in the pasthermodynamic and physical
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metallurgy characterization of various U-X (X = Msition metal) alloys [1-4, 25-30].
Among all, URR is one of the most important intermetallics whibve been
extensively characterized in recent times. Howether available data on phase diagram,
crystal chemistry and high temperature thermodynamare somewhat incomplete and in
some cases even uncertain [1-4, 25-30].

Therefore in the present study, evaluation of tleephysical properties of Uke
and URR intermetallics have been undertaken based on exper and modeling.
Before proceeding further, in the next sectioniaflatescription of available information
related to thermal properties of both compoundgegsented.

7.2. Thermal stability and thermophysical property of UFe, and URhs
compounds: a brief summary

The intermetallic UFgcrystallizes in cubic MgGutype Laves phase structure
(Fd3m) with a lattice parameter value in the ran§®.7058 to 0.7061 nm [5, 6, 20].
This phase is almost stoichiometric and is stalgbtrup its melting point 15@% K
[22]. There have been many investigations on thgrigc behavior of this compound
and it has been established that J&ehibits itinerant type of ferromagnetism belovb16
K [6-8, 10, 14-16]. The formation enthalpy of UReas been determined to a fair degree
of consistency by different groups, and found toirbéhe range of 32.6 to-63 kJ rifol
[24, 31]. Campbell has estimated the thermal famstiof UFe over the temperature
range of 300-1000 K, by invoking Nelimann-Kopp’s lafvadditivity of heat capacity,
and resorting to the estimation dfH;, the standard formation enthalpy through an
empirical correlation between and the radius rd®@o/Rs of AB, compounds [18]. In
addition, Labrochet al.,have measured using adiabatic calorimetry the degadcity up
to near melting temperature [21]. The data frons threct heat capacity measurement
have been used by Chatanal, in their recent phase equilibria assessmeninairy Fe-

U system [22]. To the best of the authors’ knowksdgo other experimental data exist
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for temperature dependent enthalpy or heat capaalties for temperatures higher than
1000 K. As for the cohesive and equation of st&eS) properties of Ukeare
concerned, ltieet al, have reported isothermal hydrostatic pressBye/¢lume {) data
using diamond anvil high pressure set-up [5], frefrich isothermal bulk moduluB,
and its derivativeB, have been extracted using Murnaghan equatiortaté $32, 33].
However, it may be added that the number of actBaV) data points cited in their
investigation is rather small to permit a rigor@msl unambiguous estimation of the basic
EoS (equation of state) parameters, namely, bulduls B,, its isothermal pressure
derivative By, and equilibrium volume at zero pressure conditd,. A few first
principle calculations of ground state electromimigture and zero Kelvin equation of
EoS quantities have also been reported for\JE& 16]. However, it is observed that the
agreement between these diverse theoretical eeBmata visthe experimental values is
not really satisfactory. The elastic propertiesUffe, have been estimated based on
ultrasonic wave velocity measurements by Sorokinal [19]. In addition, Yamanaket

al., has recently attempted a robust estimation oébadic bulk modulus, Debye
temperature &) and room temperature thermal expanstm for UFe, [20]. There is
certain degree of mismatch between these ultrasestonates of bulk modulus,
Griuneisen parametéys) and those estimated from isotherrRaV data after standard
de-convolution procedures [5, 15, 19]. In deferetocémited space, a detailed account
of these issues is not presented here.

URh; has face centered cubic crystal strucutre (cP43rPmand have highest
melting temperature of about 1973 K among all ther fstoichiometric intermetallic
compounds namely UBhUs;Rhs, UsRh, that exist in U-Rh system. In literature very
little thermodynamic information exists for this mpound. In fact, the available
thermodynamic data for URIcovers only a limited temperature range, although

melting temperature is fairly high, about 1973 k4125, 2]. Cordfunkest al have
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measured the enthalpy increment{Hbos.19 up to 840 K [25]. On the theoretical front,
there exist a few zero Kelvin calculations of elesic band structure and total energy as
a function of volume for URhintermetallic [34-37]. Recently, the elastic prdps of
URh; have been estimated from ultrasonic wave velogigasurements [20]. Besides
these, it appears that there are no experimentalaamost of the fundamental physical
properties such as thermal expansivity, thermaldaotivity and bulk modulus as a
function of temperature.

Nevertheless, it may be summarized, that therecitiaal need for assessment of
thermophysical and thermodynamic data for {J&ed URR compounds. In view of this
situation, we have undertaken a fresh investigatodnhigh temperature thermal
properties of UFeand URNR in this study. In particular, the enthalpy increméd—
Hz9s.19 IS measured for both UFand URR as a function of temperature, up to 1473
using inverse drop calorimetry. Experimental reswbtained in this study have been
jointly analysed with the estimated and measurddramediate temperature data of
Campbell [18] and Cordfunket al.[25] for both compounds respectively, so as towvarr
at a more comprehensive experimental dataset ovexeended range of temperature.
Further, the experimental heat capacity data obthin this study have been critically
analysed for its internal thermodynamic consistencierms of an integrated modelling
approach which involves the use of quasi-harmongby@-Grineisen formalism for
calculating and predicting the thermal properti@?, [33, 38-40]. As an off-shoot of this
analysis, consistent theoretical estimates of theempansivity have also been obtained
for both UFe and URHR. It may be appropriate to mention here that sutimgegrated
approach involving a judicious combination of expemt and modelling protocols has
been gaining currently in the recent thermophysaratalorimetry studies of diverse

materials [41-43]. In the following sections theuks of the current study are presented.
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7.3 Structure and microstructural characterization of UFe, and URhs

The details about alloy synthesis and annealingtrirent for UFe and URR
compounds are already presentedhapter 2 In order to confirm the homogeneity of
the both compounds, different characterization nephes which include XRD,
metallography, SEM and DSC have been employed a@caorresponding results are

presented below.

'UFe
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Fig. 7.1 XRD profile of UFe showing presence of cubic-Mg&Ctype
crystal structure

The XRD profile of homogenized UEkalloy is presented ifigure 7.1, which
bears evidence to the presence of cubic-MgGwe crystal structure. The Iattice
parameter after standard data analysis is estintatied 0.7059 + 0.0005 nm, which is in
good agreement with the reported values, whiched®ween 0.7058 to 0.7061 nm [5,

6, 20]. The XRD profile did not reveal the presemteany second phase. In order to
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confirm the phase purity of the sample, a smaltgief alloy weighing about 10tg

has been slowly heated at the rate of 3 K'mip to 1549C (1820 K) in a heat flux
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Fig. 7.2. The or-heatingand cooling DSC profile for Uk, taken at 2K min™ scan rat

DSC instrument $etaram setsys160@nd the corresponding thermo-gram is shown in
figure 7.2. The DSC profile is indicative of the presenceoly the melting and
solidification transitions of UReupon heating and cooling cycles respectively. The
measured melting temperature is found to be ard@3@ + 2C (1505 +2 K) which is in
good agreement with the reported value of #50K [22]. However during the cooling
cycle, there is an under cooling to the tune of KO® found, which arises from the
difficulties associated with the nucleation of Yp®ssessing complex crystal structure.
In figure 7.3, the back scattered SEM imadg&gyre 7.38 along with the U and Fe
elemental X-ray mapdigure 7.3b &c) of the annealed sample are shown. It appears

from the SEM micrograph that a very small amounthef terminal iron solid solution
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phase is present along the grain boundaries of.UfR@ay be added at this juncture that
the solubility of U in Fe is almost negligible [22]he grain boundary film like presence

of the iron rich phase is due to the eutectic react - y-Fe+UFe [22]. Nevertheless,

“Y:{ J\L.r; UFez

Fig.7.3. (a). SEM micrograph of the annealed UYRdloy, (b). Elemental X-ray map of U(c).
Elemental X-ray map of Fe

the fraction of the iron phase present is very brant as a result, it had escaped
detection in both DSC and XRD. Since YHe a line compound with very little
homogeneity range [22], it is indeed difficult teepare the ideal single phase YRbae
invariable presence of the pro-eutectic solid sotutphase, namely pure iron in the
present case is unavoidable. Notwithstanding thesalloy used in this study revealed a
fair degree of compositional homogeneity, whiclkevédent from the x-ray magigure
7.3b &0).

The XRD profile as shown ifigure 7.4 clearly reveals the presence of cubic
(CuwsAu type) URR phase. The lattice parameter estimated after atdrahta analysis is
found to be 0.3988 + 0.0007 nm, which is in gooteament with the reported value of
0.399 nm in literature [20]. Ifigure 7.5, the back scattered SEM image along with the
elemental X-ray mapping of 1273 K/5h annealed sargpkhown. This structure seen is
typical of the as-cast uranium alloys which solidihrough a eutectic reaction with
coarse primary dendrites. The SEM-EDX analysisqyeréd over many grains chosen at

random showed that there is no appreciable chamgehé characteristic x-ray
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lineintensities of U-ko and Rh- la lines throughout the sample. This suggested a fair

degree of alloy homogeneity. The elemental X-rappirag showed only mild

URh
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a=0.3989 nm
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Fig. 7.4.XRD profile of URh conforming to face centered cubic structure

Fig. 7.5.SEMBSE image along with by elemental X- ray mappinga& Rh atoms

differences of U and Rh atom density distributibroughout the sample. In view of this,
it is concluded that the possible presence of argkphase other than URphase is
almost absent. The average micro-hardness of tlug measured using Leitz micro-

hardness tester with 100 g load is found to be\@3R.
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7.4.  Enthalpy increment measurements

The enthalpy increment data as a function of teatpes for both homogenized Ufe
and URR compounds has been measured using inverse drapinualry. The
experimental procedure is already discussethapter 2, therefore here only result part

will be discussed for both the compound in the sextions
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Fig. 7.6 Temperature variation of enthalpy increment dalidained in this study along with
reported data of Campbell. The inset shows thie five present experimental data

7.4.1. Enthalpy increment data (H-H2gs15) for UFe;

In figure 7.6, the enthalpy increment datie{H9s19 measured as a function of
temperature up to 1473 K along with previous expental data of Campbell is
presented [18]. It is clearly observed that thespné measurements evince an excellent
degree of agreement with the estimated data of Galinpp to 1000 K, which is the
maximum temperature of study by Campbell [18]. Heerefor temperatures exceeding

1000 K, the current experimental data deviateslgideom the extrapolated behavior of
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Campbell. This suggests that at high temperatuties, possible role of lattice

anharmonicity, in addition to the linear electrormontribution (+¢T) may assume

considerable importance in deciding the actual s®af the temperature dependence of

thermal quantities. The present measurements doavet up to the melting transition of
UFe,. However, going by the steeply rising trend ofhafpy and therefore the heat
capacity with temperature, it is likely that megtiof UFe will be associated with a

lambda-type sharp discontinuity in the heat capacity.at
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Fig. 7.7. Enthalpy increment data for URbbtained in present study is compared
with the data of Cordfunke’s experimental and epafated data

7.4.2. Enthalpy increment data (Ht-H2gs15) for URh3
In figure 7.7 the temperature variation of measured enthalpyement (H-Hazgg 19 is
graphically portrayed. Since URIs a line compound which is stable up to 1973 §,[2

the enthalpy increment data measured up to 1278 present study do not show any
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abrupt inflection which mark the incidence of arape changdigure 7.7 also contains
the earlier experimental as well the extrapolatath dbf Cordfunkeet al [25]. It is
observed that the present measurements evincecahest degree of agreement with the
previous data due to Cordfunlet al, up to 840 K, the maximum temperature of
measurement in the previous study [25]. But theagxtlated data at high temperature do
not match with the present experimental data andoitld be attributed due to the
anaharmonicity. In order to obtain the heat capatie present data has been analyzed

using nonlinear regression analysis and it is gimethe next section.
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Fig. 7.8. Temperature variation of heat capacity for Lé@mpound

7.4.3. Analytical analysis of enthalpy increment data of UFe, & URh3

The enthalpy increment data measured for both comg® in the present study have
been fitted to the following standard Mayer-Keligel expressions using the method of
non-linear least square regression [44].

(Hr-Hagg.19J. molY)yre2 = AT + BT +C/T + D. (7.1)
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(Hr-Hagg14J. molY)urna= AT + B T2 +C/T + D', (7.2)
In the above expressions, T is the absolute terperan Kelvin. The corresponding
values of the fit-coefficients for Ugare: A (J mol'K™) = 78.5+0:B (J mol* K?)
=0.0181+ 0.00141; C (J mdK) = 5.05638« 10° + 1.124% 10*, D (J mol') = -30325.66
+ 2564.31.37. Thé¥® value for the fit is found to 0.9933. The experitzé enthalpy
increment data fitted usingq. (7.1) for UFe is shown as inset ifigure 7.6. Similarly
the fit coefficients for URhareA’ (J mol*K™) = 106.25 +0B’ (J mol* K) =0.01177+
0.0051,C’ (J mol* K) = 10.0455x 10°+ 4.897% 10°, D’ (J mol*) = -35493.29 + 1030.37,
R? (Fit) = 0.9987. The fitted data for URhsIingEq. (7.2) is already plotted ifigure
7.7 along with the experimental data. It must be adiied in fitting the experimental
enthalpy data t&q. (7.1 & 7.2), the value of coefficients A and Aave been suitably
adjusted to reproduce the accepted room temperafiwe of Cp at 298.15 K, namely
78.79 and 103 J mdIK™ for UFe and URR respectively [44]. FurtheEq. (7.1 & 7.2)
also complies with the condition thatTa298.15K, the value oH-Hags 15goes to zero.

In figure 7.8, the heat capacit§, obtained by differentiatingq. (7.1) is plotted
along with earlier data of Campbell and the asskgakies of Chataiet al[18, 22]. As
mentioned before, the heat capacity data adoptdteiassessment of Chatainal were
based on adiabatic calorimeter measurements bytheéet al.,[21]. It can be seen that
there is a good agreement between presga@ with that of Campbell and Chatain
al. [18, 22] at low temperature; however at high terapge Campbell data is not in
good agreement with present Cp data.

In figure 7.9, the present gbbtained from the derivative &g. (7.1) is compared
with the reported values of Cordfunkeal [25]. It is clear that a fair degree of agreement
is readily obtained in the region of overlappinmqperature of measurements. However,

at higher temperatures, the present data showedal but distinct upward deviation
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from the extrapolated behavior of the Cordfuekel., data [25]. This deviation at high
temperature could be due to anhamonic contributidhe heat capacity.

The heat capacity data obtained for both compounthé present study have been
theoretically modelled in a holistic manner by eoyohg the framework of
guasiharmonic Debye-Gruneisen treatment of temperaffects. As an off-shoot of the
heat capacity modelling, we have also obtainednialey consistent estimates of volume
thermal expansion as a function of temperature. mbdelling of the result obtained in
the present study under the scheme of Debye-Gemd@malism is discussed in the

next section.
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Fig. 7.9.Temperature variation of heat capacity for JRbmpound

7.5. Integrated Modelling of heat capacity and thenal expansion for UFe and
URNh3: quasi harmonic Debye-Grineisen formalism

Notwithstanding the extensive research on experiah@md theoretical fronts of
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actinide-transition metal systems, it is genertily case that a complete thermodynamic
description of integral thermodynamic quantitiestenms of pressureP}, volume {)
and temperaturel} coordinates, namely tregjuation of stat¢EoS) is still lacking [1-4,
25-30]. It is possible to theoretically estimaterthal properties of condensed phases to
varying degrees of technical sophistication depsndin the intricacies of the physical
chemistry of the system under study and also irectlirelation to the available
information on fundamental cohesive propertieshef system [45]. In the present study,
we adopt the Debye-Griineisen quasi harmonic fosmafor getting a consistent first-
order estimate of the heat capacity and thermadm®sipn at high temperatures by having
the knowledge of certain thermodynamic input d8& B3, 38-40]. A brief familiarizing
account of this model is already being discusseth@chapter 3. In this chapter the
result parts only are discussed for both {J&ed URA.

7.6.  Evaluation of thermophysical properties of UFg

Fromchapter 3it clear thaunder Debye-Griineisen formalism the volume of aleose

phase can be written as follow

Vr = Vo{ E vib/(Qo _ T'Epib) + 1} (73)

In above equatiok,, is vibrational contribution to the energy and ie firesent study it
has been calculated using Debye theory with a giveloye temperatur&p =190 K [6].
The other two parameters can be expressed as follow

Qo = BoVd/ 16 (7.4)
r=(B 1-1)/2. (7.5)
Where B,, Vo, b and Bt are isothermal bulk modulus, molar volume, Griemeis
parameter and pressure derivative of bulk modulusfarence temperature. In order to
calculate the volume usingg. (7.3) one needs to have correct input parameisted|

above. These parameters either can be obtained fepworted literature or can be
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estimated. The various input parameters which lhaen either taken from the literature

or calculated in the present study are listedainle 7.1 for UFe. The estimation of

isothermal bulk modulus, its pressure derivativel &riineisen parameter have been

carried out in the present study and discussdaeiméxt section.

Table 7.1

List of various thermophysical properties takemfrihe literature and evaluated ir

present study for Uke

D

—_

20]

Lattice 0.7059 Measured in present study at RT
parameter at 0.7063 Yamanakeet al [20]
room 0.7057 Itie et al. [5]
temperature/| 0.7041 at 4.2 K Andreevet al.[6]
nm 0.7057 Andreevet al. [6]
Br at 300 K/ Itie et. al.,(diamond anvil cell measurement) [5]
GPa 239 . . . .
220 Erikssonet al (calcglated from first prmmples) 13
201 Plr([ass]ent Study; estimated frdPaV data of Itieet
al.
194 From Laves Phase systematic in present study
156 o R
B at 300 K/ 134 Vaezet al calculated using flrst principle [15]
S
GPa Yamanakeet al(sound velocity measurement) [2
3 Itie et. al [5]
By’ 5.17 Present Study
9.93 Vaezet al, calculated using first principle [15]
Crat 28 7870 Campbell [18]
on | K 178 Yamanaka et al.(sound velocity measurement)
D 190 Andreevet. al [6]
CB ?;;?%5 ' 7567 Calculated usingp = 190K
2.25 Using bulk modulus derivative in present study
- 2.13 using thermodynamic properties in present stud
Il 3 mol K2 55x 10° Naegeleet al [10]
ay at 298.15 K 3.12x 10° Present Study estimated from low temperature
/K ! volume
5(’; ?ﬂfgﬁ&ﬁ K 1047 Campbelkt al [18]

7.6.1. Evaluation of B,

Tand y for UFe,

Isothermal bulk modulus and its pressure derivative UFe have been

determined both experimentally and theoretically I8, 15, 19 20], but there is some

inconsistency between diverse estimates. ThusxXameple, ltieet.al., were the first to
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measureP-V data for UFeg by employing the diamond anvil cell technique [bheir
derived 298.15 K isothermal bulk modul@&s and its pressure derivative values are
about 239 GPa and 3 respectively, using Murnaglipaten of state. Subsequently
using first principle calculations, Erikssehal, [13] have evaluated the isothermal bulk
modulus to be 220 GPa for the (experimental) latiarameter of 0.7068m A similar
calculation performed by Vaex al recently [15] yielded the isothermal bulk modulas

a value of 156 GPa and its pressure derivativeetd®®3, together with the lattice
parameter of a = 0.698@m Moreover, the experimental adiabatic bulk modwakie
reported by Yamanalkat al.,is found to be 134 GPa with the quoted latticeapaater a

= 0.7058nm [20]. It is well known that adiabatic bulk modulbas to be larger than its
isothermal counterparBs>Br; this is however violated by the experimentalreate of
Yamanakeet al.[20]. At this point, it is instructive to add conemt about the intricacies
involved in the comparison of theoretical and ekpental values of cohesive properties.
Thus, for example Vaeet al have recently calculated using pseudo-potentiaeda
density functional methods, the zero Kelvin cohegivoperties of UReand PuFg[15].
This calculation highlighted the importance of irqmarating subtle physical effects like
spin-orbit coupling, the exchange-correlation @feia the local density or generalized
gradient approximation etc. However, their predicigothermal bulk modulus and its
pressure derivative deviated significantly from exmental estimates. It may be added
that for fixed choice of DFT parameters, the theoat values of cohesive properties are
extremely sensitive to the choice of the equilibrivolume or the so-called minimum
volume at which the EoS properties are calculdteappears that Vaeet al [15] have
calculated their EoS properties for the theoretio@imum volume obtained in their
study, but unfortunately, this estimate itself i by 1% from the corresponding

experimental molar volume measured at 29&15
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In order to obtain a reliable estimate of isothdrrhalk modulus and its partial
derivative, we have adopted two separate strategiesh are discussed below. In the

first scheme, we took recourse to a reanalysibeiPtV data given by lItiet al [5]. Their

18.5 | UFe, _
18.0 |- —
17.5 __ [P/ u]1/2 _ BO1/2 +[P u]wzs _-

L p=1-VIV ]

17.0 |- s=(B'+1)/4 _

- - B =201.35 GPa 1
Z 1651 B =517 .
ﬂl_.. - i
16.0 —
15.5 |- i
15.0 |- .
145 % :
14.0 I L I 1 l L l L l L I 1 ]

0.0 0.5 1.0 1.5 2.0 2.5 3.0

[P ™

Fig. 7.10.Linearization of isothermal pressure-volume dzt#ie et al.

data read from the graph are linearized using therse of Smith [46]. Irfigure 7.10,
the linear scaling of the ltiet al [5], data is shown. The linear form of MurnaghBonS

which is already discusseddhapter 3is given below [46].

Plu= B2+ slPul™>. (7.6)

In the above equatioy = 1-VN, ands = (B7+1)/4; V, is the volume at atmospheric
pressureV is volume at any pressuiRe According toEg. (7.6), the value dBr at 298.15
K turns out to be 201 GPa aBt- = 5.17. These values are considered more relinble

the ones quoted by ltiet al, [5], as they are obtained after proper linedidra

procedure which any consistdPdV data must follow [46].
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In the second scheme, we have collected the dasotrermal bulk modulus and
corresponding lattice parameter for different imtetallic compounds of ABtype

having cubic C15 type structure. These data aedlimtable 7.2[47-52]. As already

Table 7.2
Listing of the bulk modulus and lattice parametaiues for select C15 laves phases
taken from literature
Compounds Lattice parameter Isothermal Bulk Reference
(nm) ModulusBr (GPg
CaAl, 0.8035 56 [47]
GdAl, 0.7905 80 [47]
YA, 0.7855 86 [47]
ScAl, 0.7582 92 [47]
ZrZn; 0.7394 123 [47]
TiCr, 0.6993 201 [47]
UFe 0.7058 194 Present stud
UCo, 0.6992 217 [5]
UAI, 0.7777 83 [49]
UMn; 0.7165 168 [50]
PuFe 0.7194 157 [48]
ZrCr, 0.7131 177 [52]
NbCr, 0.6918 229 [51]

discussed in thehapter 3, that the bulk modulus and corresponding molar melfor
many iso-structural elements and even compoundekted through following relations
BrV" Jconstant. (with n=1 in the present case) (7.7)
This trend is illustrated ifigure 7.11 for cubic laves phase compounde following
linear relation is obtained with an rms variatidribhl GPa.

Br = 0.01163/V —245.19 (7.8)
Considering a molar volume of 2.64708%16° mol* for UFe phase obtained in the
present study, a bulk modulus of 194 GPa is caledléor UFe from Eq. (7.8). This is
rather close to the value 201 GPa obtained frontitlearization scheme of experimental
P-V data. Therefore, it is concluded that the corvadtie of isothermal bulk modulus of
UFe, should be around 201 +10 GPa. The other importprantity required for

calculating the temperature dependence of volum#heas Griineisen parameter. The
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Grlneisen parameter in terms of macroscopic phlygpicperties has been calculated
using the following relation

Yo = aWVoBrlCy = aVoBdCp (7.9)
Substitution of the values @f, = 3.11 x 10 K™, V, = 2.64x10 m® mol™, Br = 201x10

Nm?and G = 74.67 I motK* at T= 298.15 K inEq. (7.9), a value of 2.13 is obtained

250 T T |
L C15 Laves Phase

N

N

(3]
|

N

(=

o
|

BT*V = constant
175 - B _=0.01163/V-245.19

150 |-
125 |-

100

Bulk modulus BTI GPa

(3]
o
|

.5x .0x .5x .0x
2.5x10" 3.0x10* 3.5x10* 4.0x10*
-1 -3
V /molm

Fig. 7.11.Bulk modulus vs. molar volume for the C15-cubicdaphases

for ys. On the other hand, employing Slater's empiricahfula relatingys with B'+

Yo = Y2(dB+/dP) — 1/6. (7.10)
We get)s = 2.25, withB'r = 5.17. It may be added that Slater’'s approxinmaisovalid
when Poisson’s ratio is taken to be independergre$sure [33]. Notwithstanding this

limitation, it may be seen that both estimategstdire in good mutual agreement.
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7.6.2 Calculation of thermal expansivity and heat capacity data

Having thus, estimated all the required quantitiles,temperature dependence of
volume has been calculated for UHe the temperature range of 0-1273 K. The
calculation has been made by takByg= 201 GPaB'r = 5.17 and/s =2.25 to maintain
internal consistency. The calculated volume astfancof temperature is shown as an

inset infigure 7.12along with the experimental data of Andres\al that are available

1 g | u | u | e | : | u | U
2.74 | UFe, .
@
< I o ]
o 272G o .
E I OOO i
o
ME 2.70 - o i
O_'_ ebye-Gruneisen
— B OO vm 1
o) 2.68 |- @‘DO@ .
' 15
8 2.66 _ .@E’@@O _
E ' Experimental
> 264 A7y Exerme i
2.62 | -
| L | L | ' | L | L | L | )

0 200 400 600 800 1000 1200 1400
Temperature / K

Fig. 7.12.Molar volume as a function of temperature obtainsthg Debye-Griineisen scheme

and compared with experimental data of reportetb 800 K by Andreeet al.

only up to 300 K [6]. It is evident that both exjpeental and calculated molar volumes
exhibit a good agreement at low temperature. Furtiyetaking the derivative oOEQ.
(7.3) with respect to temperature, it is possibledlculate volume thermal expansivity

data as well. The calculated volume thermal exp#gsicompares well with the

218



available experimental data at low temperatures [®]figure 7.13 comparison of
experimental and estimated volume thermal expagssimade.

Further dilatational and the electronic contribn§ido heat capacity have been estimated
from the following relation

Cr=C (L + aysT)+/T (7.11)

The last term, fe T) accounts for the small, linear electronic conttibn to the heat

capacity /.= 55x10° J mol* K™, the coefficient of electronic heat capacity isetarom

4.0 - UFe, -

3.5

Debye-Gruneisen

25|

2.0 -

a,x 107 /K’

10F ¢ i

05| Q =

00 C 5 L | L 1 L | 1 | 1 | s 1 1 1

0 200 400 600 800 1000 1200 1400
Temperature / K

Fig. 7.13.Calculated variation of volume thermal expansiwith
temperature along with the Andreetval.

the work of Naegele [10]. The calculat€glusing Debye-Griineisen formalism including
the dilatational correction is plottedfigure 7.14,along with experimental values. It can

be seen that the agreement between experimentahadel values is indeed good.
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C, present s _ Experimental Heat capacity obtained in present study |

th - Debye harmonic contribution due to lattice vibration to C |

Cvd” - dilational contribution to C,

CVQ‘ - electronic contribution to Cv

C. "¢ _vibrational and electronic contribution to C,
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Fig. 7.15.Temperature variation a’H, 4°G and4°S, estimated in the current study
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compared with the calculated values using Debyer@sén framework
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7.6.3. Estimation of A°H, A°Sand 4°G for UFe,

Having knownGC, (T), the temperature dependent entropy vat{&p may be calculated

in the standard manner by using the following eiguat

S(T) = $(298.15K) + o['C, dT.

(7.12)

WhereS, is the entropy value at 298.X5(104.7 J mot K™ is taken from Campbell

[18]. Once4®H and §(T) are known, it is rather straight forward to congpd’G, the

standard Gibbs energy as a function of temperatardigure 7.15 the temperature

dependence af’H, 4°S, A°G for UFe are plotted up to 1273 K.

7.7,

Calculation of thermophysical properties of UR3

For URK the calculation of different thermphysical propesthas been carried

out in the in the same way as adopted for JJFke various input parameters required to

Table 7.3

Values of input parameters used in the Debye-Gsignemodel for URH

Lattice
parameter ang
molar volume

a = 0.3989 nm,
1V, = 0.3834x 10* m®
mol*

Measured in present study

Yamanakaet alfrom sound velocity [20]

2S

By szé c(;; I:,‘:l Kathirvel et al. (calculated from first
principles) [53]
Calculated using the expressiog @, =
Bs 280 GPa %s/BT pressiopl
B’ 56 Kathirvel et al (calculated from first
) principles) [53]
6b 297 K Cordfunkeet al [25]
Cp (298.15) 103 J malK™ Cordfunkeet al. [25]
C, (298.15) 99.29 J molK™ Calculated usin@p = 297 K
¥6 2.90 Estimated from thermodynamic propertie
2.63 Estimated form bulk modulus derivative
e 14.4x 10° J mol K Dunlapet al [54]
2.78x 10° K™
a, (298.15 K) 2.74% 105K Yargfgsekrfts"’t‘llj 50]
S (0K) 152 J mof K Cordfunkeet al.[25]

calculate the temperature dependence of volumegRlg compound usingq. (7.3) are

221



listed intable 7.3 The vibrational contribution to energy for URas been calculated
using Debye theory witBp=297 K reported by Cordfunket al [25]. Further the values
of Br, B andg are taken to be 261 GPa, 5.6 and 2.90 respectiVély.temperature
dependence of volume calculated usigg (7.3) under Debye-Grineisen scheme is

presented ifigure 7.16.Since there exist, no prior published data orhibh

' T
| URh,

-1

3.9x10°
3.9x10° - & .
3.9x10° - & i
3.9x10° - o 4
3.9x10° - e 4

3.8x10°

3
Molar Volume / m™ mol

3.8x1 0'5 | 1 | A | 1 | I ] I ] I ] I
0 200 400 600 800 1000 1200 1400

Temperature / K

Fig. 7.16.Temperature dependence of molar volume obtained) idebye-Griineisen
scheme for URh

temperature thermal expansion of YURle have also obtained a self-consistent estimate
of probable thermal expansivity, from the temperature derivative Bi. (7.3). The
estimateda,(T) data is plotted irfigure. 7.17. The estimated thermal expansivity at
room temperature is found to be 2740° K .which is good agreement with literature
data reported by Yamanala al [20]. With the knowledge of temperature dependence
ofthermal expansivity and Grineisen constant fohi)Ehe dilatational contribution to

heat capacity has been calculated ugigg(7.11). In this calculation the value of
222



electronic coefficient§e is taken to be 144 10° J mol K *rom the work of Dunlop
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Fig. 7.17.Calculated variation of volume thermal expansiviith

temperature for URh
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Fig. 7.18 Experimental heat capacity data obtained in teegnt study are
compared with the calculated values using Debyai€igén framework for URh

223



[54]. The calculated Cv and the dilatational caticecare shown ifigure 7.18,together
with experimental g@values for the temperature range 0-1273 K. Itlmarseen that the
agreement is indeed good between the simulatethanekperimental results. Once the
temperaturee dependence ¢f i€ obtained in the temeprature range of 0-127847)g
Eq. (7.11) the entropy S(T) has been calculated ighvalue of $§= 152 J mof K*
reported by Cordfunket al[25] at 0 K. Thereafter the temeprature dependehfG is
obtained for URk In figure 7.19the temperature variation of computed thermodynami

quantitiesa’H, 4°S,4°G from 0 to 1273 K are presented. It can be seertlibee is a

200000 ——4——F 77— 77—
‘T_ | URh3 : Debye-Gruneisen fit AOH -
@) 100000 : to experimental data: Present study 000®
: : | M i
. ¥
O S _
- ~100000 - : oo... ..."0.. N
3 | i % %0 -
°< i (3 .....
! ()
Dl : %o, ."00. A°G ]
1 i i 0.. 0... -
c:: 300000 | 'o.. .
R : g -
-400000 - i ) _
L 1 iy | . | . | ' | | | |

0 200 400 600 800 1000 1200 1400
Temperature / K

Fig. 7.12 Temperature variation &°H, A°G andA°S, for URh

nice continuity maintained between the low temperavalues of Cordfunket al.[25]
and the high temperature values obtained in thidystTaken together, these values

constitute the most comprehensive set of thermadiymproperties available so far on
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URhs compound.

7.8.  Conclusions

® The high temperature thermodynamic stability of YJ&ed URR intermetallic
compounds have been characterized by drop calagint®ised enthalpy increment
measurements up to 1473 and 1273 K. respectively.

(i) The specific heat as a function of temperature b@sn obtained from the
measured enthalpy data and the same has beensutiganodelled by quasiharmonic
Debye-Griineisen formalism. In this way both harrncand dilatational contribution to
heat capacity are successfully estimated to firdeoof approximation for both the
compounds. The calculated and experimental datibbangl to be in good agreement.
(i)  In addition, a consistent estimate of temperatuepeddent volume thermal
expansivity data has also been obtained in thtyystor both compounds.

(iv)  The thermodynamic properties namefly’H, A°S andA°G are estimated as a

function of temperature in the range, 0-1273 K lmtimpounds.
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8.1. Summary of the present study

The scope of the present thesis is characterizatigghase stability and phase
transformation characteristics of U-Zr, U-Fe, YFRend URR alloy systems using
calorimetry and modelling. This study has been ua#ten to evaluate many important
thermokinetics and thermo physical property datétie three different alloy systems of
uranium. For the present study the differentiahsaag calorimetry and drop calorimetry
are used as major experimental tools which areleommted by the metallographic and
XRD characterization. The major finding of this $leeworks are summarized as follows.
(). In the case of pure uranium, the transformmatiemperatures for both < 3 and
=y transformations measured using DSC exhibit a gtron-linear variation with the
heating or cooling rate. Further for small heatrates, the DSC profile for the - 3
transformation contains a shoulder, which featsr@awever absent for larger heating
rates. This shoulder like feature arises in the cd® — 3 for small heating rates is due
the relative competition between heterogeneous famdogeneous nucleation event
occurring together because of very large grain sfze-U. The kinetics of both the on-
heating phase changes, namely; 3 and3 -y are described well by a standard KIMA
formalism for the nucleation and growth process thedrelevant kinetics parameters has
been obtained for both the transformation. Howerecooling they- 3 andf3 - a phase
changes do not follow the conventional KIMA mod@&8oth y-[ and B-a
transformations are found to be non diffusional nature and they adopt either
martensitic or massive mode depending on the apodite.
@i). For UxZr (x= 2, 5, 10 wt.%) alloys, the accurate measuremetransformation
temperatures and enthalpy of transformations haagenusing DSC. In the present study
with the help of DSC results, the actual sequetideasformation in all the three alloys

is clearly established. In case of annealed U-dys|] it is found that upon heating, both

231



0-UZr, dissolution anda-martensitic relaxation occurs in a concomitanthias.
However, if the initial microstructure consists af; + &-UZr,, then the major thermal
effect arises fron®-UZr, dissolution alone. Further, a clear effect of coplrate and
alloy composition on the decomposition mode of highmperaturey phase has been
observed in the present study. It is found thasfow cooling rates, of the order of 0.1 K
min™ or less, it is possible to obtain equilibriwarorthorhombic phase along with grain
boundaryd-UZr, phase. However, with increasing cooling rate,eitdmes difficult to
nucleatea and &-UZr,, due to sluggish Zr diffusion. This favors thenfation ofa’-
martensitic phase directly frogthrough a displacive mode. In addition, using D€
critical cooling rate fory— a’ direct displacive transformation are obtained b2, 5,
and 10 wt.% Zr alloys in the present study. Basegmesent DSC results, continuous
heating and cooling transformation diagrams (CHT&T) have been obtained for all
the three alloys. Further tle- 3 phase change is controlled by Zr-diffusioroiphase.
The apparent activation energy for- 3 phase change obtained using KIMA formalism
showed an increase with increasing the Zr content.

(ii). In the case of Fe-U system, a comprehensharacterisation of high temperature
phase equilibria in Fe-U binary has been carriedusing DSC. The various solvus,
solidus and liquidus temperatures have been mehsur&egoxUy binary alloys = 0 to
95 mass %) at very slow heating rate of 3 K 'mifihese are found to be overall in good
agreement with the currently assessed Fe-U equilibrdiagram. The enthalpy of
transformation for various invariant reaction, dofitate transformations and melting
have been obtained from the DSC results as a aimdti U content. The novelty of this
work is that these measured thermodynamic dataimaryb Fe-U system will acts as

valuable source of information for reliable phaspiikbria assessment or calculation

232



through CALPHAD method for higher order system suwh U-Zr-Fe-Pu complex
system.
(iv). The other major findings are, accurate measient of enthalpy increment as a
function of temperature in temperature range of-#B37 K for UFg and URR
intermetallics. The specific heat as a functionemiperature has been obtained from the
measured enthalpy data and the same has beensutiganodelled by quasi-harmonic
Debye-Griineisen formalism. In this way both harrncand dilatational contribution to
heat capacity are successfully estimated to firdeoof approximation for both the
compounds. The calculated and experimental datepangl to be in good agreement.
8.2.  Further avenues of research

This thesis reports an extensive characterizatiophase stability and phase
transformation kinetics on U-Zr, Fe-U alloys, YFand URR intermetallics using
calorimetric measurements and modeling. It has beafized that there is plenty of
scope to extend this study along following lines.
(). The extension of present thermo-kinetic analym U, and U-2, 5 & 10 wt. % Zr
alloys to obtain reliable values for many paransetide interface energy, mobility, that
are currently lacking for U-Zr system farU and-U phases.
(ii). Further study of transformation kinetics aspim U-Zr system at atomic level using
the transmission electron microscopy and synchndiased XRD.
(ii). Measurement of thermal expansivity, and thal diffusivity data on U, and U-2, 5
& 10wt. % Zr alloys, followed by an integrated ayss$ thereof.
(ii). CALPHAD based optimization of Fe-U phase gliam in light of present data on
transformation temperature and enthalpy of fornmatio
(iv). Extension of research on U-Cr system in ceinte metal fuel and ferritic steel clad
interaction, because Cr is the second (next tart&gdr element present in ferritc based

clad material for future fast reactors.
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Abstract of Synopsis

Increased interest in metallic fuels for liquid ade{sodium) cooled fast
reactors has ignited a reassessment of availabtentddynamic data, study of phase
stability and transformations kinetics for sometloé uranium based alloys. In the
present study, investigations have been carrieouhree uranium-transition metal
systems, namely, U-Zr, U-Fe and U-Rh.

The knowledge of the physical metallurgy and phassnsformation
characteristics of uranium and its alloys, espBcialrconium is of interest in
harnessing metal fuelled fast reactor technologye@ion of Zr over other alloying
additions is because it has low absorption coeifficifor neutron, acts as inter
diffusion barrier between fuel and clad materiadl @nhas 100% solid solubility in
high temperature bcc phase of U. The criticallyeased information on phase
diagram of U-Zr system is seminal to an understandf the behavior of the U-Pu-Zr
based metallic fuel. Albeit extensively investighia the past, our understanding of
the phase stability and transformation charactesisin U-Zr alloys is still far from
complete. The nature of stable and metastable diedds that emerge upon cooling
from high temperaturg-(bcc) phase is extremely sensitive to cooling,radtecontent,
holding temperature and time in thephase field. Both conventional diffusive
nucleation and growth and martensitic modes ofsfamations have been observed
in this system upon cooling from the high tempemtgphase. Accordingly, the
microstructures that develop as a result of phasages also vary from being fine
cellular to massive martensite, depending on cgatite and Zr content.

A study on U-Fe binary system is of interest frone tpoint of view of
understanding the high temperature metallurgicdraction of uranium containing
metallic fuels with nuclear grade austenitic orifer steel clad during actual reactor
operation. In order to understand the chemical adimitity of metal fuel with clad
material, we need to have reliable information tezlato phase equilibria on Fe-U.
Within the spirit of CALPHAD methodology, a moreliedble assessment of the
higher order system such as U-Pu-Fe-Zr is possiblg, if reliable information on
constituent ternary, binary and unary systems alavie.

In addition, during fission, the composition of theel is not going to remain
the same because of the generation of fission ptediike Pt, Rh, Ru, Pd, leic. The
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presence of such foreign transition metal solutdaences the thermokinetic stability
and hence performance of fuel. . In view of thetrreted solubility of Pt-group
elements in uranium, there is a very high posgpilbf formation of UM,
intermetallics, where M= Pd, Rh and Ru, and n=3sEhcompounds have very high
melting temperature and are left as insoluble tesidfter the dissolution of spent
fuels during reprocessing. Therefore, the knowleolgstability and phase equilibria
of the uranium-fission product systems, such as 4JRIPd are also necessary to
ascertain the thermodynamic status of fuel duripgrating conditions.

In this regard, the present investigation has beesigned towards a
comprehensive characterzation of phase stabilitypdrase transformation kinetics in
U, U-Zr, U-Fe alloys and URHhntermetallics using static (Inverse Drop Calorieng
and dynamic (Differetial Scanning Calorimeter-DS@)orimetry techniques. Further
the results of calorimetry experiments are supptechevith data gathered from
metallography and X-ray diffraction techniques.

Using differential scanning calorimetry, the contplghase transformation
sequence up to melting have been measured at $lbeating rate of 3 K mihfor U,
U-2, 5 & 10 wt.% Zr alloys. In the case of uranitine following solid state phase
transformation sequence is obserneedorthorhombic)- 3(tetragonal)- y(bcc) during
heating cycle. On the other hand, in the case 8Wtl% Zr alloy, the transformation
sequence is:a(a’-distorted orthorhombic)é-UZr; - a+y, - B+y. - B+yi-y. For
alloys of 5 and 10 wt.% Zr, the additional preseata miscibility gap ¥ U rich bcc
+y2 Zr rich bcc) in the high temperatuyébcc) phase region resulted in the following
transformation sequence(a’)+d-UZr; - a+y: - B+y2 - yi+y2 - Y. Further, it has been
demonstrated in the case of U-2, 5 & 10 wt.% Zoya| that depending on the nature
of starting microstructure, namely whether ittisnartensite geqt+d-UZr,, or a mix of
a'+0eqtd-UZr, phases, the relative extents of two possible @Hoing
transformation modesa{-martensite relaxation and dissolution ®fJZr,) differs. It
has been noticed that the co-occurrence of thegseewsnts gives rise to a composite
thermal arrest in the normal on-heating DSC profileaddition, the decomposition of
high temperaturg(bcc) phase as a function of cooling rate and Ziteat has been
studied using DSC and metallography. It has beaermved that it is not possible to

obtain 100% ofi phase along with equilibrium amount®fJZr,, if the cooling rate
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is more than 0.1 K mih The cooling rate from high temperaty(bcc) is found have
a strong influence on microstructure evolution ai.w

The kinetic aspects af - 3 and3 -y transformations that occurs on heating
have been modelled using Kolmogorov-Johnson-MehbAw (KIMA) formalism. It
has been observed that in the case of uraniuntrahsformation kinetics is interface
controlled, however, in the case of U-2, 5 & 10%tZr alloys, the kinetics is
controlled by the diffusion of Zr im’-orthorhombic phase. The continuous heating
and cooling transformation diagrams have also lobé¢ained for U-2, 5 & 10 wt.% Zr
alloys in the present study.

In the case of Fe-U system, the reevaluation o$@leguilibria has been made
based on present calorimetric measurements. Wehht#ip of DSC experiments,
accurate measurements of transformation tempesafpeeaining to: (i)a-Fe- y-
Fe- d-Fe polymorphic phase change, (i) UFgFe-L and WFe+UFe-L
transformations and (iii) melting have been mada asction of uranium content, in
the range of 5-95 wt.%. A total of 20 alloy compinsis were melted for this purpose.
The compositions and temperatures of eutectic larareactions that occur in Fe-U
binary system are reestablished using the pres&® Besults. In addition, the
measured transformation temperatures are also tesednstruct the binary Fe-U
phase diagram. In addition, the heat of transfaonafor various solid state
transformations and melting have been obtainedfasaion of U content. These are
fresh additions to the existing literature on Feildys.

Further, using drop calorimetry, the enthalpy inceat Hr—Hzgs 19 data have
been generated for Ufrand URR intermetallics as a function of temperature, up to
1473K. Experimental results obtained in this study hlaeen analysed analytically to
obtain the heat capacity data for both compoundsther, the experimental heat
capacity data have been modelled using Debye-Gséndbrmalism for calculating
the thermal expansivity and heat capacity datdédtn UFe and URR in the range of
0-1473 K. It may be added that the thermal expdysiestimated for these
compounds will fill a gap in the thermophysicalalzse of UFeand URR systems.
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slow-cooled sample of U-2wt.% Zr alloy showing the
presence of equilibriunoe, and grain boundary-UZr,
(arrows).

The on-heating DSC thermogram obtained at 1 K'noim99 156

K min™ sample of U-2wt.%Zr alloy. The occurrence of both
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martensitc relaxation ardUZr, dissolution are clearly
noticed.

Fig.5.7(b)  The on-heating DSC thermogram obtained on watenched 157
and 0.1 K mnt slow cooled samples of-Rwt.%Zr alloy.

Fig. 5.8 DSC thermogram obtained as function of heating (&0 K 159
min™) for U-2 wt.% Zr alloy are presented.

Fig. 5.9 DSC thermogram obtained as function of cooling (&t60 K 160
min™ for U-2 wt.% Zr alloy are presented.

Fig. 5.10 The effect of cooling rate on microstructure in W% Zr 161
alloy. Individual micrographs are arranged in theeo of
increasing cooling rate

Fig.5.11(a) Continuous heating transformation (CHT) diagram b2 163
wt. % Zr alloy

Fig.5.11(b) Continuous cooling transformation (CCT) diagram @2 163
wt.% Zr alloy.

Fig.5.12(a) Continuous heating transformation (CHT) diagram b6 164
wt.% Zr alloy.

Fig.5.12(b) Continuous cooling transformation (CCT) diagram 5 164
wt.% Zr alloy.

Fig.5.13(a) Continuous heating transformation (CHT) diagram U0 166
wt.% Zr alloy.

Fig.5.13(b) Continuous cooling transformation (CCT) diagram 510 166
wt.% Zr alloy

Fig. 5.14 Phase fraction versus temperature data obtaineal g3 on- 168
heating transformation in U-2wt.%Zr alloy. The KJMA
model fit is shown as continuous line, passing uglo
experimental data points, shown as filled circles

Fig. 5.15 Phase fraction versus temperature data obtaineal-fq3 on- 170
heating transformation in U-0, 2, 5 & 10 wt.%Zrogi. The
KJMA model fit is shown as continuous line, pasdimgpugh
experimental data points, shown as open circles

Fig. 6.1 The DSC thermogram obtained on Fe-5 mass% U alloyl&9
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scan rate of 3 K mih

Fig. 6.2 DSC thermogram obtained for fkalloy at 3 K min' 180

Fig. 6.3 The variation of UFgty-Fe-L and UFe+tUgFe-L 182
transformation temperatures with uranium conteoh@lwith
select literature data

Fig. 6.4 The variation in enthalpies of (i) melting, (ii) €fy-Fe-~L 183
and (iii) y-Fe- &-Fe transformations with uranium content

Fig. 6.5 The variation in enthalpies of (i) melting and (ii184
UsFe+UFe - L transformations with uranium content

Fig. 6.6 The Fe-U binary phase diagram constructed usingepte 186
measurements along with other reported data are als
included in the figure for comparative purpose

Fig. 6.7 DSC peak profiles for the-Fe- y-Fe phase transformation irll88
Fe-5U, Fe-8U and Fe-10U alloys are stacked together

Fig. 6.8 The fractional extents af-Fe- y-Fe phase transformation irll89
Fe-5U, Fe-8U and Fe-10U alloys as a function ofperature
are graphically illustrated

Fig. 6.9 A collage of SEM micrographs for different Fe-U ogll 191
compositions is presented

Fig. 6.10 The EDS spectra along with SEM microstructure tat@n 192
phase identification in Fe-25 mass % U and Fe-75rfad)
alloys are presented. From the EDS spectra thespcesof
distinct phases, such as FeWFeand WFe can be clearly
identified

Fig. 7.1 XRD profile of UFe showing presence of cubic-Mggtype 203
crystal structure

Fig. 7.2 The on-heating and cooling DSC profile for YRkaken at 3 204
K min™ scan rate

Fig. 7.3 (8. SEM micrograph of the annealed UFalloy, (b). 205
Elemental X-ray map of Ug). Elemental X-ray map of Fe

Fig. 7.4 XRD profile of URKk conforming to face centered cubi@06

structure
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