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Synopsis

1. Introduction

Hydrogen in steel is known to cause embrittlenfdn®2] and hydrogen assisted
cracking (HAC) frequently reported during welding steels or fabrication of steel
structures or components is one of the manifestatif this form of embrittlement.
HAC during welding is of a major concern becausésicarried out on semifinised
components and often this is carried out during fihael stages of fabrication and
cracking at this stage is unacceptable. Further, globability of HAC in welded
component is the maximum at ambient temperaf@fe Another aspect which is of
concern is that HAC is often delayed for hoursgween days after welding and hence
often not detected during inspection and henceleaahto catastrophic failure in service.

Hydrogen enters into the steel weldment during waetding processes and the
sources for hydrogen include chemically bonded wiatéhe constituents of flux used to
produce the welding consumables, moisture absoinedthe consumables from
atmosphere, and hydrocarbons on the surfaces ef masal or welding consumable.
These hydrogenous compounds dissociate in the mgehlic to form atomic hydrogen.
Solubility of atomic hydrogen in molten metal isrfa high [3, 4]. However, immediate
solidification of the molten weld pool due to ragidoling leaves the weldment (weld
metal and heat effected zone) supersaturated widhogen as solubility of hydrogen in
steel in solid state is much less compared to dsibdity in liquid metal. The
supersaturated hydrogen diffuse within the weldnaent during this diffusion transport,
a portion of it is trapped in hydrogen traps whictiude grain boundaries, dislocations,
microvoids, inclusions etc. and others diffuse dinere are two types of hydrogen traps

reversible (Binding energy < 30kJ/mole) and irreitde traps (Binding energy >
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50kJ/mole) in steel. Hydrogen, which is trappedthe reversible traps during its
transport within the weldment is able to overcorhe trap barrier at or near room
temperature and continue its diffusion, is referteds diffusible hydrogen @). It is
this diffusible hydrogen which accumulates to di@l concentration in the potential
crack sites and assists crackifdy. However, residual hydrogen which is held in the
irreversible traps requires higher energy (corragdpw to temperatures 650°C) to
overcome the trap barrier for further transporterBifiore, at room temperature, residual
hydrogen cannot contribute to the accumulated hgehiaat the potential crack sites thus
is not responsible for HAC. Therefore, knowleddma diffusible hydrogen in steel
welds is very important to assess the suscepyitafithe weld joint to HAC and also to
develop procedures to avoid cracking.

Several methods are available to measure ifd steel welds produced using
different welding consumables and welding procesllaad welding consumables are
classified based on thepHcontent in the welds produced by them. Among nugho
available to determine the pHcontents in steel welds, only four methods namely
Glycerin method, Mercury method, Gas Chromatograptethod or Carrier gas-Hot
extraction method and Vacuum Extraction method Hseen recommended by different
national and international standarf&13]. However, none of these techniques are
without limitations and there is scope for refinitige existing methods and introducing
new methods based on the techniques available yoirogen detection and its

measurement.
2. Objective of the present study

The main objective of the present study is to iedmusly develop techniques for
Hp measurement by hot extraction method using newelyelbped proton exchange

membrane hydrogen sensor (PEMHS) and conventiamlcromatography that uses
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thermal conductivity detector (GCTCD). These systelrave also been used to
determine apparent diffusivity of hydrogen in threéferent steels at different
temperatures. Further, system based on PEMHS sadaén used to study the effect of

preheating and post heating on steel welds grekhaining in the steel welds.
3. Organization of the thesis

This thesis presents a broad idea on the develdpmfernwo hot extraction
methods, one based on a PEMHS and the other base &€ TCD for | measurement,
their application for other aspects of hydrogensieel. This thesis consists of seven
chapters.

Chapter 1

This chapter briefly states the motivation for s work. It discusses the
limitations of standards methods presently avadlad how the methods developed in
the present work can be used for applications dtfaer the standard determination ¢f H
content in welding consumables.

Chapter 2

The second chapter provides a detailed survey ainobgn assisted cracking in
steel welds and kHmeasurement. Different aspects of hydrogen in saeel steel
weldments such as its sources, absorption, sdlghiliffusion, trapping and their effects
on hydrogen assisted cracking (HAC) has been predenThis chapter also discusses
briefly the various theories and models proposedHi&C, the application of preheat as a
measure to prevent HAC and the purposes ®midasurement in welds. It also covers
the concerns in fimeasurement, various standard and non-standarcdsetivailable
for measurement of &in welds, their correlation, advantages, and litiotes in using
them. The chapter finally concludes with relevaatéhe present study in the context of

the present understanding op iH steel welds and current practices of its deteatidn.
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Chapter 3

The third chapter gives details of the PEMHS sengonciples of its operation,
experimental set up used fop lheasurements and calibration procedure. Similénky,
details of H, measurement using GCTCD has also been given. |Dathidesign,
fabrication and testing of the hot extraction charshused for these techniques are also
given here. I content determined using these methods was cochpeith standard
mercury method, which is also discussed brieflythis chapter. Subsequently the
experimental facility developed to study the effetpreheating and post heating in the
Hp remaining in the weld and the preparation of gpeas for this study has been
discussed. For hydrogen diffusivity measuremendydgen charging was carried out on
specimens prepared from three different steelsgusimelectrochemical cell. Details of
this set up and the experiments are also discussas chapter
Chapter 4

In the fourth chapter, initially, results of thelibeation of the two measurement

techniques using known volume/concentration of bgdn in Ar-H2 mixtures are
presented. Subsequently, for the method using PEMESIts of K measurements
carried out using hydrogen collected at room tewrupee for 72 h are given and
compared with those obtained from standard merowgyhod. Subsequently results of
Hp measurements carried out with both the hot extmadechniques are presented and
compared with those of the standard methods. Asstatl analysis of these results are
also presented to demonstrate that the one tomne&ation obtained for the results from
these techniques and with those obtained from atdnchercury method is not by
chance. This chapter concludes by demonstratirtghlae two methods can be used for

Hp measurements of steel welds with same accuracyralability offered by the
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standard mercury methods. It also presents vaaduantages of these newly developed
methods over the presently available ones.
Chapter 5

The fifth chapter presents a systematic invesbgathe effects of pre- and post-
heating on the ptontents of welds using hot extraction-PEMHS metAduds study was
carried out with weld specimens prepared by dejpgsiE7018 electrodes on standard
mild steel specimens and E9015-B3 electrodes onifileddCr-1Mo specimen. The
results clearly show both preheating and post hgdtrings down the kicontent in the
weld considerably. However, it is found that a cambon of preheating and post
heating at lower temperature is more effectiveaducing the I content than using
preheating alone at higher temperature. Furthercdmnparing the effect of preheating
temperature on K measurements, it is shown that specimens shaltaken for
measurements after it is cooled down to 10036g) (t
Chapter 6

This chapter presents the results of the appaiffosidity of hydrogen estimated
in three different steels; modified 9Cr-1Mo st&eR5Cr-1Mo steel and mild steel in the
temperature range 25-400°C based on the hydrodfseti out from the specimens pre-
charged with hydrogen electrochemically up to teistion level. From the hydrogen
evolution data obtained from these measurementgretus temperatures and durations,
apparent hydrogen diffusivity was measured foredéht temperatures by using standard
solutions of diffusion equations for a finite cyder described in literature. A numerical
procedure for estimating of the volume of hydrodest from the specimen before the
measurement has also been proposed in this chajyrogen diffusivity data has been
subsequently modified by adding hydrogen lost #stémated with hydrogen measured.

The calculated apparent diffusivities of hydrogarall the above specified steels with
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and without incorporating the modifications for thbove specified temperatures are
given in table 1.

The apparent diffusivities in table 1 were foundo®in good agreement with the
literature data which has been claimed to be ateld#, 15]. From the apparent
diffusivity data of hydrogen in the three steels table 1, the effect of
alloying/composition on the apparent diffusivity lofdrogen is discussed along with its
relevance to HD measurement in steel wglés.

Table 1: Apparent diffusivity of hydrogen in steégthin 25-400°C

Temperatu Apparent diffusivity x 16" (m?/s)
e (°C) Modified 9Cr-1Mo 2.25Cr-1Mo Mild steel
Without With Without With Without With
modificati | modificati | modificati | modificati | modificati | modificati
on on on on on on
25 2.6 4.18 8.31 18 17.6 42.6
100 29.5 36.4 91.3 110 111 150
200 104 127 208 224 256 283
300 261 313 691 727 822 904
400 700 744 945 1310 1280 1710
Chapter 7

In this chapter, a summary of the whole investwatis discussed and scope for

future research based on this work is proposed.
4. Summary

To summarise the whole investigation, two hot ecticen methods, one based on
proton exchange membrane based electrochemicabrsé@i&-PEMHS) and the other
based on thermal conductivity detector (HE-GCTCDgrev proposed for rapid
determination of diffusible hydrogen in welding somables. Both these methods are
found to be reliable and valid with respect to thecuracy and precision in their
measurements. Using the HE-PEMHS based methodtensgtic study on the effects of
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preheat and post heating on the diffusible hydrogements in welds was carried out
successfully. Further, these methods were emplayedietermining the apparent
diffusivities of hydrogen in mild steel, 2.25Cr-1Mxteel and Modified 9Cr-1Mo steel.
The apparent diffusivities determined using bothséh methods agree well with the
literature data. In addition, the variation in apgpa diffusivities with composition is
used to discuss the effect of composition op ¥hlues measured using standard

techniques.
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Chapter 1

Introduction

Hydrogen is absorbed in steel welds during weldiNMgjor source of this
hydrogen is the moisture present in the electroo&ting. Hydrogen thus absorbed
remains in steel welds either as residual hydrageas diffusible hydrogen. Residual
hydrogen is permanently trapped in steel and res fo diffuse. Therefore, it has no
effect on the properties or performance of steelhmbient temperature. However,
diffusible hydrogen (id) is mobile at room temperature.oHn steel welds causes
hydrogen assisted cracking which can occur few $after welding. Therefore, H
content needs to be controlled to avoid hydrogeacking in steel weldments.
Measurement of diffusible hydrogen in weldmentghis first step in the attempts to
control it. Unlike other elements, diffusivity olyéirogen in steel is high even at room
temperature, and hence, difficulties exist in ¢suaate measurement.

At present, standard methods that are widely usedd measurement in steel
welds include the International Institute of WelgliiIW) method (ISO 3690) [1], the
AWS standard (ANSI/AWS A4.3-93) [2], Japanese stadd (JIS Z 3113-1975 and JIS
Z 3118-2005) [3, 4] etc. These standards recomrhgdbgen collection over fluids like
glycerin, mercury and its volumetric measuremerd gas chromatography. However,
these methods suffer from various drawbacks. Gigaaethod requires at least 48 hours
for completion of diffusible hydrogen collection.h@refore this method is time
consuming and always results i Eontents lower than those obtained by mercury and
gas chromatography methodS]. Further, variations in the purity and viscosity o
glycerin vary the I contents obtained with glycerin method. Mercurythmod is

accurate and precise in its measurements. Howivequires at least 72 h or more for
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completion of hydrogen collection from a weld speen. Therefore, it is time
consuming. Mercury is considered to cause potehéalth hazards and its use is banned
in many countries. In addition, the leak tightnedsthe apparatus used in mercury
method for such longtime is an issue. Further, bio¢hglycerin and mercury methods are
not suitable for I measurement in the improved duplex stainless stekls[6-8]. Gas
chromatography method for measuring diffusible bgén is as accurate as mercury
method. It allows i collection at 150°C, therefore reduces the cadbecttime
substantially to 6 hours. However, consumable nmagtufers, who require carrying out
Hp measurements routinely for every batch of the pectdn, even 6-8 h for §i
measurement is considered to be time consuniijg Recently, a hot extraction
procedure which extracts hydrogen from weld spegime400°C and its subsequent
measurement was introduced in some standpkd®]. This procedure reduces the
collection time of diffusible hydrogen to 20-30 mtes. Results obtained in this method
are found to be precise and comparable to othadatd techniques. However, the cost
of the equipment is unreasonably high and its aledity is also limited.

From the above, it is clear that technique fop HFheasurement is being
continuously developed with an objective of redgctime and cost of measurement.
Hence, it is relevant to develop new techniqueskvhise hot extraction techniques and
new hydrogen sensors. This was the motivation teeldp new techniques for H
measurement. The aim of this study was to deveopniques which are rather simple to
use, less time consuming, accurate in measuremertast effective.

Before developing the new techniques, a broadaliiee survey was carried out.
This survey covers the basic aspects of hydrogeieigl and its weldments, need fas H
measurement in welds and details of various method#able for this purpose. This is

provided in the next chapter along with the scapta® present work.
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Literature Review

2.1 Hydrogen in steel

The damaging effects of hydrogen in iron and sdeelrecognized for over a centdifty.
Hydrogen in structural steel causes hydrogen ass@tacking (HAC) of the steel. This
is a form of hydrogen embrittlement that occurdemperatures in the range of -50 to
150C° when hydrogen in steel is accompanied witlorizble conditions such as crack
susceptible martensitic microstructure and sufficieensile stres$2-4]. Hydrogen is
absorbed in steel during its processing, fabricaiad also while in service. The fact
that HAC occurs several hours or days after abmorpdf hydrogen often results in
unexpected catastrophic failure while componergsiraservice or storage. The delay in
hydrogen cracking is due to the time required fgdrbgen to be accumulated to a
critical level at potential crack sites (such as thgions of high triaxial stress) in the
steel microstructure. This accumulation takes placdiffusion of hydrogen through the
lattice. Critical size of the site (where hydrogmsnaccumulated) which can cause
cracking varies with steel microstructure. Simijfatoncentration of hydrogen required
to cause cracking also depends on microstructiwseshawn in Fig. 2.15]. From this
figure, it is clear that critical concentrationtofdrogen that can cause cracking in steel is
lower for martensitic microstructure. Hence, masteo microstructure is highly
susceptible to HAC. With increasing strength of mhartensite, critical concentration of
hydrogen required to cause HAC still decreasesel@évheories and models were
proposed in the past to understand and explairrdleeof hydrogen in causing HAC.
Before going to these theories, a brief review aine of the mechanisms related to

hydrogen in steels, like entry, solubility, trapginliffusion etc. is essential.
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Fig. 2.1 Critical hydrogen concentration causingGif steel microstructurd$]
2.2 Origin of hydrogen in steel

During steel production, the main source of hydrogs the hydrogenous
impurities in raw material§6-9]. Processing operations such as pickljdg, 11],
electrolytic cleaning, cathodic polarization prdiec [12], electroplating[13-15] and
electrochemical machininfl6] contribute to hydrogen absorption in steel. Durihg
welding of steel components, main source of hydnogethe welding consumable.
Moisture or any other hydrogenous material presenthe welding consumables
dissociate in the welding arc producing atomic bgen which dissolves in liquid weld
metal. In service, hydrogen may be picked up wherl £omponents are subjected to
heating or pressurizing in hydrogenous environmgtts18] or exposed to sulphide or

chloride environments as in oil and petrochemicdustries.
2.3 Mode of hydrogen entry in steel during fabrication processes

The entry of hydrogen in iron and steels is widsludied by several
authors [12, 19-24]. In general, hydrogen atom or ion enters into stiebugh

adsorption, recombination and absorption. Thesegsses are given below.
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2.3.1 Hydrogen Adsorption
Hydrogen can be adsorbed in steel from two typesneironments
1. Aqueous/Electrochemical solutioH .y, 44teqy i01)
2. Gas atmospheréi(— atom)
2.3.1.1 Aqueous Solution

Steel, under cathodic polarisation, is in contatth the hydrated hydrogen
cations,Hyqareay OF H;0* in an aqueous SOIUtIORL},,,44.q) Migrates towards steel
cathode and undergoes reduction to form hydrogem.aHydrogen atom so formed is
electroadsorbed on the steel surfa@&,qsorveq)) . This electroadsorption follows

Volmer’s adsorptiondb, 26] as given in equations 2.1 and 2.2:

H(-';lydated) +e o H(adsorbed) (21)
HZO +e © H(adsorbed) F OH ™ oo e (22)
2.3.1.2 Gas Atmosphere

Hydrogen molecules ()1 when used in contact with metallic surfaces can
dissociate to hydrogen atoms. Atomic hydrogen sonéal is adsorbed on the steel
surface.This model was proposed by W§2if. The reaction involved in this adsorption
is given in equation 2.3

Hy(gas) © Hyaasorveay © 2H(adsorbed) « v wer ver ven vee sonsne sunne wvs e wnn e (2.3)
These adsorbed hydrogen atoms are absorbed intulthef the steel in the presence of
recombination inhibitors, As, ’Setc. In the absence of recombination inhibitors,
hydrogen atoms recombine to form hydrogen moledtdend escape from the surface.
2.3.2 Hydrogen Recombination
In the absence of hydrogen recombination inhibjtar considerable fraction of

hydrogen atoms adsorbed on the steel surface rementd form hydrogen molecule
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which evolves out of the surface. This recombimatieaction follows Tafe]28, 29] and
Heyrovsky [30-32] mechanisms at low and high overpotentials whioh given in
equation 2.4 and 2.5 respectively
2H qasorvea)y © Hz(adsorvea) Tafel Reaction (2.4)
Hadasorvea) + H(-;lydated) +e” o H, Heyrovsky Reaction (2.5)

Combining the Volmer's electroadsorption with thecaombination reactions, the
evolution of hydrogen at the steel cathode foll@itker Volmer-Tafel-Pathway at low
overpotentials or Volmer-Heyrovsky-Pathway at higferpotentials.
2.3.3 Hydrogen absorption

A fraction of the total adsorbed hydrogen atomgeharopensity to be absorbed
in the bulk of steel by diffusion if there is a cemtration gradient between the surface
and the bulk. Presence of recombination inhibitorghe surface of steel suppresses the
hydrogen evolution by inhibiting the formation of/drogen molecule. This causes
concentration gradient to increase which resultshigher amounts of hydrogen
absorption. This reaction is given below:

Hqasorbed) © Habsorveay Classical Hydrogen absorption ... ........... (2.6)

Recently, another mechanism for hydrogen absorpgtiosteel is proposed by
Crolet et a[33-36]. This mechanism suggests that hydrated hydroge(i-[@ydated)) in
contact with steel losses its water and proceed=ztty to the surface-bulk interface of
steel and absorbed as ion. The reaction is prasastéollows:

Hhyaateay © Himetarn Crolet Absorption ... ... .. ........(2.7)

2.4 Solubility of hydrogen in steel

Hydrogen atom, which enters into steel, remaissda as a solute atom. In an

isothermal and closed system, solubility of hydroge steel is governed by Sievert’s
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law [37] under the equilibrium conditions. The equilibriueaction for absorption of
hydrogen in steel is
Hy(g) © 2HWPPM) v vev v e e et e e w2 (2.8)

And the corresponding equation for equilibrium &idlity of hydrogen in steel is

ﬂ = KS’/PHZ T T A T T (2.9) |n WhICh
AH
kgocexp(— R;).""”""”""”""”""”"“(210)

In the above relation,
H = Concentration of hydrogen atom in the liquid metal
Py, = Partial pressure of hydrogen in gas atmosphere
Ks =The equilibrium constant, exponentially decreas#is t@mperature,
AH,= Enthalpy of dissolution of hydrogen in the metal
R= Gas Constant
T= Temperature in K
Hirth [19], based on a compendium of experimental data, stegehat, for iron
and its alloys,

3440
) e (211)

K¢ = 0.00185exp <_T

At room temperature, hydrogen dissolved in steelpies the tetrahedral site of ferrite
phase ¢-iron with BCC lattice) and octahedral site in aumte phaseyiron with FCC
lattice) depending on the free volume and void §88240]. The solubility of hydrogen
depends on temperature, pressure, and the crystetuse of stee]41]. This is evident
from Fig. 2.2, which shows the solubility of hydesgin different phases of steel as a
function of temperature and pressure. The figureaks a sudden increase in solubility
when ferrite ¢) transforms to austenitg)(upon heating. The solubility drops again at

higher temperatures when austenifet(ansforms to delta-ferrited). In liquid iron, the
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solubility of hydrogen igeported to k as high as 34wppm at 1600&Dd 1 atr. [42,
43]. When cooled to room temperature ur nonequilibrium conditions, hydroge
retained in the microstructure can be much abogesttubility limit since the solubility
of hydrogen in steel at room temperature is quite. In the martensite phase, tl
solubility is reported to be lowe0.4wppn) than that in the austenite ph but is higher
than that in ferrite (3xI8wpprm) [44].

From the above, it is clear that in liquid irone tbolubility of hydrogen is muc
higher than that in itglifferent crystallographic forms in solid st. Therefoe, during
solidification of steel, hydrogen solubility decsea. This mak: steel supersaturate

with hydrogen in theolid state if hydrogen has entered in the ste#iérmolten stat

Relative volumes of hydrogen to iron
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Fig. 2.2 Solubility of hydrogen in iron as a functiontemperture and pressui[41]

2.5 Diffusion of hydrogen in steel

Hydrogen dissolved in steel is free to diffuse alue to the small size «

hydrogen atomhydrogen diffusivity is highest in steel among thlé elementsThis
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diffusion is governed by Fick’'s lawpi5]. Fick’s first law for steady state diffusion
postulates that the magnitude of flux diffusingnfreegions of higher concentration to
lower concentration is proportional to the concatidn gradient between the two
regions. This is expressed as follows:
J = =DVC ..o vee . (2.12)

Where, ] = Magnitude of flux, measures the amount of substdlosving through unit
area per unit time,
D =Diffusion coefficient or diffusivity
C =Concentration and

9

o 0 :
V= —+ p +; =Gradient operator

x,y,z =Position or distance [length]

ac

Pl Concentration gradient alongdirection

Diffusion of hydrogen in steel follows the non stgastate. It is governed by Fick’s

second law of diffusion which is expressed as o

ac
7 =D(V20) e (213)

Where,

92 0% 0?

V2 = Laplace operator = V.V= 3zt 32 t52

ac . . . ,
Frie Change in concentration with respect to time

Diffusion of hydrogen in steel depends upon varitattors such as microstructure of

steel, temperature and external stress applieéb s
2.5.1 Dependence of diffusion on steel microstructure

Diffusion of hydrogen through steel lattice is rsfgcantly influenced by the

crystal structure of the material. Hydrogen diffsiseith high mobility in ferrite ¢-Fe
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with BCC structure, 32% free space) than in austefpiFe with FCC structure, 26%
free space) due to higher free space and loweriqdkaction in ferrite. Also, the
diffusivity of hydrogen in austenite is lower by arder of magnitude than in martensite
with BCT or distorted BCC unit cel[€l6].
1.5.2 Dependence of diffusion on Temperature

Diffusivity is exponentially related to temperaguaccording to an Arrhenius type

relation as follows:

D = Dyexp (—E—> e e e e e s (2.14)

a
kT
WhereD, = Diffusion constant or lattice diffusivity
E, =Activation Energy for diffusion at temperature T
k =Boltzman Constant
2.5.3 Dependence of diffusion on applied stress

When a stress is applied to the steel, hydrogénsdis under stress gradient

toward the regions of high stress. The diffusionxfldepends not only on the

concentration gradient, but also on the stressignadccording to equatidd7]:

J=-D <§ —~ ﬁ?) SRR ¢ 1)

Where,
D = Apparent Diffusivity

oy = Stress
6oh

—= = Stress Gradient
dox

¢ = Concentration of hydrogen and

V = Partial Molar Volume
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From the equation, it is clear that, the diffusminhydrogen can takes place under the

stress gradient, even when hydrogen distributiomniform inside the material. This is
because, even if the concentration gradient dime'm'si.e(% = 0), there will be still
diffusion under the stress gradient.

2.6 Trapping of hydrogen in steel

During the diffusion of hydrogen in the bulk oést, its mobility can be hindered
at various sites called traps. A trap is a bamikere hydrogen is preferentially retained
and the activation energy required to overcome Maigier is much higher than the
activation energy of normal lattice sites otherwaeseupied by hydrogen atoms. Fig. 2.3
schematically represents free energy levels ofrdpping sites, which is lower than that
of the normal site by a quantity AFy and is bound by a high energy barrier, whose
energy is the sum of the energy in the normalBjtand the additional enerdy. This
means that hydrogen requires energy equdl,té E'to overcome the barrier before
arriving at the trapping site, and it requires muunbre energy to escape from the
trapping site. This is the reason for the accunmniatf hydrogen at the trapping sites
[48]. The traps in the steel microstructure are clesbiin several ways based on the
binding energies and the type of hindrance thegrdfi the hydrogen transport. Based on
binding energies, they are categorized as reversiold irreversible trapp49, 50].
Reversible traps such as dislocations, grain baigglavacancies, substitutional atoms
and interstitial sites are weak traps with lowerdong energies and can accommodate
only a finite number of atom88, 51] hence are saturable in nature. Irreversible traps,
which include voids, particle matrices and inclusip have higher binding energies.
Davison has extended this classification by prappsi very reversible trgj38, 52, 53].

Binding energies and detrapping temperatures fsdltraps are shown in Table 2.1.
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Increasing energy

4

Distance
Fig. 2.3Schematic of the interaction energy of atomic hgeroand trap tes[48]

Table 2.1 Hydrogen trapping energies and detrapigimgperature

Type of Hydrogen tre Binding Detrapping
Energy Temperatur
(kJmol?) (°C)
Very Reversibl <77 30
Interstitial Lattice sites, Elastic stress fie
Dislocation:
Reversibli 17 - 36 112- 270

Ti-Substitutional atom, Grail
Boundary,Dislocation,F-C and Fe-

Cementite InterfaceMartens

Irreversible 37-112 305-750
Microvoids, Inclusions and particle matric 129 >75(
like : Fe&Os, F&04, MnS, ALO; SIO;, TiC,
Ce0;

Traps, based orhé kind of hindrance they ofi, are classified into attracti
traps, physical traps, repellers and obsta[54, 55]. Attractive traps exert an attracti
force upon the hydrogen atoiHydrogen atoms fall randomiyto a physical trap. ;
repeller is aegion which exerts repulsive forces for hydrogen obstacle is a region «

discontinuity through which hydrogen cannot diffusé is noteworthy that attracti
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traps and repellers exert mutually opposite effectshydrogen and so does physical

traps and obstacles. Schematic presentation of thass is shown in Fig. 2.4.

Wﬂ:ﬂ%

Attractive trap Repeller
Physical trap Obstacle

Fig. 2.4 Schematic representation of traps on #séstof their effect on hydrogg¢ss]
Due to trapping of hydrogen in the various kinddraps in steel, its lattice diffusion is
hindered. As a result, there is a decrease ingiiffty of hydrogen in steel. The variation
of overall or apparent diffusivity (lattice diffusty hindered by traps) of hydrogen in
different steels as a function of temperature goreed by Coe et al summing up
different studies in literaturfb6] which is shown in Fig. 2.5This figure also shows the
lattice diffusivity of hydrogen in steel. It is @efrom the figure that, at 30°C, lattice
diffusivity of hydrogen in steel is ~¥@m’s* where as its apparent diffusivity (which is
experimentally determined) is reduced t6°di®’s™ in presence of trap&ven at higher
temperatures, the apparent diffusivity is severdes lower than the lattice diffusivity.
Therefore presence of traps results in decreaskeeofpparent diffusivity of hydrogen.
Also, it causes an increase in the apparent sajubil hydrogen due to the accumulation

hydrogen at the trap sites.
2.7 Hydrogen Embrittlement

It is clear from the above discussion that trapssteel reduce the apparent
diffusivity of hydrogen or increase the apparentisiity. Further, diffusivity is affected

by stress. Hence, there is a tendency for hydragems to get accumulated at locations
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of stress concentration in steel lattice. If thexaantration of accumulated hydrogen
reaches a critical level, it interacts with theitz and causes reduction/loss of ductility
of the steel leading it to fracture. This phenoméngopularly known as hydrogen
embrittlement or hydrogen assisted cracking (HAC)To sum up, hydrogen
embrittlement of steel takes place if the followarg present in steel:

1. Crack susceptible microstructure,

2. Residual tensile stress,

3. Sufficient amount of hydrogen
Although many theories/models were proposed toadxphe interaction of hydrogen
trapped in the steel lattice structure, and itecff resulting hydrogen embrittlement, the
actual mechanism is still not clear. Various thesriproposed for hydrogen

embrittlement are briefly given in the followingcsen.

2.8 Theories of hydrogen embrittlement

2.8.1 Internal Pressure Model

Internal pressure moddb7, 58] is based on the approach that, molecular
hydrogen is trapped within the voids or defectshsas interfaces, carbides and non-
metallic inclusions in steel generating large in&grpressure. The pressure of hydrogen
molecules in such defects increases accordingegsdtubility law. This large internal
pressure causes void growth and crack propagatiosteel. Blister formation is an
example of this mod¢b9].
2.8.2 Decohesion Model

Decohesion model, initially proposed by Troigi@®] and modified by Oriani
[61, 62], suggests that that electrons from hydrogen atortes éme d-band (conduction
band) of iron and raise the inter-atomic spacind) fr@auces the cohesive strength of iron

atoms at the regions of hydrogen accumulation.ahmisupposed this region to be the
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region of triaxial stress whereas Oriani suppogesl b be a region at a few atomic
distances from the crack tip. The reduction of ¢bbesive strength results in a brittle
crack nucleation, which rejoins the crack fronttomnng the crack propagation. Troiano
considered this process to be repetitive, produeindjscontinuous propagation while
Oriani considered this as a continuous and nomsmteEnt phenomenon.
2.8.3 Surface Energy Model

Surface energy model is proposed by Peiclal [63, 64]. It suggests that
hydrogen adsorbed on the surface of steel decréase®hesive strength of iron atoms
on the surface, thermodynamically leading to a c&do in the energy required to
produce brittle fracture. Also, interaction of adsd hydrogen with strained bonds at
the crack tip involves a reduction in bond strengif]. The difference between the
adsorption model and decohesion model is the ditendbrittlement. In this case,
hydrogen will be preferentially adsorbed on thdfame itself rather than at ‘few atomic
distances’ below the surface.
2.8.4 Hydride Phase Model

The hydride induced cracking model proposed by ti&leset al [66] suggests
the formation of a brittle hydrogen enriched phésen hydride) at regions of high
triaxial stress such as the crack tip. This hydptase affects the mechanical properties
of the metal leading to a brittle crack. However, fron it was found that no stable
hydrides are formed up to hydrogen pressure of & GP
2.8.5 Dislocation Interaction/Slip softening Model

Dislocation Interaction model was proposed by Beacht al [67]. This model
suggests that hydrogen would enter in the metatixnat the crack tip, the deformed
surface and the regions of higher triaxial strel§ssolved at a region just ahead of the

crack tip and helps the crack propagation entibglynicroscopic plastic flow at the tips
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of cracks. This model presents three different manfefracture, microvoid coalescence,
guasicleavage and intergranular fracture. The angcknodes are determined by
microstructure, crack tip intensity or stress isign factor and concentration of
hydrogen. Further developments to this model isigesl by Lynch[68] who suggested
that adsorption of hydrogen at crack tip resultsveakening of interatomic bonds. This
weakening facilitates injection of dislocationsrfr@rack tips thus promotes coalescence
of cracks (microvoids) with voids ahead of existorgck fronts which is accompanied
by plastic flow. These result in crack growth. Advanced version of dislocation
interaction model is hydrogen enhanced localizedtpity (HELP) model proposed by
Beacham[69]. Further, high resolution fractographic examinatiafsBinbaum and
Sofronis[70-74] provided experimental evidence in favour of HELPdelshowingthat
the hydrogen related fracture is due to the “lgcalhhanced plasticity at the crack tip”
rather than “loss of macroscopic ductility”. Preserof hydrogen in steel decreases the
barriers to dislocation motion i.e., increases di®ocation motion, thereby increasing
the deformation that occurs in a localized regidjaeent to the fracture surface. Final
fracture is a highly localized ductile rupture. Térhanced dislocation mobility is due to
the shielding or reduction of the elastic interatsi between dislocations and obstacles
by the hydrogen solutes.
2.8.6 Corrosion Enhanced Plasticity (CEP) Model

Corrosion Enhanced Plasticity (CEP) Model propasexkloped by Magnin et al
[75] takes into account the generation of vacanciestauecalized anodic dissolution
and hydrogen evolution by cathodic reaction atrteely depassivated crack tip. Thus,
corrosion produces an enhanced localized plastithg activated dislocations along slip
bands form pile-ups interacting with obstacles. fd®multing high local stress can initiate

cracking.
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Though there are many theories on hydrogen eneonigint or HAZ, it is reported
that none of them could explain all aspects of gienomena because of its diversified
nature[76].

2.9 Hydrogen Assisted Cracking (HAC) in steel weldments

Most of the carbon and alloy steel welding is ieafrout using arc welding
processes and the arc temperature is very higicatjyp around 10,00TC. Such a high
temperature produces arc plasma dissociating alallodte molecules present in the arc
column to ions. In arc welding processes, espgdhtise that employ flux to protect the
molten metal during welding, like shielded metal erelding (SMAW) or submerge arc
welding (SAW), hydrogen is present in the welding. &Due to the high solubility of
hydrogen in the molten weld pool, large amounthid tydrogen dissolve in the molten
weld metal prior to its solidification. As soluliyfiof hydrogen decreases significantly on
solidification and cooling of weld is quite fast)fficient time is not available for
hydrogen to diffuse out of the weld. Hence, atehe of welding, weld metal remains
supersaturated with hydrogen. As the applicationhet during welding is highly
localized and cooling after welding is very ragmbalized expansion and contraction in
a weld joint produces tensile residual stressethénweld joints. In the case of steel
welding, high cooling rate of the weld and the adja heat affected zone of the base
metal can, depending on composition and cooling, ratso produce hard bainitic or
martensitic microstructures. Therefore, all theeda for HAC, sufficient hydrogen,
high tensile residual stresses and susceptibleostiticture, are satisfied in the case of
steel welds, making them highly prone to HAC. Crnkay appear in several locations
of a weldment as shown in Fig. 2.6 but mostly ie Heat-affected zone (HAZ). These

cracks develop over a period after welding is catgul.
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Fig. 2.6Locations of delayed cracks in weldment
2.10 Source of hydrogen in steel weldments

Varioussources of hydrogen in different arc welding preessare divided int
two categories, major and minor sources dependingnaount of hydrogen they relec

and contribute to the total hydrogen of the weldat:

Major sources of hydrogen in weld incluhydrogen from chemically bondt
water in the hydrocarbon and r-hydrocarbon ingredients in the electrode flux aus
(SMAW), powder flux (SAW) and hydrogen in shieldiggs (GTAW and GMAW [77-
80], incidental hydrogenous materials electrode surface. yirogen in some of the:

sources is stable up to 900°C and contributesliatgehe hydrogen in welc

Minor sources of hydrogen in weld include moistusé, primer, paint, greas
and oxide layers on the base metal surface, meistosorbed by the wdery electrodt
core and flux coating from humid air, residual logn in the bulk of the base me
moisture from the surrounding of welding atmosphé&ieese sources can be reduce

eliminated by baking the electrode in the tempeeatange of 1C-350°C.
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2.11 Solubility of hydrogen in steel weldments

Based on a careful analysis of literature data experimental result:Sievert’s
law appears insufficient to explaof solubility of hydrogerduring weldin¢[81]. Several
investigations which arealsed on Seivert’s law reported that temperature efsinface
of weld pool for hydrogen absorption is greaterntt2500°C[82-86]. However, this
temperature on the surface of weld pwas predicted as impossibly high in sew
investigationd87-91]. Further,some investigationsased on Seivert’s law preced the
hydrogen absorptioto be maximum at the center of the weld pool as showlig.
2.7(a).Also, this law does not take into account the mémmé hydrogen solubility an

ionization of hydrogein the welding ar
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Fig. 2.7Absorption of hydrogen in the weld pool following) (Seiver (b) Gedeon
The abovansufficiencieswere considered in a model proposedG@®deon at al
for hydrogen solubility in weld po [81, 91, 92]. This modelassumed that, durir
welding, hydrogen dissociation and absorption ddpem the reaction temperature

cathode boundary layeand the surface temperature of weld paekpectively, an
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predicted that maximum hydrogen distribution ishat trailing edges of the weld pool as
shown in Fig. 2.7(b). This model also predictedt,tla a given reaction temperature,
hydrogen solubility in the weld pool increases éirig as a function of partial pressure of
monatomic hydrogen. However, in a fixed hydrogemcsphere, hydrogen solubility
decreases monotonically with increase in absorpteaction temperature as shown in
Fig. 2.8 (a). These are different from the soltpitiatterns obtained by Sievert's law as
shown in Fig. 2.8 (b). A further investigatid®3] on hydrogen solubility provided
necessary experimental support to Gedeon’s modhel.amount of hydrogen absorbed,
diffused and trapped in the weld depends upon tieemtal cycles of the weld pool.
Variation in temperature significantly affects tddéfusion and trapping behaviour of
hydrogen in steel discussed earlier in this chapl@ese discussions are valid in a

similar way for hydrogen in steel weldments.
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Fig. 2.8 Solubility of hydrogen in weld po[93]
2.12 Residual hydrogen and diffusible hydrogen

Hydrogen dissolved in steel is divided into two egmiries namely residual

hydrogen, and diffusible hydrogen{H Residual hydrogen is trapped in the irreversible

Page | 24



Chapter 2

traps in the weldments. These traps have highedirignenergy for hydrogen and
temperatures higher than 600°C are required to rg#eogen released from these traps.
Therefore, residual hydrogen can not diffuse atltieer temperatures at which HAC
takes place and thus does not contribute to HAC.

Diffusible hydrogen is trapped in the weak veryamsible or reversible sites in
the lattice. These traps have lower binding enewgyich can be overcome at
temperatures nearby the ambient temperature. Tdrerefliffusible hydrogen is able
diffuse at or near room temperature (i.e., in thenity of 45°C) and is considered as
potentially responsible for HAC. Diffusible hydrag@resent in the weldment is related

to sources of hydrogen in the welding consumabfelésvs [94]:

1
For 50% carbonate in the coating of a basic coatectrode, equation 2.16 reduces the

empirical relation as follows

Hp = [260a, + 30a, + 0.9h — 10]% TN 2% V)
In the above relations,
Hp: Diffusible hydrogen content
a,: Coating moisture in AWS A5.5 Coating moisture &ser baking electrode (Wt%)
a,: Moisture absorbed by the coating after baking teeteode until the time of welding
b(mm Hg): Partial pressure of water vapor in the imtatmosphere
n,andn,: Efficiency of moisture transfer from coatingsadrgtmosphere
a: A constant indicating activity of moisture in theating on hydrogen content
dissolved into weld metal, (ml/100g*wt %)
B: A constant indicating the activity of humidity mmbient atmosphere on hydrogen

content dissolved into weld metal, in (ml/100g) (rhig)
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The empirical equation 2.17 reveals that the chellyibonded water contributes much

higher to the diffusible hydrogen content in weldtal than the absorbed moist(ieg].
2.13 Distribution of hydrogen in weldments

Hydrogen absorbed in the weld pool has propensitydiffuse within the
weldment. This diffusion depends upon temperatamgrostructure of the material,
solubility, trapping and stress effects. Diffusiand accumulation of hydrogen in the
heat affected zone (HAZ) of weldment has been &rgilained by Granjof96] and is
modified for carbon steels by K¢@7] based on the transformation temperatures of weld
metal and HAZ in the weldment during welding. Irethase of carbon steel welds,
composition of the consumables are such that tleeostructure of the weld metal in the
as welded condition is predominantly ferritic. Hovee HAZ microstructure can be
ferritic or bainitic or martensitic depending ofethcomposition and cooling rate
experienced during welding. Consider a typical dasehich weld metal transforms to
ferritic and HAZ to martensitic/ bainite. Transfaation of austenite to ferrite occurs at
higher temperature € than transformation of austenite to martensitiait&(Tg). As a
result, during cooling of the weldment, weld metensforms into ferrite at high
temperature while HAZ still remains austenite asaghin Fig. 2.9.

As solubility of hydrogen in the ferrite is lowdran that in austenite, hydrogen is
rejected from the weld metal ferrite to HAZ austenust adjacent to the fusion line. The
higher diffusivity of hydrogen in ferrite also faws this process. Consequence of this is
accumulation of hydrogen in the HAZ adjacent to firgion line. Upon transformation
of austenite to martensite, hydrogen solubility the HAZ matrix decreases and
hydrogen becomes supersaturated in the HAZ. Thidistebution of hydrogen in the
weldment due to difference in the transformatiomaw@our of weld metal and HAZ

make HAZ more susceptible to cracking than the weddal in the case of carbon steel

Page | 26



Chapter 2

electrode

welding direction

i o+FesC
i Crack
I A :
NG Y |
| :
| N |
martensne austenite () |
|

| base metal

Fig. 2.9 Schematic representation of diffusionydrogen to HAZ97]

welds. The above concept is further verified by et.al[98] by calculating the
hydrogen concentrations across the weldment.

Nevertheless, cracking need not always confinetlAZ in all steel welds. In
case of alloy steels, composition of the weldingstonables and base metal are similar
and hence transformations that occur in HAZ anddweétal are similar. In this case,
hydrogen distribution within HAZ and weld metal magt differ much and hence both
would be equally susceptible to cracking. . Ing¢hse of high strength low alloy steels in
which carbon content is reduced and strength iseased by microalloying and
microstructural modification using thermomechanipabcessing, both HAZ and weld

metal remains ferritid99, 100] and weld metal is more susceptible to HAC than HAZ
2.14 Prevention of HAC in weldments
The underlying principle to reduce HAC in a weldrmés to reduce or remove

one of the following three from the weldment. Theae i) Crack susceptible

microstructure, ii) Residual stress, and iip ebntent. As the main source of hydrogen in
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weldment is the moisture in the electrode coveringirogen can be reduced by baking
of the welding electrodes. However, the hygrosdopiaf the flux coating quickly picks
up moisture from the ambient. Also, electrodes wiHulose coating produces gaseous
shield rich in hydrogen in the welding arc. Howeweellulose coated electrodes are not
used for welding steels susceptible to HAC.

Probably, reducing the cooling rate of the weldjew it cools down after
completion of welding is the most practical way reflucing the risk of HAC. Slow
cooling of the weld provides more time for hydrogeriffuse out of the weld when it is
hot and also facilitate formation of ferritic andaplitic microstructure, which are less
susceptible to HAC, than martensite or bainiterdasing the weld heat input is one of
the ways to reduce the cooling rate of the weld;this may have adverse effect on
mechanical properties of the weld joint. Hence, ghmplest and the most widely used
technique to reduce the risk of cracking is prahgatf the parts to be welded to a

specified temperature so that after welding, tha joools down slowly101, 102].
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Fig. 2.10 Classification of steels to choose betwssrdness or hydrogen control

approach to determine safe preheat tempergtQ8s
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There are two approaches recommended in literdturestimate safe preheat
temperatures of welding of steels. One considees ithportance of changing the
microstructure or hardness of the HAZ from morecepsible to less susceptible
(hardness control approach) and another gives esigphi@ reducing the ¢ content
(hydrogen control approach). The choice of the aggn would depend on the carbon
and alloy content of the steel. In all studiesteslato HAC, alloy content is represented
by carbon equivalent (CE), which normalizes théuigrice of various alloying elements
on HAC to that of carbofil04]. There are many CE proposed by various investigators
and valid for different range of composition of steels. In general, with increase in CE,
susceptibility to HAC increases. Important poinb®noted is that with increase in alloy
content CE will increase and even steels with lavbon content would be susceptible to
HAC.

Graville diagram proposed by Graville, in whichrlman content of a steel is
plotted against CE is used to explain the choi¢cevden hardness control and hydrogen
control approach for choosing preheat temperdti®8, 105]. This diagram, shown in
Fig. 2.10 places different classes of steels ingHtifferent zones of the diagram based
on their carbon content and CE. From this figumee oan find out the susceptibility of
various steels to HAC as well as the approachdsetohosen for its prevention. Steels
falling in Zone | have least susceptibility to HAGteels falling in Zone Il have high
carbon content and low CE (low alloy content) andthese steels hardness control is
used for selection of preheat temperature. Thissidens four factors: combined
thickness, hydrogen content of electrode, carbaivatent and weld heat input to arrive
at minimum preheat temperature that would preveatking. For steels in this zone,
HAZ hardness can be varied by changing the heaitiapd preheat temperature. For

steels falling in Zone 1ll, CE and carbon contemt laigh as a result, weld microstructure
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is always susceptible to HAC, Application of pretieg or increasing the weld heat
input can not alter the microstructure; hence,athly option to avoid HAC is to ensure
diffusible hydrogen in the weld is below the ceifidevel required for cracking. Hence,
hydrogen control is adopted for steels fallinghis zone.

Many other investigations proposed different cragkparameters to determine a
safe preheat temperature and time durations tonfoged for preheatin106-120].
Summary of these observations was that preheateteype is a function of diffusible
hydrogen content of the weld.

.. TpreneatCC) = f (Hp) v v vee vee oo et v e eve v (2.18)

In other words, knowledge ofHevels provides the starting point to determine
safe preheat temperature. This fact holds the pyimetivation for the determination of

Hp content of weld metal.
2.15 Classification of Hp in welding consumables

As consumables are the major sources of hydrogesteal welds, they are
classified in various national and internationahnslards based on the diffusible
hydrogen that they can introduce into the weld mptaduced by them1p1-124].
Although these standards have many similaritieslefinitions and formulations for
calculating the hydrogen levels, historically thedsave adopted different hydrogen
levels, as given in table 2.2

It should be noted that, while IIW adopted a linseale increment of hydrogen
levels by units of 5 (5-10-15 ml/100g), AWS usegdnthmic scale (4-8-16 ml/100q)
based on the correlation of diffusible hydrogenelevwith critical cracking stress,
critical preheat temperature, and the like, foridwvg hydrogen cracking43]. From
these correlations, AWS logarithmic system of hgero classification is claimed to be

more logical than the IIW linear system of hydrogtassification.
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Table 2.2: Classification of consumables based grdthtent

Type of Weld metal diffusible hydrogen (ml/100g)
Hydrogen JIS Z - 3211* &
ISO 2560 & IW | AWS A5.1| AS/NZS 37572
Control JIS Z - 3212
<4
Very low <5 <5 <6 (780)t
<%
<7 (750)t
Low <10 <8 <10 <9 (610 & 690)t
<10 (570)t
<12 (520) t
Medium <15 <16 <15 <15 (420* &
490)t
High >15 >16 - -

t Tensile strength of steel (MPa), ¥ under conatutan

Unlike the AWS and 1IW, Japanese standards, JIS2Z13(for mild steel
electrodes), and JIS Z 3212 (for high tensile sfierelectrodes) establish a single
maximum diffusible hydrogen limit for each tensg&ength level. However, in these
standards, the step from low to very low Hvels differ by 1 ml/100g of hydrogen
content with a decrease from7 to< 6 ml/100g. Considering the reproducibility of the
diffusible hydrogen tests to be +1 ml/100g, JISessaems impractic§ll25]. Regardless
this factor, Hy content is an essential variable in standardsAKSI/AWS D1.1-2000

and AS/NZ S 1554.1-2000.
2.16 Determination of Hp in weldments

The role of H, in HAC of carbon and low alloy steel weldments Heeen
understood for past 70 years and the need for merasmt of H has been realized since
it provides the first step in the estimation ofespfeheat temperature for reduction ef H

in weldments. Apart from this, dllevels are needed to be measured for classificatio

welding consumables based on theig Ebntent. However, determination ofpHs
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difficult since hydrogen is a transient elemensieels. It continuously escapes from the
weld even below 0°C. Therefore, it is virtually iogsible to prepare reference standards
for hydrogen in steels as done for other elemeamtthiir analysi$43].

There are several methods for the determinatioriugiifle hydrogen in
weldments. Among these, only four methods are recended by various standards
such as 1IW/1ISqQ126], AWS [127], BS[128], JIS[129, 130], DIN [131], AS/NZ[132],
GOST[133] and BIS 1S[134]. These include glycerin and mercury methods inctvhi
collection and measurement of hydrogen is carriedab room temperature, and gas
chromatography method and/or carrier gas-hot etwacmethod and vacuum hot
extraction methods for rapid determination of. All these methods aim to determine
Hp levels under extreme welding conditions. This pohae includes a specimen of
carbon steel (& 0.2 %) of dimension specified by these standdrdmediately after
welding, the specimen is quenched down to -78°@s® and stored at that temperature
until it is used for | measurement. The various standard methods recodeudor
determination of Ij are discussed below.

2.16.1. Glycerin Method

Glycerin method is probably the earliest method determination of B in
welds. Principle of measurement of kh this method is the displacement of glycerin by
hydrogen and subsequent volumetric measurement of Méasurement using this
method consists of two parts: preparation of welecsmen and collection of hydrogen
evolved from the specimen over glycerin. In thighmoel, four test specimen blanks, each
of dimensions 125x25x12nimre used. A single bead is deposited along the @6 m
length with a total of 100mm for four specimensngsa prebaked 4mm diameter and
150mm long electrode. The welding conditions arertstarc and current, 150A.

Immediately after deposition, samples are quenamedhter at approximately 20°C and
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individual specimens are separated. They are storebly ice or liquid nitrogen unt

measurement.

Fig. 2.11Glycerin apparatus for diffusible hydrogen measuae!

For measurement ofgileach specimen is introducin an apparatus containing glyce
as shown in Fig. 21. Glycerin is maintained at 45and hydrogen is collected from t
weld sample for 48 hourglydrogen evolved from all the four specimens aréected
simultaneously in four different apparatThe amount of gas collected over glycerii
measured to the nearest 0.0f and the average estimated@rected for ST using the

following relation:

273 P 100 ml ]
Hgiycerin = Vi (273 n T) (760) W, —w,) T00g of deposited metal ... ... (2.19)

In the above relatiorf;;yc.rin= Diffusible hydrogen measured in glycerin met
V:= Volume of hydroge measured at temperat'T and pressurg

W;= Weight specimen before weld

W= Weight of specimen after weldi

Glycerin method wasintroduced for short time duration in =~ AWS

Specification A5.548T (ASTM A31¢48T) in 1948[135]. Sternet al suspecte the
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accuracy of this methofl36] as more gas was collected over mercury than thet ov
glycerin from similar weld specimens. This inacayravas attributed to the fact that
hydrogen is partially soluble in glycerin. Therefpithis method was removed from
AWS A5.5 specification by 1954. Also, many otheawlbacks like the dissolution of
water vapour, oxygen and nitrogen in glycerin whvebuld contribute to the total gas
collected, change in its purity and viscosity witme which would affect its efficiency
of hydrogen collection and variation in collectegltogen contents with varied shapes
of glassware are reported over a period of {i'3]. Therefore, it is concluded that, this
method is not suitable for measurement of lowerelevof hydrogen because of
significant loss of hydrogen, underestimation andlewscatter (50-90%) in the
measuremen{d38]. However, this method is still in use.
2.16.2. Mercury Method

The principle of hydrogen measurement using mercomgthod is the
displacement of mercury by hydrogen and subsequ@untnetric analysis of hydrogen.
The materials, apparatus, procedures of specimepaption, I collection and its
analysis using this method are detailed in manydsteds mentioned above. Historically,
the apparatus is designed for collection of hydnogemercury method is either U-shape
or Y-shaped. Schematic of these apparatus are simkig. 2.12 (a) and 2.12 (b). Since
this method is used in the present study, detailsthe determination of diffusible
hydrogen using this method are given in ChaptefH& volume of gas collected over
mercury is corrected for STP conditions and regbiteml| per 100 grams of deposited
metal.

Mercury has been tested as a collection medium higalrogen since the
disqualification of glycerin method as a standandrheasurement of giin welds[136]

and was adopted by [IW in 1977 in the standard, 36@0:197743]. It is also included
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Fig. 2.12 Apparatus for diffusible hydrogen meameat using mercury method

in AWS A4.3, AS/NZ S3572, BIS IS 11082, BS 6693N8572. In spite of the toxicity
and associated health hazards associated withséhefumercury, this method is retained
in the recent revision of IW, ISO 3690:2012 duetsoaccuracy precision and reliability
in Hp measurement. This method is recommended as tineanyristandard for H
measurement. Though this method is to be used @mlymeasurement at room
temperature, recently, possibility of using thisthogl at higher temperatures up to
180°C has also been repor{dd9].
2.16.3. Gas Chromatography/ Carrier gas hot extraction Method

Gas chromatography and carrier gas hot extractethoads are rapid methods for
Hp measurement. These methods are also includediousastandards, 1ISO 3690: 2000,
AWS A4.3-93, AS/NZ S3752, JIS Z 3118, BS 6693 &oth these methods use a

thermal conductivity detector for the analysis gfdtogen collected. However, these
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methods differ in the temperatures and time dunatiof H, collection. Gas
chromatography method allows,Hollection at 150°C for 6 h where as carrier gas h
extraction method allows it at 400°C for 0.9 M0]; accordingly, these methods use
different H collection units. I from weld specimen is collected by holding the dvel
specimen in a separate closed chamber. In gas atwgraphy, an aluminium chamber
is used for collection where as a quartz or fuskchstube serves this purpose in hot
extraction methogil41]. After collection of H, its analysis is carried out using a thermal
conductivity detector (TCD).

Before the measurement opHollected in the chamber, TCD is calibrated. In
principle, TCD uses the difference in thermal castolity between the analyte hydrogen
gas and the carrier gas used in the process. Tifesetice is manifested as a response
recorded by an analyser. The amount of hydrogereatetl in the chamber is
proportional to the area under the response aastimated by comparing this area with
the calibration.

A set of photographs and the schematic of GC me#tredshown in Fig. 2.13.
Detailed description of 5l measurement using this method is given by QuinfaA2]
and Pokhodnyd143]. Though results obtained using this method agreels with
mercury method, there remains several limitatiétihough this method allows heating
the specimen up to 150°C and reduces the colledtina to 6 hourswith today’s
increased demand on quality control and batchnigsfbr product release, still shorter
analysis times are called f¢t44]. Also, this method demands calibration before each
analysis[81]. Incomplete purging of the collection chambercés of moisture in the
carrier gas and moisture contamination in the dediidier or in the column significantly

affect its result$143].
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G-detector,

1- measuring valve
7-flow meler

2-hydrogen measuring tube Serccarder

3-sampler. 9-pressure regulating valve
4-dehumidifier 10-pressure gauge
S-separalion colurnn 11-siop valve !

Fig. 2.13 GC setup for diffusible hydrogen measurement (Court[125])
a) Flow Diagram of GC appara b) Electric Furnaces to heat chan

c) Chambers Connected to GC anal d) Carrier gas connected to GC anal

Keeping the limitations of gas chromatography meétimomind, hot extraction of
Hp from welds has been investigated for more thayezis[145, 146]. Schematic and
photograph of carrier gas hot extraction are shiowig. 2.14 (a) and (b). Collection of
Hp in this method is accomplished within 0.5 h beeausllows the collection at 400°C.
This method is accurate and its results are regibtiuthus reliable. However, it is costly
and its availability is too limitedBesides this, there were two principal objectitmshis
method. First, the potential loss of hydrogen tigtoveactions with oxide layers present
on the specimen surfag@47]. To remove these oxide layers, full sample clearing

wire brushing was propos€d48]. Secondissue was the risk of residual hydrogen
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release at higher temperatures which would leadverestimation of H. However,
residual hydrogen release up to 400°C was eithendao be insignificanf149] or
neglected[150] in view of environmental and safety benefits assed in using this
method. Further, many investigations concluded ttiffusible hydrogen contents
measured in hot extraction method are precisepdeible, repeatable and are in good

agreement with other alternative standard methbdsefore reliabl¢146, 148-153].

7.Katharometer

1. Argon Cylinder 4.Specimen loading 8.Temperature controller
2 Molecular Sieve Drier  9.Furnace 9. Thermal conductivity detector
3.Gas flow controller 6.Specimen 10. Gas flow indicator

» Schematic of Carrier gas hot extraction setup
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(b) Photograph of carrier gas hot extraction séGqurtesy{125])

Fig. 2.14 Carrier gas hot extraction facility foffasible hydrogen measurement
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2.16.4 Vacuum-Extraction methods

Literature studies reveal two types of vacuum exiba methods; one measures
hydrogen near room temperaturglsl7] and the other at high temperaturid$4].
Schematics of these two methods are in Fig. Z'hB.investigator of room temperature
vacuum extraction method claims that the methodsonres H at a better accuracy than
glycerin method. In the vacuum hot extraction mdththe weld specimen is heated at
higher temperatures in a silica furnace tube fdraetion of H. Hydrogen along with
any other gas so extracted is passed through timegen cold traps into an expansion
volume where condensable gases freeze out. Compmesdure of hydrogen and other
gases reaching the expansion volume is monitoreal fmgssure gauge till the hydrogen
evolution ceases. Hydrogen is removed through #iagium/silver osmosis tube and
pressure of rest of the gases is measured. Theraliife in these two pressures is the
pressure of BH. The H contents obtained in this method are on the logide as

compared to that using the carrier gas hot extmactiethod 154].

F-Furnance tube

8-Sample inlet

B-Baking line
N-Lig. N2 cold trap

Naiors Loves Wi D-Mercury diffusion pump

3% baionts L =1 1 Pc-Palladium tube

e o Vosam P E-Expansion volume

P-Pressure Gauge

[a]==]

Piranl Gauge

lrzvoon

a)At room temperatut[147] b)With hot extractior[154]

Fig. 2.15 Vacuum extraction apparatus for diffusibydrogen measurement
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2.16.5 Other methods for diffusible hydrogen measurement

Apart from the above mentioned methods, there apynother methods which
are neither included in any standard nor are inewidactice either because of serious
drawbacks or because of limited investigation awailability. Most of these methods
are similar to mercury or glycerin methods in piiie which is based on volumetric
displacement of a liquid/fluid by the diffusible drnpgen evolved from the weld
specimen and subsequent volume measurement. Tifesyeoaly with respect to the
type of fluids over which diffusible hydrogen is lleated. The liquids which are
employed in these methods include silicone[®85], water[156], 10N K.COs[157],
ethyl alcohol, ethylene glycol, paraffin and carlbetrachloridg137]. The percentage of
diffusible hydrogen collection over these fluidsdomparison to mercury is given in

Table 2.3.

Table 2.3 Efficiency of H collection over different collecting fluid437]

Collecting mediums Efficiency of ficollection (%) Remark
Mercury 100 Widely Accepted
T 10N KCOs 100 Insufficient investigation
*Water 100 Insufficient investigation
Silicone oll 100t, 5-32 Insufficient investigation
Glycerin 79-88 Poor accuracy
Ethyl alcohol 23-39 Poor accuracy
Distilled water 58-72 Poor accuracy
Ethylene glycol 18-32 Poor accuracy
Paraffin 10-19 Poor accuracy
Carbon tetrachloride 10-20 Poor accuracy

t[155], *[156], H{157]
Olson et al and Smith have developed three methadeely laser ablation/mass
spectrometry[158], tungsten oxide based optoelectronic sensor mefhs@ and a

Seeback hydrogen instrument based on the measurehémermoelectric coefficient
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[160] for diffusible hydrogen measurement in welds. Fert Lasseigne et §161, 162]
have developed a real time non-contact hydrogersosebased on low frequency
impedance measurements. However, at present, tmetleods are not adopted for

diffusible hydrogen measurement in welds.
2.17 Hp measurement using polymer electrolyte hydrogen sensor

Measurement of diffusible hydrogen in steel weldsng polymer electrolyte
based hydrogen sensor was first reported by Alberal [163]. The sensor was an
electrochemical fuel cel[164]. It worked in amperometric mode i.e., current is
measured as a function of time. The principle efaperation was proton exchange
through its conducting polyvinyl alcohol based pobr electrolyte. The conducting
polymer was coated with palladium on its eitheresak anode and cathode. Weld
specimens for this measurement were autogenousdreplhte welds made on UT-
modified HST specimens. Hydrogen was introduced the weld metal by mixing it
with argon in varied proportions. Hydrogen was ectd in stainless steel collection
chambers at room temperature as a mixture of hgarag argon. The Ar-HMixture
was analyzed using the sensor to obtain the coratemt of hydrogen collected in the
chamber. Results obtained in this method showedd gomrrelation with the gas
chromatography analysis. Therefore, the authorpgs®d this sensor as an additional
method for measurement of diffusible hydrogen. Hesvethe sensor was reported to

have poor long tern stability with its responseaatr [165].
2.18 Effect of pre- and post-heating on diffusible hydrogen in weld

As already discussed, preheating during weldingerngployed to reduce the
cooling rate of a weldment thereby providing mareet for hydrogen to diffuse out of
the weldment before it is cools down to ambient gemtures. Post-heating of the

weldment soon after welding also serve the purpdseducing the diffusible hydrogen
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content in the welds and this is employed espegrcial alloyed steels where preheating
alone is not adequate to ensure freedom from HAG. lecent study carried out on high
strength (1100MPa) steels, it was found that prigalone could not bring down the
Hp levels below the critical levels to prevent HAQ@stead, it increased the residual
stress in the welded components and thus incretimedisk of cracking[166-169].
Preheat combined with post-heating is found to cedooth H content and residual
stress and thus prevent cracking. However, chofcgreheating and post heating
temperature and duration are importght9, 170, 171]. A reduction in post heating
temperature was reported with the increase in auratf post heating172] which can
be explained by the temperature dependence of eppaiffusivity of hydrogen in steel.
However, a systematic study o ldontent remaining in the weldment after preheating
and post heating and its comparison with tiecbintent originally present in the welding

consumable has not been reported.
2.19 Determination of apparent diffusivity of hydrogen in steel

Hydrogen diffusion in steel is affected by its natetion with traps, which in turn
depends on steel composition, microstructure, m%ing history etc. Hence, extensive
studies on estimation of apparent diffusivity ofinygen have been carried out on wide
range steels as this data is important to undetstarious forms of hydrogen
embrittlement in different alloys and to developthuels to overcome them. Diffusivity
data available from these studies have been reportevo reviews of Boellinghaus et al
[173, 174].These reviews present data from about 300 diffestndies and has
constructed scatter bands for apparent hydrogduosdiities considering the effect of
various parameters that affect diffusivity measwerts. Kiuchi et al also report a
number of studies carried out on apparent difftgiof hydrogen in well annealed and

deformed iron. This report also includes the uaitechniques used to determine the
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apparent diffusivity of hydrogen in stgdl75]. The various measurement techniques are
electrochemical permeation, thermal desorptiomsient technique etc. Another study
by Brower claims the apparent diffusivities of hygen obtained in his study to be
accurate as it takes into account the hydrogenplast to the start of the measurement
[176].

2.20 Scope of the present study

From the broad literature review presented abovénairogen in steel and its
weldments, it is clear that diffusible hydrogen steel weldment is an important
parameter in studying HAC in steel welds. Thera reed to ensure thap s controlled
in welding consumables and hydrogen is allowediffose out from steel welds before
they are cooled to ambient temperatures to preeeatking. Hy measurement is an
important step in achieving this objective. Thougany techniques are available fos H
measurements, new techniques are being develope@iious reasons like improving
the accuracy, reducing the measurement durationidiasg the use of hazardous
chemicals etc.

Keeping in view of the above facts, this thesisspras the development of two
techniques, an indigenously developed proton exgdamembrane hydrogen sensor
(PEMHS) and a gas chromatography facility (GCTCDhioh uses a thermal
conductivity detector for measurement of kh steel welds. This involves procedure
development for hot extraction ofpHand its measurement using these two techniques.
These techniques are validated against the stamdardury method. After employing
for Hp measurement, these techniques were further usesdudying the effects of
preheating and post-heating on thg ddntent of welds. These techniques were also used
to estimate the apparent diffusivity of hydrogerstieel. The details of these techniques,

their applications and the results are presentéeitater chapters of this thesis.
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Chapter 3

Experimental Details

3.1 Determination of Diffusible Hydrogen (Hp)

Two techniques were developed indigenously for udiffle hydrogen ()
measurement in weldments. One of the techniquesaid&afion based proton exchange
membrane hydrogen sensor (PEMHS) and the othes &lgamatograph with thermal
conductivity detector (GCTCD) as hydrogen sensorcéSPEMHS was being used first
time for Hb measurement, thegtollection was carried out at room temperature igshd
feasibility for measurement was demonstrated. Wmessurement process is henceforth
referred to as RT-PEMHS. Subsequently, a faciliy ot extraction of H was made.
This facility was combined with PEMHS and furtheeasurements were carried out.
This technique is referred as HE-PEMHS. Similattg combination of hot extraction of
Hp and its measurement using gas chromatographytyasilreferred to as HE-GCTCD
in this thesis.

In general, all the above techniques involve thryasic steps for determination of
Hp from weld specimen. They are weld specimen prejoeraty collection and its
measurement. For collection obHeach weld specimen was introduced into a separate
chamber. The chamber along with specimen was filléld argon to a known pressure.
Hydrogen from weld sample was collected as a mextoonsisting of argon and
hydrogen (Ar-H2) gases. In PEMHS based measuremesnsentration of hydrogen in
the gas mixture is measured. In GCTCD based meaasute total hydrogen collected in
the chamber is measured.

Hp obtained using the indigenous hot extraction tephes was compared with
the standard mercury method given in 1ISO 3690:1Rf7 For this comparison, ¢

measurements were carried out using the mercuriiadewith weldments identical to
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that used in the indigenous techniques. Variousenas$, equipment and procedures
adopted for the above study are given in the falgvsections.

3.1.1 Weld specimen preparation

For all the above techniques of Iheasurement, weld specimens were prepared
as per I1ISO 3690: 200[2]. The base metals, welding electrodes, welding quoe
employed for the preparation of weld specimen ataitkd below.
3.1.1.1 Test Assembly

For Hpb measurement, test assembly consisting of a spagieee of dimensions
30x15x10mm and run-on and run-off pieces of dinmrmsi45x15x10mm were prepared
from mild steel and modified 9Cr-1Mo steel. The gasitions of both these steels are
given in Table 3.1.

Table 3.1: Chemical composition of mild steel anatified 9Cr-1Mo in Wt%

Elements Mild steel Modified 9Cr-1Mo
Carbon 0.205 0.114
Chromium - 8.838
Molybdenum - 0.860
Manganese 0.553 0.403
Nickel - -
Silicon 0.062 0.309
Phosphorous 0.039 0.014
Sulphur 0.047 -
Niobium - 0.080
Vanadium - 0.027
Copper 0.324 -
Aluminium 0.01 -
Iron Balance Balance

Each constituent of the test assembly was degase80°C for 1 h to remove

any bulk hydrogen present and cooled in the furndateir surfaces were ground to
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remove the oxide scale formed during degassingniexa. These were finished at right
angles to ensure good contact between the adjgmenes, cleaned with acetone
followed by warm air and stored in desiccatorsluhgy were used for welding. During

welding, the specimen was placed in between theoruand run off pieces. The run-on
piece was used for arc striking and run-off piesreafrc extinction during welding so that
a stable arc and uniform shape of the deposit cbaldbtained on the specimen. The

schematic of a test assembly after deposition afllie shown in Fig. 3.1.

. J/
« 4

45 30 45 il
All dimensions are in mm

Fig. 3.1 Schematic of test assemf#y

3.1.1.2 Welding electrodes

Hp measurements using the new indigenous techniqees varried out for a
variety of welding electrodes having cellulosejleuand basic coating. gicontent in
these electrodes varied from 2 to 31ml/100g. Targe includes all the levels obHs
per [IW and AWS benchmarks]. The electrodes were appropriately baked prior to
deposition. Details of the electrodes, baking treatt they were subjected to, and the
welding parameters employed for their depositiom given in Table 3.2. P91M is an
electrode for welding modified 9Cr- 1Mo steel wittcomposition modified from that of
AWS Specification E9015- B3. For this electrodeg tyeparate sets ofpHneasurements
were carried out: one using test assembly predaoed mild steel and another prepared
from modified 9Cr-1Mo steel.
3.1.1.3 Welding fixture/Copper jig

Following the procedures from ISO 3690:2000, bead Weposited on the test

assembly held in a copper jig. The dimensions efjithwere such that during welding,
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Table 3.2: Baking and welding conditions of diffierelectrodes

Electrode Diameter Baking Welding Current Voltage(V)
(mm) (A)
E6010 3 80°C/0.5 h 80 28
E6010 4 80°C/0.5 h 120 25
E6013 35 125°C/1 h 110 27
E6013 4 125°C/1 h 140 27
E7016 35 250°C/2 h 120 28
E7018 35 250°C/2 h 110 28
E 7018 4 250°C/2 h 150 25
E7018-A1 35 250°C/2 h 110 27
E7018-A1 4 250°C/2 h 150 23
E7018 redried 4 250°C/2h 100 26
E8016-C2 4 250°C/2h 120 26
E8018-B2 4 250°C/2h 150 24
E8018-W2 4 250°C /2 h 150 24
E9018-G 4 250°C/2h 150 32
E9018-B3 4 250°C/2h 150 34
E11018-M 4 250°C/2h 150 35
Modified E9015-
B3 (PO1M) 3 300°C/2 h 90 28

the heat was immediately conducted away from tsieatesembly to the copper jig. Apart
from facilitating the test assembly for faster @og) the jig also holds it firmly as shown
in the photograph in Fig. 3.2. A schematic of tlgeg also shown in Fig. 3.3.Weld metal
was deposited on different test assemblies clampeithe copper jig using different
welding electrodes and shielded metal arc weld8igAW) process.
3.1.1.4 Preparation of specimen

Immediately after the deposition, the test assemialy removed from the copper

jig, and immersed in cold water for 4-6 seconds aunbsequently in liquid nitrogen.
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After holding for 5 minutes in liquid nitrogen, tmeiddle weld specimen was separated
from the run-on and run-off pieces with a hammeny Alag remaining on the weld
specimen was removed within 20s and the specinm@edsin liquid nitrogen till it is

taken for measurement.

Fig. 3.2 Photograph of Copper jig holding the tesstembly

1 Copper block
2 Test piece assembly
3 M12 bolt

- :
rgﬂ/ N

140

L5

50

O |
5 =

Dimensicns in millimetres

Fig. 3.3 Schematic of copper jig udddl
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3.1.2 Collection of Hp from weld specimen

For the measurement opbHising the indigenous PEMHS technique, fibm the
weld specimen was collected at 25°C for 72 h, ithhe and temperature recommended in
ISO 3690: 1977. In the hot extraction techniqueydts collected by heating the weld
specimen at 400°C for 0.5 h. For such collectiosw rchambers were designed. The
design and construction of collection chambers dach of these techniques are
discussed below.
3.1.2.1 Chamber for Hp collection at 25-45°C and its measurement using PEMHS
(RT-PEMHS)

This chamber was used in an earlier study by Aleedi[4, 5]. Fig. 3.4 shows a
photograph of the chamber along with plug. The n@wf the chamber is measured by
filling it with distilled water and draining the wer completely into a measuring jar. The

volume of water in the measuring jar is equal ®\tblume of the chamber.

Outlet Valve

Plug

Inlet Valve

Fig. 3.4 Chamber for collectingd-at room temperature
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3.1.2.2 Chamber for hot extraction of Hp and its measurement using PEMHS (HE-
PEMHS)

The chamber consists of a stainless steel cylimdelength 240mm and 1D
75mm. The cylinder can be opened /closed from katlts by two CF75 flangds, 7].
The flanges have knife edge grooves for coppenvifaskets to ensure leak-tightness of
the chamber. A tubular furnace of 20mm ID is fixedone of the CF75 flanges for
holding and heating the weld specimen. A photograipthe hot extraction chamber is
shown in Fig. 3.5. The furnace is capable of heathre specimen up to 500°C. The
furnace has a 70 mm long uniform temperature zoiti@nmvhich the test specimen is
heated. Temperature of the furnace is measured usirK-type thermocouple. In
addition, temperature of the furnace can be cdettalsing a 8 step programmable PID
temperature controller. The chamber is providechwilet and outlet nozzles fit with
diaphragm valves. In order to prevent excessivéirigeaf the chamber during operation,
it is provided with a double walled design for wateoling, as shown in Fig. 3.6. Before
using the chamber for collection ofpHthe entire chamber was helium-leak tested in
vacuum. lts leak rate was found to be less thatstiiocc/min. This chamber was used
for hot extraction of i in the HE-PEMHS technique.
3.1.2.3 Chamber for hot extraction of Hp and its measurement using GCTCD (HE-
GCTCD)

For H, collection from weld specimen in GCTCD based messent, a different
collection chamber was used. A photograph of thendder is shown in Fig. 3.7. For
reliable response of the TCD, the volume of theigasduced into the system should be
small and accordingly the volume of the chamber keggt as small as possible. It is a
stainless steel tube of 90 mm length and 25 mm efi@mwith bottom end closed

(machined out from a rod) and provided with a pdagthe top. The leak tightness of the
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Temperature

Cooling Controller
Arrangement '

Argon Purging
and
Pressurising
Unit

Gas Outlet

E Valve
= _L

-h—\ L‘ .— .‘ — ‘l-aﬁn : 6
| Heater
Assembly

Gas Inlet | Heater
Valve " i i , Enclosure

Fig. 3.5HE chamber along with the temperature contr

Furnace heater

240

: Water cooled pipe

Water cooled flange Water out S
m/ /CF?S flange

Water cooled flange

st
\Waterin
i ‘%Swagelok\ralve C/

Figure 3.6 Schematic of heater with enclosure énHE chambe
chamber along with plugssemblis ensured with the help of anrixg as shown iIFig.
3.7.Helium leak testing showed tlleak rate of chamber to be less tHar std cc/min.

The plug contains thenlet and an outll tubesfor the passage of carrier/sample
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through the chamber. The inlet and outlet are cotegeto a 6-Port valve arrangement to
control the passage of carrier gas into the chamfqeart from this, the chamber has a
septum through which known amount of hydrogen canifjected. This septum is
provided for hydrogen injection during calibratioh measuring device, GCTCD. The
chamber can be heated to desired temperaturegiprésent case 400°C) in a furnace.
Heating of the chamber inside the furnace can betraitled with a temperature
controller. The temperature inside the chambealib@ted with respect to the furnace
temperature by inserting a thermocouple in the df&mrhe chamber, the 6-port valve
arrangement and the furnace are together refesrad the g collection unit.

The collection of H in the technique which uses this chamber involkes
extraction of H from the weld specimen in the chamber followeditsyestimation of
Hp using the GCTCD. Therefore, this technique isrrefé to as HE-GCTCD in this

thesis.

Chamber
- with
O-ring

Injection
Septum for
Calibration

Furnace

[}

Plug with inlet & outlet Chamber with plug

Figure 3.7 Hydrogen collection chamber for GCTCEntaque
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3.1.2.4 Collection of Hp

For the collection of H from the weld specimen, the specimen is removewh fr
liquid nitrogen, cleaned with water, followed byetmne. Specimen was subsequently
dried with a stream of dry air. The cleaning of #pecimen is completed within 60 s and
immediately after that, the specimen is transfettethe hydrogen collection chamber
and the chamber is closed.

For measurements using RT-PEMHS, the chamber \wighspecimen in it is
flushed and pressurized with argon gas to a knossspire. For collecting gHat room
temperature, weld specimen inside the chambelds/@dl to evolve hydrogen for 72 h
while in HE-PEMHS, the specimen inside the chamis heated to 400°C and is held
at this temperature for 0.5h. The temperaturestiama durations of heating is controlled
using the programmable temperature controller.&the chambers are pressurized with
argon gas, H evolved from the specimen is collected as mixtfréydrogen in argon
(Ar-Hy). The concentration of hydrogen in the mixtureséimated using the PEMHS.

In GCTCD based H measurement, the weld specimen is inserted in¢o th
chamber. The chamber is immediately closed andliyitlushed with pure argon gas
for 10-15 seconds. After flushing, the inlet and thutlet of the chamber are closed using
the 6-port valve arrangement. The chamber alony wie weld specimen inside is
inserted into the furnace. For the collection ¢f Hwas heated to 400°C and held at this
temperature for 0.5h. gollected inside the chamber was estimated ubie@ICTCD.

3.1.3 Measurement of Hp

3.1.3.1 Measurement of Hp using PEMHS
Hp collected from weld specimens as per sections 3. h2d 3.1.2.2 is estimated
using PEMHS. First, the concentration of ik the Ar-H, mixture collected in the

chamber is measured. From this concentration, veloht /1009 of weld is calculated.
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The procedure of estimation and accessories ugegian below:
3.1.3.1.1 Gas sampling valve

An 8-port gas sampling valve with a sampling lodgkmmown volume is used for
sampling the Ar-H mixture from the hydrogen collection chamber. Baenpling valve
operates in two modes as shown in Fig. 3.8. In mhdthe gas from the collection
chamber is sampled. This mode is shown in Fig.(8)8In this mode, the inlet of the
sampling loop is connected to the collection chan{bample gas) through port 7 and
port 8 and the outlet is open to atmosphere thrqayh4 and port 3. This mode allows
only the carrier gas which enters through port pdes onto the detector/sensor through
port 2 and port 1. In mode 2, the sampled gasjeésted onto the detector. This mode is
shown in Fig. 3.8 (b). In this mode, the inlet bétsampling loop is connected to the
carrier gas line through ports 5 and port 4 antebta the detector/sensor through port 8
and port 1. This mode allows the sample gas celteat the loop while operating in
mode 1 to be carried by the carrier gas into thes@e While operating in this mode

collection chamber is kept closed so that gas ensiconserved.

H: Senzor

F 3

Sample Gaz

Sarnplirg loog

|1

(a) Valve in Mode 1 for sampling the gas
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Hs Senzar

Sampling lacg E

L]

(b) Valve in Mode 2 for injection of sampled gaswthe PEMHS
Fig. 3.8 Schematic diagram of sampling valve

For analysis of the gas, initially the valve is @ied at mode 1. The gas from the
specimen chamber, which is filled at a higher pressshan the ambient pressure, is used
to flush and subsequently fill the sampling loople/tthe carrier gas is flowing into the
PEMHS. After this, the valve is switched over toda® operation in which the carrier
gas flows through the sampling loop carrying thes gampled in the loop into the
PEMHS. The sensor gives a response correspondiognentration of hydrogen in the
gas mixture.
3.1.3.1.2. Proton exchange membrane hydrogen sensor (PEMHS)

A comparison of all the available solid and liqeléctrolytes showed that Nafion
is the best available polymer membrane to be chasealectrolyte in PEM fuel cell
applications because of its high longevity (>60,0@Qrs), high chemical stability and
high ionic conductivity[8-10]. Nafion based electrochemical fuel cell, also kncasn
Nafion based proton exchange membrane hydrogemrs@PEMHS) has been used for

measurement of hydrogen in argddl-13]. Since this sensor is used forpH
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measurement, a brief description of the princigeshis sensor and its application for
hydrogen detection is given below.

In PEMHS, the electrolyte, Nafion®117 polymer meamn® acts as the proton
conductor (Nafion®117 membrane employs the polymwéh equivalent weight of
1100g and has a thickness of 7 mils (1 mil = 1/160@n inch = 28 um). At 100%
relative humidity, the proton conductivity of Nafi®117 is generally aboutD S cm*
at 60°C that drops by several orders of magnitusldamidity decreases. Depending
upon its water content, its proton conductivitygisverned by various proton transport
mechanisms, namely, proton hopping along surfacettléuss diffusion, and ordinary
mass diffusion of hydronium iorj4]. In the PEMHS, the Nafion®117 is cast as a film
and coated with Pt on both sides. The coatings itheresides form the anode and
cathode respectively of the electrochemical cdie &node is the sensing electrode and
the cathode is the counter electrode. The cedipsasented as follows:

H,/Pt//Nafion//Pt/air, 0,
The sensing side of the coated Nafion®117 is expts¢he hydrogen- argon gas

mixture while the counter side is exposed to amdthe PEMHS consists of hydrogen-
exposed inner platinum film and air-exposed outatipum film, with the conducting
polymer, Nafion®117, sandwiched between them. A hmeal barrier called the
diffusion barrier is kept above the sensing elatdrganode). This barrier limits the
supply of hydrogen at the sensing electrode thilsnbas the rate of hydrogen arrival
and the rate of hydrogen oxidation at the senslagtrede. This is essentially used to
control the kinetics of this process. This resuftsa better response behavior of the
PEMHS. A schematic of the PEMHS with conductingdee shown in Fig. 3.9. During
measurement, hydrogen in the As-hlixture gets chemisorbed at the sensing electrode

and loses its electron to form proton;. A he proton permeates through the polymer,
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reaches the counter electrode where it encounteygea from the ambient (02

combines with the electrons lost by hydrogen tof@") to form HO.

Dnffusion barrier l

Pt {Sensing
Electrode)

Mafion |
Pt (Reference —
Electrode)

Fig. 3.9 Schematic of PEMHS
The electrochemical reactions taking place at theda and cathode of the cell

are as followg15]

At the anode: H, & 2H* + 2e~

1
At the cathode: 2H* + 502 +2e” & H,0

1
Overall: H, + 502 o H,0 AG° = —-237k]/mol

The Gibbs free energy change3°) of the overall reaction is related to the eeltage
by
AG® = —nFE® ... v e (B.1)
Where n= Number of electrons involved in the overall réarct
F= Faraday Constant
E°= Open circuit potential at thermodynamic equililoni= 1.23V
During conduction of the proton through Nafion®1&7imiting circuit current is

produced. The expression for this limiting ciratutrent is given in equation (3.R3]:
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_ 2DACF

= e (32)
In the above relation,
i = Limiting current, D = Diffusion coefficient, F = Faraday Constant,
A = Area of the electrode, € = Concentration, T= Time of diffusion

A peak corresponding to this limiting current waserved in the data acquisition
system. The peak height is proportional to conegioin of hydrogen in the sampling
chamber. The response of the PEMHS for hydrogeacdgired with the help of data
acquisition unit which contains an amplifier, a piés/ unit and a computer. The
photographs of the Nafion membrane coated withimplat, the PEMHS, the

preamplifier and hydrogen display unit are showfio 3.10.

Fig. 3.10 Photograph of PEMHS and Data acquisitioih
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3.1.3.1.3. Procedure for measurement of Hp using PEMHS

Estimation of H using the PEMHS involves calibration of the PEMid&d
subsequent measurement of concentration of hydrivgdre gas mixture sampled from
the chamber. A schematic and a photograph for teasorement of H using the
PEMHS are shown in Fig. 3.11 and 3.12 respectivaty.the calibration of the PEMHS,
initially, a baseline for the PEMHS is obtained fayrging it with a continuous flow of
argon gas. On attaining the baseline, Argids mixtures of different known hydrogen
concentrations are injected through the 8-portevainto the PEMHS. The different Ar-
H, mixtures are prepared by mixing argon and hydraggses in the desired proportions
by mass flow controllers. Response of PEMHS isinbthas peaks of different heights
corresponding to different concentrations of hyémgn Ar-H, gas mixtures. Each
concentration is injected three times. The avedgeeak height was plotted against the
concentration of hydrogen to obtain the calibragpot of the PEMHS. To avoid any

bias, the PEMHS was calibrated before each measmtem

Gas
Sampling outlet
loop
Mass flow controller
8-port Display
" valve PEMHS unit
_r
L
Gas
Outlet
E
ArgH, {Hydrogen
Cylinder{ Chamber Data
acquisition
Carrier Gas
(Ar)

Fig. 3.11 Schematic of measurement gfising PEMHS
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After the calibration, the sampling loop inlet bet8-port valve is connected to
the specimen chamber. The loop is first flushedhwhie gas mixture from the chamber,
and then the mixture is injected onto the PEMHSWitching over to the injection mode
of the eight-port valve. A response correspondinthé concentration of hydrogen in the
chamber is recorded in the data acquisition sysi#snthe specimen chamber is at a
higher pressure than ambient, it is possible teaethe measurement at least three times
using the gas mixture available in the chamber. aVerage of peak height is compared
with the calibration to estimate the unknown hy@nogoncentration. For each set of
weld specimen, several measurements are carriedamditthe average values are

reported.

L
1. Temperature controller 1 g

2. Mass flow controller ] I il

3. Mass flow controller programmer
4. Preamplifier with PEMHS inside TR ¥
5. Hydrogen display unit e = (N
‘6. Chamber for PEMHS ek _ E

7. Chamber for HE-PEMHS = 3

8. 8-PortValve and Loop : -
9. Calibration Display

Fig. 3.12 Photograph of measurement gfusing PEMHS
After measuring the diffusible hydrogen concentratithe weld specimen is
taken out, cleaned, dried, and weighed to the se&@©1g. From the volume of the
chamber, hydrogen concentration in the gas mixtpressure of the gas inside the

chamber, weight of deposited metal; 14 estimated in the units of volume of hydrogen
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in ml/100g of deposited metal at standard tempegand pressure is measured using the

following relation:

" _(PVC)( 100 ) ml 33

In the above relation,
Hpeyus = Hp obtained by PEMHS method in ml/100 g;
P = Pressure of argon in the hot extraction charnrbatmosphere;
V = Available volume of the chamber for gas accunmta(in ml);
C = Concentration of igas in the chamber after collection in ppm;
M; = Weight of the specimen before welding, in gram;
M, = Weight of the specimen after welding, in gram
3.1.3.2 Measurement of Hp using GCTCD
3.1.3.2.1 Hp Collection Unit

This is the portion of the GCTCD which consists hafater, chamber for the
extraction of H and two valves (provided at the inlet and outfethe chamber) which
control the carrier gas flow into the chamber.
3.1.3.2.2 Gas Chromatography

Principle of gas chromatography involves the sdparaf a mixture of gases in
its column. It separates the mixture of gases ddipgnupon their retention time in its
stationary phase that is present in the columrfeRint constituents of the gas mixture
have their characteristic retention time. This nsatkeem elute out of the GC column at
different times to reach the detector, TCD. In pinesent case, pure argon is used as the
carrier gas which carries the hydrogen collectethéncollection chamber of GCTCD to

the analyzer, TCD.
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3.1.3.2.3 Thermal Conductivity Detector (TCD)

The gas chromatography used fas hheasurement uses a thermal conductivity
detector for analysis of the gas. The principlamélysis using TCD involves measuring
the change in resistance of its filaments due eddivering in temperature caused by the
sample gas mixture/reference gas, argon thatdentact with the filament

The present TCD setup uses four Tungsten—Rheniloy filaments connected
in two channels in a Wheatstone bridge configuratibhese filaments are heated to a
particular temperature. When the hot filament isantact with a gas, depending on the
thermal conductivity of the gas some heat is takeay from the hot filament reducing
its temperature. This change in temperature indso@se change in resistance of the
filaments. A reference gas is passed over bothchanels to set the base line. On
setting the base line, the gas mixture for analyaibration is allowed to enter one of
the channels and the reference gas on the otherdifierence in thermal conductivity
produces a change in resistance. This change istaese gives rise to a net output
voltage (Mu) whose response is displayed as a peak. The arder uhe peak is
proportional to the volume of the sample gas.
3.1.3.1.4. Procedure for measurement of Hp using GCTCD

Estimation of H using the GCTCD involves calibration of the GCTCbda
subsequent measurement of volume gfil the collection chamber. A photograph of
the GCTCD is shown in Fig. 3.13. GC is calibrated volume for hydrogen, by
injecting known volumes of hydrogen through thetsep provided in the GC. Area
under peak obtained for each injection is plottegdist the corresponding volume
injected to obtain the calibration graph.

After calibration, the weld specimen is admittetbithe chamber. The chamber

is flushed with the carrier/reference gas. On cetigh of flushing, the gas flow into the
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chamber is blocked and the chamber is heated &iC4@fr 0.5h. After the heating,
carrier gas is allowed to pass through the chanides.carrier gas carries the hydrogen
evolved from the weld sample through the column the TCD. A response
corresponding to this volume is recorded and tHeme of hydrogen is estimated from
the calibration curve and displayed. Knowing theghe of the deposited metal in the
weld sample, the volume ofgevolved from the weld sample is expressed in velain
hydrogen in ml/100g of deposited metal.

Diffusible Gas

. Data
Hydrogen — Chromatography A ¢quisition
Collection : -B%b‘diiief

Unit

!

Fig. 3.13 Photograph of GCTCD setup for measurerieHh

3.1.4 Determination of Hp using mercury method

Mercury method is the primary standard recommenyekEO 3690:2000 for Hi
measurement. This standard also recommends a cempaif H, obtained by any new
technique with that obtained by the standard mgrcorethod. Therefore, ¢
measurement was carried out using mercury methodirfalar weld specimens used in

the techniques described above. For the colleatibilp from the weld specimen,
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temperature and time durations specified in 1ISO038%77 were used. The mercury
apparatus used forg-tollection and measurement is shown in Fig. 3.14.

For measurement, weld specimen, after quenching cemhing, is admitted
through the open limb into the Y-tube of the meycapparatus and the limb is closed.
The weld specimen is moved to the graduated cipgedf the Y-tube with the help of a
magnet. At this point, the Y-tube along with theldvepecimen is evacuated by a
suction/rotary pump. After evacuation, the vacusmeleased and the initial reading in
the graduated limb of the Y-tube is recorded. Thtulye was evacuated again and the
weld specimen inside is allowed to evolve hydroden 72h, and final reading is
recorded. The difference in the initial and finahdings is equal to the volume of.H
From the weight of deposited metal, ambient tentpezaand pressure, collected
hydrogen volume is converted into volume of hydrogeg standard temperature and

pressure in ml/100g of deposited metal using eqnai4.

273 B—-H 100
HMercury = (Vf - Vi) (273 n T) ( 760 ) Wf —w, (3.4)

In the above relation,

Hyercury= Hp measured in mercury method at STP (ml/100g of siégub metal)
Vrand V;= Final and initial volume of gas in the buretteYofube respectively
T = Ambient temperature (K)

Wy and W;= Weight specimen after and before welding respelsti

B= Ambient pressure in Barometer in mm Hg

H= Mercury head, i.e., Final difference of heighthwércury in the two limbs of Y-tube
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Fig. 3.14 Mercury apparatus used faoy Heasurement

Three such measurements were carried out simuliahedn three Y-tubes and the
average values ofgwere reported.
3.1.5. Measurement of Hp with respect to time using RT-PEMHS

Evolution of H, from weld specimen was studied as a function metusing
PEMHS. For this study, weld specimens were prepasedepositing E7018 electrode
on mild steel. The conditions for degassing of bastal and baking of electrode and
preparation of specimen in this case were simildhose discussed earlier.

In this study, H from the weld specimen is collected and measuredifterent
time intervals (0-24, 24-48, 48-72, 72-120, 120+-E9® 192-264 hours) using the
PEMHS at room temperature. For durations up to ai&d) hydrogen evolved for each
24-hour interval is measured. However, beyond 7@rdjothe duration of hydrogen
collection increased because the hydrogen evolvedh fthe specimen decreased

considerably. The procedure o, Hineasurement is the same as that discussed in the
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section 3.1.3.1.3. After measuring the concentnadiohydrogen evolved within a certain
time interval, the chamber containing the specinseflushed, pressurized again with
argon gas to a known pressure. Hydrogen colleei@hmeasurement is repeated for the
next interval. Measurements are continued untirbgen concentration in the gas inside

the chamber decreased below the measurable lithedPEMHS.
3.2 Effect of preheat and post-heating on Hp content in welds

The effect of preheating the specimen prior to wgjcand post-heating it after
welding on the IJ contents in welds was studied. In this studyttal H5, measurements
were carried out using HE-PEMHS. The measurgctcéhtents were compared with the
results obtained by mercury method from similar dvepecimens. The base metals,
electrodes, equipments used in this study, thegpiure of preheat and post-heating etc.
are discussed below.

3.2.1. Specimen Preparation

To study the effect of preheat and post-heatingHgn test assemblies were
prepared from two different base metals: mild steed modified 9Cr—1Mo steel. The
chemical compositions of the base metals are giverable 3.3. The dimension of test
assembly and the procedure of weld specimen preparacere as per ISO 3690 and
discussed earlier in this chapter. For weld spegirpeeparation, E7018 electrode is
deposited on the preheated mild steel assemblyE®@d5-B3 electrode on preheated
modified 9Cr—1Mo assembly. Prior to deposition, ¢tectrodes were baked as per Table
3.2. For the study of the effect of preheat, prebtemperatures employed are 100, 150,
200 and 250°C. In case of preheating combined itkt-heating, preheated weld
specimen was subjected to post-heating. Preheatitigpost-heating was carried out on a

copper jig. Weld specimens were also prepared akSge 3690 for the determination of
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actual H, content of the welds. The detailed procedurespetisnen preparation with
preheating and post-heating are discussed below.
3.2.1.1 Preparation of specimens with preheating and preheating combined
with post-heating

Fig. 3.15 shows the heater unit and test assenddy €or preheating and post-
heating studies. This heater unit comprises ofaimg element, a thermocouple and a
temperature controller. During preheating and jhestting, the test assembly was placed
on the copper jig with the heater placed on thé assembly. The temperature of the
specimen was measured by a thermocouple insertedgtn a hole provided in the

copper jig, in contact with the side face of the@men

Temperature Controller

> Heating Element

Thermocouple

Cu- jig with specimen

Fig. 3.15 Heater unit for preheating and post heati
Specimen was first preheated to the desired termyseralhe temperature was
controlled using the temperature controller, whigbeives input from the thermocouple.
Welding was carried out on the preheated specinteoon after welding, the

thermocouple was used to record the cooling profildhe specimen.
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It is difficult to simulate the effects of prehesgiof an actual weld joint on the
test assembly used forplfheasurement. Removing the test assembly soonvediding
will be too fast and waiting for it to cool down toom temperature would be too slow to
simulate the effect of preheating on weld jointenkle, the test assembly was removed
from the copper jig for three different conditionshen it is cooled down to the
respective preheat temperatures, when it is codéseh to 100°C and when 10 min is
completed after welding.

To measure the FHremaining in the specimen after post-heating, istugvere
conducted with specimens which were prepared wighgating and subsequently post-
heated at the preheating temperature for 30 minktasthis, the preheated test assembly
with weld bead was maintained at the post-hea@ngperature without removing it from
the copper jig. The post-heating was carried outediyptroducing the heating element on
the copper jig with temperature in the controllet &t the post-heating temperature. The

time temperature profile of this post-heating iswsh in Fig. 3.16.

650

L —— 100°C Post heat
%‘Weld finish temperature - 150°C Post heat
550 f - 200°C Post heat

i ------250°C Post heat
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500 i
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400 ‘\\
350 p
300
250 |

Temperature (°C)

200
150

100+
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Fig. 3.16 Time-Temperature profile of post-heating
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After carrying out the necessary preheating and-peating treatments as above,
the test assembly was removed from the jig, quahcéhecold water then in liquid
nitrogen. Specimen was detached from run-on aneofupieces and was stored in
liquid nitrogen until used for fimeasurement.
3.2.1.2 Measurement of Hp

Hydrogen evolved from the specimens was measurédg uslE-PEMHS
technique. The results obtained in this method wemapared with the H contents
obtained using the standard mercury method froniairspecimens. The procedures for
Hp measurement using HE-PEMHS technique and mercethod has been discussed
earlier in this chapter. Three separate measurenvegre carried out for each condition
using both HE-PEMHS technique and mercury method.

3.2.2 Measurement of hydrogen evolved from weld specimen during its
post-heating

After measuring the K remaining in the weld specimen with preheating @odt-
heating, measurement of hydrogen evolved during-lpesting of the specimen was
carried out. For this study, mild steel-E7018 anadified 9Cr-1Mo-E9015-B3
combinations were used. Weld specimen was prephyedepositing electrode on
preheated specimen and it was soon transferrecttaxtraction chamber which is
already heated to the post-heating temperature ciiamber was flushed and filled with
argon to a known pressure. Specimen was held gpdbeheating temperature for 30
minutes, the duration of post-heating employedttialys H, remaining in the weld after
post-heating. The heating, cooling and holding apens were programmed with the

help of the programmable temperature controllesuioh a way that post-heating of the
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specimen within the hot extraction chamber simslaiest-heating of the specimen in
the copper jig as closely as possible. Hydrogerlecd in the chamber was

subsequently measured using the PEMHS.

3.3 Study on apparent diffusivity of hydrogen in steel

Apparent diffusivity of hydrogen in steel was detared from the hydrogen
evolved from the electrochemically charged specsndfor estimating diffusivity at
ambient temperature, evolved hydrogen was measuseédy mercury methods. For
hydrogen diffusivity in the temperature range oDHD0O°C, hot extraction techniques
were used for measurement of hydrogen. Detailsaiérials used, specimen preparation
and procedure for measurement are given below.

3.3.1 Materials used and specimen

For this study, specimens were prepared from nmedliéiCr-1Mo steel, 2.25 Cr-
1Mo steel and mild steel. The chemical compositiohthese steels are given in Table
3.3. Before preparation of specimen, these steetg given heat treatment as given in
Table 3.4.

Table 3.3: Chemical composition of steels usedimgtudy in Wt%

Elements Modified 9Cr-1Ma  2.25Cr-1Mg Mild steel
Carbon 0.114 0.162 0.205
Chromium 8.838 2.319 -
Molybdenum 0.860 0.895 -
Manganese 0.403 0.516 0.553
Nickel - 0.346 -
Silicon 0.309 0.071 0.062
Phosphorous 0.014 0.006 0.039
Sulphur - 0.009 0.047
Niobium 0.080 - -
Vanadium 0.027 0.004 -
Copper - 0.107 0.324
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Table 3.4: Heat treatment conditions of of steskdun this study

Steels Heat treatment conditions
Modified 9Cr-1Mo 1050°C/10Min/Air cooling
2.25Cr-1Mo 970°C/10Min/Air cooling
Mild steel 970°C/10Min/Air cooling

The objective was to get the specimen with a mionoture that would be present in the
heat affected zone of the weld joints of theselstaethe as-welded condition. For
modified 9Cr-1Mo steel, the microstructure is futhartensite. For 2.25Cr-1Mo steel, it
would be predominantly bainite and for mild steelould be a mixture of ferrite +
pearlite. The specimens used in this study werd sglinders of 25mm length and 10
mm diameter. A photograph of specimens used is shiowFig. 3.17. Each of these
specimens has a 3M threading of 5mm depth fromtdpe An electrically conducting
rod is threaded with the specimen to hold it dipped medium for charging it with

hydrogen.

Fig. 3.17 Photograph of specimen for hydrogen ahgrg
3.3.2 Hydrogen charging of the specimen
Prior to hydrogen charging, the cylindrical speaim&as cleaned in ultrasonic bath
followed by cleaning in acetone. Excess of aceta@s removed with warm air.

Charging of hydrogen in the specimen was carrietl inuan electrochemical cell
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specified in standard ASTM G5-9%6]. The schematic of this cell is shown in Fig. 3.18.
The electrochemical cell has a saturated caloreetrelde, platinum and the specimen as
its reference, auxiliary and working electrodepeesively. The reference electrode was
connected to the rest of the cell through a luggobe-salt bridge containing an aqueous
solution of 20% agar agar and 10% KCI. The elegteobf the cell, a solution of 0.5M
H,SO, + 0.2 g/l As0s, was used as the hydrogen charging mediumOAm the
charging medium acts as poison for hydrogen recoatioin. AsO; combines with
hydrogen to form Askj thereby inhibits the hydrogen recombination reactio the
charging medium and promotes the entry of hydragems into the bulk met@l7, 18].

A photograph of hydrogen charging of the specimmethé cell is shown in Fig. 3.19.

-

GAS OUTLE

THERMOMETER

LA N G S S O §

SALT BRIDGE 1 GAS INLET

CONNECTION

AUXILIARY
a ELECTRODE
HOLDER

WORKING
ELECTRODE

Fig. 3.18 Schematic of electrochemical cell for toggen charging16]
Before admitting the specimen, the cell was purgéti high purity argon to
generate an inert atmosphere. The specimen wasdfp95% along its length into the
charging medium with the help of a 316L stainlete®lsrod. The rest of the specimen

was covered with Teflon. Hydrogen charging of thecmen was carried out at a
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constant potential of -1.5 V applied to the workiafgctrode (cathode) against the

reference electrode. As a first step, hydrogengshgrof the specimen was carried out

‘P I-u......

~ Saturated

Calomel Electrode
(Reference
Electrode)

Fig. 3.19 Photograph of hydrogen charging

for different time durations of 1-5 hour to optimishe time duration of charging. On
completion of charging, specimen was transferre imquid nitrogen within 4-5
seconds. Hydrogen evolved out of the charged smgmnwas measured using the
mercury method, the standard method recommendedgoneasurement in welds. The
results of this study are presented in Table 3rbmFthis table, it is evident that the
hydrogen content of the specimen remained neanhstaat over the variation in the
charging time from 1 to 5 hour. In other words, #pecimen is saturated with hydrogen
during the first hour of its charging. Based onstheesults, the specimens were charged
for 1 hour for the rest of the study. After the gadetion of charging, the specimen was

quickly stored in liquid nitrogen until its furthese for measurement of hydrogen.
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Table 3.5 Optimization of time duration for hydrogeharging

Time Hydrogen content obtained (ml/100g)
(Hour) | Modified 9Cr-1Mo | 2.25Cr-1Ma Mild Steel
1 27.2% 27.67 2893

2 26.96 - -
3 27.01 27.25 28.42
4 27.64 - -
5 27.53 27.91 28.81

3.3.3 Measurement of hydrogen evolved at different temperatures

Hydrogen extraction was carried out from the hydrogharged specimens at test
temperatures 100, 200, 300 and 400°C. For measuteafiehydrogen evolved from
modified 9Cr-1Mo specimen, HE-PEMHS technique wssdu Hydrogen evolved from
2.25Cr-1Mo and mild steel specimens was measuried tise HE-GCTCD technique.
These techniques were originally developed fordapeasurement of gHin welding
consumables. The calibration and the procedurdg/a@fogen measurement using these

techniques were detailed earlier in this chapter.

Hydrogen evolved from the charged specimens wasumned for different time
durations at different temperatures. It is knowattthe maximum hydrogen content
obtained for different time durations at differaest temperatures depends upon the
apparent diffusivity of hydrogen at those tempereguTo determine the total hydrogen
evolved at a given temperature, hydrogen collectvas continued for sufficiently long
time durations until it is confirmed that hydrogewolved beyond this duration is
practically negligible and beyond the detectabidtliof the sensors. However, it should
be noted that hydrogen measurement was not castiect time durations with equal
intervals. This is because hydrogen content evofveth the specimen decreases with
increase in time. Hence time interval between tuaressive measurements increased as

the hydrogen remaining in the specimen reducestmité at a given test temperature.
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Total hydrogen evolved at 25, 100, 200, 300 and°@Ofbr different time

durations were plotted against the correspondimeg tluration of measurement to obtain

hydrogen evolution profiles at these temperatuféese profiles were used to calculate

the apparent diffusivity of hydrogen in the aboteets.
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Chapter 4

Measurement of Hp contents using

indigenously developed techniques

Materials used in weld specimen preparation anndguure of measurement of
their diffusible hydrogen (B) content using indigenous techniques are give@hapter
3. The techniques include collection op tdt room temperature and its measurement
using proton-exchange-membrane hydrogen sensorP@&MHS), hot extraction of
diffusible hydrogen at 400°C and its measurememtguPEMHS (HE-PEMHS) and a
gas chromatography using a thermal conductiviteaet (HE-GCTCD). In this chapter,
results of Hh measurement using these techniques and their cmopavith the standard

ISO 3690 are presented.
4.1. Results of Hp measurement using PEMHS

4.1.1 Calibration of the PEMHS

As diffusible hydrogen evolved from the weld speeimis collected in a chamber
filed with Argon (Ar), the measurement using sans$® actually carried out for
concentration of Kin this Ar-H, mixture. Hence, the sensor calibration is donegisi
known concentrations of Hin the Ar-H mixtures. A typical in-situ response of the
sensor during one such calibration is shown in &ifj. The baseline in the figure is the
response of the PEMHS when argon alone is flowhmgugh it. The peaks are the
response for different concentrations of hydrogethe Ar-H mixture. In the figure, sets
of three peaks of nearly equal heights are fortidehconcentrations that were injected
thrice in the PEMHS. The calibration curve of PEMHKSobtained by plotting the

average peak height against the hydrogen conciemtriait the gas mixture as shown in
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Fig. 4.2. From the figure, it is evident that theak height varies linearly with

concentration of hydrogen in the gas mixture.
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Fig. 4.2 Calibration plot of PEMHS

PEMHS was calibrated prior to each set of measune&sneUnknown
concentration of hydrogen in the ArHmixture collected from weld specimen was
estimated using the calibration curve. From theceatration, volume of hydrogen can

be calculated using equation 3.3.
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4.1.2 Results of Hp measurement using RT-PEMHS and their comparison
with mercury method

For this study, different welding electrodes havifig content in the range of 2-
18ml/100g were used. The accuracy of RT-PEMHS tecien was examined by
comparing the H contents obtained in this method with that obtaifrem similar weld
specimens using the standard mercury method.

The results of measurements carried out using thetbe techniques are given in
Table 4.1. From this table, it is evident that tbsults obtained using both these methods
are in good agreement. In fact, the standard dewmif measurements using the RT-
PEMHS are lower than that using mercury methods Trdicates better precision of the
RT-PEMHS technique. Further agreement between thethechniques is shown in Fig.
4.3. This figure is a plot of fHHcontents obtained using RT-PEMHS technique against
that obtained using the mercury method. This figglrews a linear relation between the
Hp contents obtained in these methods. An empirmahéla for the hydrogen contents
obtained by these two methods is also shown irfithee. This formula shows one to
one correspondence between the methods. Theréferd?EMHS can be used fopH

measurements in the weld joints as an alternativeercury method.

20
]H =0.988H, . -0.046

RT-PEMHS
164

14

[
N
1

10

Hzr-pemns (MI/1009)

H (ml1/100g)

Mercury

Fig. 4.3 Correlation between RT-PEMHS and Mercusthod
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Table 4.1 K contents obtained using RT-PEMHS and ISO/Mercueyhod

_ HRrT-PEMHS Hwmercury
S.No| Mild Steel +Electrodes (ml/100g) (ml/100g)
18.26 18.31
19.76
18.46 17.28
1 E6010 18.00 '
19.24
18.87
1781 18.73
: 18.15
9.5
9.54 10.02
9.46 9.56
2 E6013 9.11 '
8.91
9.78
8.94 9.31
. 10.07
5.55 o-1¢
5.66
>.62 5.85
3 E7018-1 5.97 '
5.46
5.81
543 6.02
' 5.72
4.8 4.12
4.19
4.15 4.48
4 E7016 4.31 '
4.30
4.17
4.06 4.25
: 4.21
2.16 2.15
2.12 2.25
2.16 2.43
6 9Cr-1Mo + E9015-B3 2 30 2.29
2.26 2.11
2.15 2.32

4.1.3 Application of RT-PEMHS to study hydrogen evolution with time

RT- PEMHS was successfully employed to study enatuof hydrogen as a

function of time. In this study, hydrogen concetitia in the chamber was measured for
different time intervals from weldment of modifi®€r-1Mo electrode (modified E9015-

B3) on mild steel base metal up to 264 h after imgldThis electrode was chosen
because it is an alloy steel electrode and in sheedded condition, the microstructure of

the weld metal is fully martensitic and diffusiooetficient for hydrogen in this class of
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steel at ambient temperature is lower than thamild steel. It was observed that
evolution of hydrogen did not stop even after 264The H, contents measured at
various intervals for modified E9015-B9 depositednoild steel is given in Table 4.2.

Rate of hydrogen evolution per hour was estimatgdliiding the hydrogen
evolved by duration of evolution, and variatiorrate of hydrogen evolution with time is
shown in Fig. 4.4. This plot reveals that hydrogenlution is the maximum within the
first 24 h and evolution rate decreases with tifflee cumulative IJ collected after
different time durations of measurement is plotgainst time in Fig. 4.5. Both these
figures clearly show that the hydrogen evolutiomtoaies much beyond 72 h, the
maximum recommended duration for standard methadsmelsurements in the earlier
standards for H measurement§l]. However, it should be noted that the totaj H
measured after 72 h (1.85 ml/100 g) in the measeméncarried out for different
durations is lower than theptbbtained for the single measurement carried au?2oh
(2.1 ml/100 g). This is because single specimen wgzsl in the measurements carried
out for different durations of hydrogen evolutiofhe first 72 h is divided into three
intervals of duration 24 h each and during the mesaments carried out for each of these
intervals some time is lost in between two suceessieasurements. Hydrogen evolved
during this lost time is not collected.

Table 4.2 Diffusible hydrogen evolution with time

Time Time Duration| Hp collected | Total Hp Hydrogen
Intervals of | of hydrogen within time collected evolution
hydrogen collection interval (ml1/1009) rate
collection (Hour) (ml/100g) (m1/100g*h)
(Hour)

0 0 0 0 0
0-24 24 0.8 0.8 0.03¢
24-48 24 0.6( 1.44 0.02¢
48-72 24 0.41 1.85 0.017

72-120 48 0.37 2.22 0.008
120-192 72 0.34 2.56 0.005
192-264 72 0.16 2.72 0.002
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4.1.4 Results of Hp measurement using HE-PEMHS and their

comparison with mercury method

This study is similar to the one reported above dollection of hydrogen at

ambient temperature; the differences are a diffesenof electrodes were employed and

hot extraction chamber is used. p ldontents obtained using both mercury and HE-

PEMHS are given in Table 4.3. It is obvious that tesults are comparable. Linear

relationship between thepHtontent measured using HE-PEMHS and mercury mathod
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shown in Fig. 4.6. The empirical relation given ihe figure confirms one to
correspondence between these two methods.

Table 4.3 K contents obtained using HE-PEMHS and mercury naketho

S. No. : Hue-pEMHS Hwercur
Mild Steel +Electrodes (ml/100g) (mI/lOOyg)

1 3.81 3.89
modified E9015-B3 3.70 3.24

3.94 3.71

2 4.09 4.04
E8016-C2 418 4.27

413 4.17

3 5.08 511
E7018 5.19 5.27

5.02 5.21

4 5.21 5.4¢
E7018 5.37 5.42

5.33 5.31

5 6.46 6.39
E7016 6.37 6.62

6.24 6.47
6 10.42 10.61
E7018+ Redried at 375°C 10.05 10.87
10.78 10.18
7 18.66 17.20
E6013 18.31 18.21
18.61 17.94
8 23.44 23.77
E6010 21.64 23.22
23.05 21.63
9 31.35 31.47
E6013 30.89 29.98
29.61 31.12

35
1H =1.033H 0.19
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Hye.pemns CONtent (ml/100g)
= = N N w
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o
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o
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o
o
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Fig. 4.6 Correlation between HE-PEMHS and Mercugthnod
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4.2 Results of Hp measurement using HE-GCTCD

4.2.1 Calibration of GCTCD

As detailed in chapter 3, GCTCD facility was cadited before collection and
measurement of diffusible hydrogen with known voashof hydrogen; not for known
concentration as in the PEMHS. A typical TCD resgmois shown in Fig. 4.7. In this
response, the large peak represents the respofigelofor hydrogen. The area covered
by this peak is representative of the volume ofrbgdn. The smaller peak is due to
disturbance in the TCD response during injectiogas. It is to be noted that the facility
directly displays the volume of hydrogen detectgdTiCD for an injected volume of
hydrogen. For calibration, different known volunmiehgdrogen was injected three times
each on to the GCTCD facility. The average volwhéydrogen detected was plotted
against the volume of hydrogen injected. This gathown in Fig. 4.8. From this plot, it
is clear that the volume of hydrogen detected b T€linearly related to the volume of

hydrogen injected.
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Fig. 4.7 Response of GCTCD on injection of hydrogen

Page | 103



Chapter 4

i
N
o
o

y=1.078x + 1.06

1000

800

600

400

200

Volume of hydrogen detected (10°ml)

T T T T T
200 400 600 800 1000

Volume of hydrogen injected (10°ml)

Fig. 4.8 Calibration plot of GCTCD

4.2.2 Results obtained using HE-GCTCD and their Comparison with
mercury method

For this study, different welding electrodes havihg content in the range of 4-
29ml/100g were used. In this study, diffusible logen from weld specimen was
collected for the same temperature and time duratie in HE-PEMHS method.
However, a different chamber was used for thisectibn. The accuracy of this
technique was examined by comparing theckntents obtained in this method with that
obtained from similar weld specimens using theddath mercury method. The results of
measurements carried out using both these techmigue given in Table 4.4. It is
obvious from the table that the results are in gagieement.

The variation of I contents obtained using HE-GCTCD technique varied
linearly with those obtained using the mercury mdths shown in Fig. 4.9. This figure
also contains the empirical relation between thge déntents obtained from these

methods. The relation confirms one to corresponel®etween these two methods.
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30{H =1.005H +0.22
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Figure 4.9 Correlation between HE- GCTCD and merooethod

Table 4.4 H contents obtained using HE-GCTCD and mercury nietho

HHE—GCTCD HMercury
Electrode (MI/100g (ml/100g
12.25 12.01
E7016 12.54 12.12
12.49 12.36
6.79 6.12
E7018 6.43 6.29
6.24 6.17
4.45 437
E7018-A1 479 459
4.67 4.18
757 7.36
E8018-B2 7.42 711
7.36 7.05
11.22 10.85
E8018-W2 10.89 10.55
10.76 10.43
14.74 14.35
E9018-B3 14.43 14.12
14.22 13.99
11.30 11.12
E9018-G 10.95 10.92
11.09 10.85
8.57 8.32
E11018-M 9.02 8.65
8.76 8.41
23.15 2254
E6013 22.82 22.93
23.24 22.69
29.58 29.50
E6010 29.87 29.29
30.05 29.64
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4.3 Statistical analysis of results

As per the recommendation of ISO 3690, to validhate accuracy of a new
method (alternate method) for diffusible hydrogesasurement, results obtained in this
method has to be statistically compared with thob&ined with standard mercury
method (primary method) using Student’s t-Test.gkdmgly, t-Test was carried out for
comparing the results obtained from each of the mtestiniques, RT-PEMHS, HE-
PEMHS and HE-GCTCD, with corresponding results ioleté from mercury method. A
two-sided t-Test was chosen for this analysis beedbe objective of this test was to
prove that the one to one correlation obtained éetwthe mercury method and the new
techniques are genuine and not by chance. TheueVal the results obtained for each
set of electrode s imatea) Was estimated using equation 4#;imatea fOr e€ach
electrode was compared with ta..istic ChOsenfrom the t-table of statistic$2].
tsratisticar WAS Chosen using the degree of freedwoinirfvolved in the t-Test and the
desired confidence level. The degree of freedonaisulated from the sample size i.e.,
number of measurements carried out in each metisidg equation 4.5 ang . istica
was chosen at 95% confidence level. The sample degree of freedom and choice of
tsratisticar TOr €@aCh new method are given in Table 4.5. A dmiice level of 95%
corresponds to a probability of finding significadifference between the means of the
alternate and primary methods, is less than 0.025 on either side of the t-tistion
for two-sided t-Test (Fig.4.10). In other wordstdf;imatea falls within the range of
tsearisticar, th€ correlation obtained is genuine and not byncba Accordingly, the new

method is said to be reliable and the results ezarate.

X, — Xp

Eostimated = —mmmmves wrs rer err ee ere ven aes e ans (44)
S?  s2
N, t W,
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vV = NP + NA - 2 sas was mes s wes wEn s aes e (4‘.5).

In the above relations,
Xp and X,= Means of the primary and alternate meth
Spand S,= Standad deviation of the primary and alternate methc
Np and N, = Number of measurements carried out using the grgimand

alternatemethods or sample size of measurement

@

For given v

TTnshaded area = 1-a

a2 = _[f{t).di
t+u12,u

é—-Cnnﬂd.em:e Interval-—é
_ary a2

Figure 4.10 Representation ~Distribution

The details of tis t-Test carried out for RT-PEMHS, HEEMHS and HF-
GCTCD are given in Tabte4.6, 4.7 and 4.8 respectively. For RT-PEMHtSs obvious
from Table 4.6 that,s;maceq fOr all the electrodes fall within theaterval of tabulate:
value Oftgqristicar = +2.262 at a confidence level of 95%. Thoves that ‘good
correlation between thegtontents measured by RAEMHS and mercury methods
‘by chance’is less than 5%. lother words, with more than 95% confidence lewatan
be said that H measurement usinRT-PEMHS is as accurate and reliable as
standard mercury method. The differencethe mean®f results obtained using the

methodsare only due to random ers and not due to any systematic errSimilarly
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for HE-PEMHS and HE-GCTCD techniques, atsQimatea falls within thetg;qtisticar =

+2.776 confirming 95% confidence on the correlattmained with mercury method.

Table 4.55ample size, degree of freedom and choiag,@fs:ica: at 95% confidence

RT-PEMHS HE-PEMHSE HE-GCTCLC
f\.-:q 5 3 3
Np 6 3 3
v 9 4 4
Lstatistical t+0.025, ¢ t+0.025, - t+0.025, -

Table 4.6 t-Test of means ofHbtained from RT-PEMHS and mercury methods

Average  content Standard Deviation
(mI/100g) of Hp content t-Value
Electrodes (ml1/1009)
RT- RT-
PEMHS Mercury PEMHS Mercury testimated tstaistical
E6010 18.28 18.58 0.412 0.871 -0.7444
E6013 9.37 9.56 0.338 0.438 -0.835p
E701¢1 5.6¢ 5.81 0.21¢ 0.24¢ -0.948¢
E701¢ 4.1¢ 4.2¢ 0.10: 0.12¢ -0.944¢ +2.262
9Cr-1Mo
+ 2.19 2.26 0.0711 0.117 -1.1950
E9015-B3
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Table 4.7 t-Test of means optobtained from HE-PEMHS and mercury methods

Average H, content Star;?_'ard Detviaf[tion t-val
SiNo.| Mild Steel + (ml1/100 g) ° (mﬁlcgg‘ge)” value
Electrodes HE- HE-
PEMHS Mercury PEMHS Mercury testimated tstaistical
1 E9015-B3 3.82 3.61 0.120 0.336 1.019
2 E8016-C2 4.13 4,16 0.045 0.11% -0.421
3 E7018 5.1 5.2 0.086 0.081 -1.464
4 E7018 5.30 5.39 0.083 0.067 -1.460
5 E701¢ 6.3¢ 6.4¢ 0.111 0.11¢ -1.391 +2 776
6 E601: 18.5: 17.7¢ 0.18¢ 0.52: 2.33¢ -
7 E601( 22.7] 22.8i 0.94: 1.111 -0.19(
8 E6013 30.62 30.87 0.902 0.779 -0.3638
E7018
9 Redried at 10.42 10.55 0.365 0.348 -0.446
375°C
Table 4.8 t-Test for Hobtained fromHE-GCTCD and mercury methods
Standard Deviation
Average H) content
SN, | Mild Steel + (mI/100 g) O‘Ertl'ﬁlc(;’(;‘;e)”t t-value
Electrodes HE- HE-
GCTCD Mercury GCTCD Mercury testimated tstaistical
1 E7016 12.49 12.36 0.155 0.179 1.907
2 E7018 6.49 6.23 0.279 0.227 1.252
3 E7018-Al 4.61 4.38 0.172 0.205 1.489
4 E801¢B2 7.4t 7.1 0.20¢ 0.16¢ 1.84:
5 E801&W2 10.9¢ 10.61 0.23i 0.21¢ 1.8¢ +2.776
6 E901¢B3 14.4¢ 14.1¢ 0.26: 0.18: 1.68:
7 E9018-G 11.11 10.93 0.176 0.18% 1.221
8 E11018-M 8.78 8.46 0.226 0.170Q 2.054
9 E6013 29.83 29.48 0.237 0.176 2.048
10 E6010 23.07 22.72 0.221 0.197 2.054
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4.3 Discussion

From the results presented above, it is clear miethods using Nafion based
PEMHS for H, measurements are reliable and accurate. Therefaren be used for
routine measurement of diffusible hydrogen in indus However, it should be
demonstrated that sensor used is robust and itwat#n does not alter with time or by
repeated use.

Ramesh et al reported that Nafion based PEMHS has good seitgitiv
(0.56:A/ppm) [3]. This sensitivity is much higher than the previoustported PVA
based PEMHS4]. This study[3] also reported that the response of Nafion based
PEMHS varied only marginally (£10%) over a periotl ppolonged use (1 month).
Therefore, it was reported to have good long tetabikty. In addition, this study
reported that the sensor has excellent short teahilisy in its response which is
essential for the Bl measurement in steel. Hence, the PEMHS can betextidpr
commercial use in an industry like welding consul@amanufacturing where ¢
measurement for different consumables is carri¢dautinely.

Since the PEMHS could measure concentration ofdgir in Ar-H mixtures
down to ppm levels, it was used to estimatg @volved from weld specimen as a
function of time where concentrations of hydrogerleed after certain period of
measurement becomes as low as 50 ppm. This leagves wide scope for the
measurement of hydrogen evolved from a specimea asiction of time and other
studies in which, hydrogen evolved is expectededdo low. Further, it is known that
apparent diffusivity of hydrogen varies widely walioy content and microstructurg.
Hence, hydrogen evolution rate can vary accordinglyd measurement method
presented here can be used to study the effeampasition and microstructure of the

weld metal and HAZ on hydrogen evolution.
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In the present study, fHcontents obtained using RT-PEMHS, HE-PEMHS and
HE-GCTCD were compared with those obtained usingcurg method. It is mentioned
earlier in this thesis that, for this comparisoiffudible hydrogen was collected in the
mercury apparatus for 72 h following the earliersiens of ISO 3690 whereas a recent
version of this standard recommends complete ewoludbf hydrogen from the weld
specimen. However, complete evolution of hydrogenmiercury method (at room
temperature) from the weld specimen takes very tong and some studies in literature
reported that 92-97% of the total diffusible hydeaghydrogen evolved after complete
evolution) evolves from the weld specimen withie first 72 h[6, 7] while some other
studies reported it as 85-90% after 7Bh Therefore, the time of gcollection is quite
unclear for the measurement using mercury methot:eSPEMHS and GCTCD have
options to collect H both at room temperature and high temperaturepphienization of
time for H collection can be studied in more details usirggémethods.

HE-PEMHS and HE-GCTCD techniques are designed fur dxtraction of
hydrogen from the weldment up to 400°C. Nevertlgldse hot extraction units in these
techniques, being isolated from the measuring uoée be easily modified so that they
can be used for measuring not only diffusible hgerg but also residual hydrogen.

Using the PEMHS, only the concentration of hydrogea small sample volume
of Ar-H, mixture is measured and not the total volume arbgen collected in the
chamber. However, in the GCTCD, the total volumehgtirogen collected in the
chamber is measured. PEMHS can be modified for uneagent of total volume of
hydrogen collected as in the case of GCTCD. Thig reguire proper optimization of
the sensitivity of the sensor by optimizing thefioe size in the diffusion barrier. By
using the diffusion barriers with relatively smallerifice, the kinetics of the hydrogen

reaching the electrodes can be slowed down. Thisidveeduce the sensitivity of the
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sensor but would enable the sensor for measurewofetdtal volume of hydrogen
collected. However, this would make the techniquelmmore adaptable to the industry,
which measures total hydrogen collected in othahods of H, measurement.

At present, methods recommended by standardsgonéasurement include the
inaccurate and erroneous glycerin method, time woigy and hazardous mercury
method and commercially expensive hot extractiorthogk In the present study,
laboratory results have shown that HE-PEMHS and G{EFCD techniques are as
accurate as mercury method. Results obtained wlikset techniques are also
reproducible. The long term stability of the PEMH&s been proven; it can be easily
assembled and is inexpensive. In HE-GCTCD, hotaetittn unit developed for the
collection of H, is very simple and integrated to a commerciallgilable GC. Both
these methods are safe to use and can be devdiapleer that would bring down the
cost and making them cheaper than the commerciallsilable hot extraction

equipments available in market fop Itheasurement.
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Chapter 5

Effects of preheat and post-heating on Hp in

welds

Systematic study was conducted to examine the teféaess of preheating and
post-heating to bring down the diffusible hydroggtb) content in the welds. In this
study, Hh measurement was carried out using specimens dfstekl and modified 9Cr-
1Mo steel prepared with preheating and preheatorgbined with post-heating. The
preheat and post-heat temperatures employed wele 18D, 200, and 250°C. After
welding, H, measurement from these specimens was carriedsowg the hot extraction
method based on proton exchange membrane hydrogesors (HE-PEMHS). The
detailed procedures of the above processes wecesdisd in chapter 3. This chapter

presents the results obtained in the study.

5.1 Results

5.1.1 Cooling behavior

In this study, the surface temperature of preheatdd specimen was monitored
as a function of time starting from the completioihwelding to its cooling down to
100°C. Temperature of the weld specimen was plattdnst time to obtain the cooling
curves for different preheat temperatures. Theseesuare shown in Fig. 5.1. It is clear
from the figure that the temperature of the speninserface in contact with the
thermocouple has gone up to ~ 600°C during the sigpo of the weld bead. The figure
also makes clear that the cooling rate decreasdh the increase in preheat
temperatures. As already described in Chapterr8e tbeparate sets op lheasurements

were carried out for each of the preheating tenipers; a) after the specimen is cooled
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down to the preheating temperature, b) after tleeisgen is cooled down to 100°C and
c) after the completion of 10 minutes of weldinghese are indicated in the cooling
curves with arrows. It may be noted that the tieguired for the specimen to cool down
to preheat temperature is less at high preheat aerpes than at low preheat
temperatures. However, the time duration for thé&vgpecimen to cool down to 100°C

increases significantly with the increase in prete@perature.

—— 100°C Preheat

600 ] Ee'l_'emper_ature of specimfan _____ 150°C Preheat
: i immediately after welding 200°C Preheat
550
------- 250°C Preheat
500
© 4s04 |l
o 4004 i _
S a50] fi 10minutes after Cooling down to 100°C
© ) .Y completing welding
[ A
o
=
)
|_

B S Fas ra o g
Time (Second)
Fig. 5.1 Cooling behavior of preheated weld speaime

5.1.2 Comparison of Hp obtained using mercury and HE-PEMHS

It is discussed in Chapter 3 that the measuremehipofrom weld specimens
prepared with different preheating and post-heatmgditions was carried out using HE-
PEMHS method. Since the method is relatively neacheresult obtained from this
method was compared with that obtained with stahdaercury method. For the
comparison, the sicontent obtained in HE-PEMHS ((Hpemng Was plotted againstH
content obtained in mercury methodvddury) for weld specimens prepared under similar

conditions. The plot is shown in Fig. 5.2. It iskie noted that there exists one to one

correspondence between both methods with a verg gooelation even for very small
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amounts of diffusible hydrogen (< 2ml/100g). Thantirms the accuracy and reliability
of the results using HE-PEMHS. In the remainingtises of this chapter, only the

results obtained using HE-PEMHS are presented.
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H, by Mercury Method (ml/100g)

Fig. 5.2 Comparison of jcontents obtained from preheated and post-heagminsens
in HE-PEMHS and mercury method

5.1.3 Effect of preheat on Hp content
Increase in the preheat temperature causes redustiocooling rate of the weld
specimen. This results with the specimen expemgntiigher temperature for longer
periods of time thereby giving more time for hydeagto diffuse out. The fcontents
obtained from preheated weld specimens of mildl siteed modified 9Cr—1Mo steel
prepared for the three conditions are given in &dbll. The average values of thg H
contents are shown in Fig. 5.3a and 5.3b for migklsand modified 9Cr-1Mo steel
respectively. The actualHobtained as per ISO 3690 (without any preheatiang)lso
shown in the same figures. The results obtaineheasummarized as given below:

() The H, content measured for E7018 deposited on mild ssegluch higher

than that measured for E9015-B3 deposited on nemt§Cr—1Mo steel.
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Preheating has substantially reducegdddntent in the welds.

The H, remaining in the welds after cooling down the wedtd preheat
temperature in the copper jig does not vary sigaritly with preheat
temperature. Approximately 50% reduction ig ebntent from that of the ¢
content without preheat is observed in this coaditrrespective of the preheat
temperature for both steel welds.

The H> content showed maximum reduction for a given pmétemperature for
the condition in which measurements were carrietl ajter the weld was
cooled to 100°C. Further, thesHdontent remaining in the weld decreased with
the increase in preheat temperature for this measmt condition. The ¢
content remaining in mild steel weld was only 168the actual |4 content for
welds made with a preheat of 250°C, and the cooretipg value for modified
9Cr—1Mo steel was 27%.

The H, content remaining in the weld showed a decrea$ie avi increase in
preheat temperature for the measurements carrieaften the weld was cooled
for 10 min. The trend observed is similar to thob&ained for cooling down to
100°C before measurement. However, thecddntent remaining in the weld is
higher for the former condition.

In general, it was observed that the relative arhotirlp remaining in the weld
made with preheating is more for welds made withdified 9Cr—1Mo steel

and E9015-B3 electrode than that made with mildlstad E7018 electrode.
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Table 5.1 H collected from preheated weld specimens using HEHRS

Hp (mI/100g)
After
Preheat| cooling After After 10 | After post-| During post-
(°C) to cooling to min. of heating heating
Preheat 100°C welding for 30 m for 30 min
Temp.
3.76 3.76 4.98 2.53 4.28
100 3.58 3.58 5.14 2.41 4.16
3.71 3.71 4.77 2.39 4.33
4.03 3.01 4.14 1.49 5.28
150 4.11 2.86 4.07 1.42 5.20
3.97 2.99 4.00 1.52 5.25
3.57 1.42 3.0z 0.8¢ 5.9¢
200 3.51 1.35 3.20 0.84 6.06
3.49 1.45 3.06 0.90 6.00
4.1C 1.21 2.3t 0.42 6.52
250 4.03 1.15 2.48 0.37 6.45
4.14 1.14 2.21 0.42 6.63
1.0t 1.05 1.31 0.62 1.0z
100 1.03 1.03 1.21 0.56 1.07
1.09 1.09 1.22 0.59 1.08
1.0C 0.7¢ 0.9¢ 0.27 1.3¢
150 0.93 0.76 1.06 0.25 1.31
0.96 0.79 1.02 0.32 1.28
0.8¢ 0.6% 0.91 0 1.67
200 0.96 0.69 0.90 0 1.64
0.90 0.64 0.95 0 1.73
0.91 0.56 0.75 0 1.63
250 0.86 0.43 0.77 0 1.62
0.86 0.45 0.80 0 1.67
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5.1.4 Effect of preheat and post-heating on Hp content
Results of the measurement of thg ebntent remaining in the weld after preheating and
post-heating at the temperature for 30 min for rsilekel and modified 9Cr— 1Mo welds are
given in Fig. 5.4. There is a significant reductionthe H, content remaining in the weld
from those obtained with preheating alone. In famtwelds made with E9015-B3 electrode
on modified 9Cr—1Mo steel, for which the Eontent measured as per ISO 3690 itself is very
less, the I remaining in the weld after preheating and postihg at 200 and 250°C is
below the measurable limits for the techniques usedexpected, a systematic decrease in
Hp remaining in the weld with increase in preheatimgl post-heating temperature was also
observed. It was seen that for the mild steel, Higecontent remaining in the weld after
preheating + post-heating at 250°C reduced to ~6%heactual id content measured for
welds made without preheating or post-heating éathe 1SO standard).
5.1.5 Hydrogen evolution from specimen during post-heating

Results of the measurements in which hydrogen shffuout of the weld specimen
during post-heating for 30 minutes at differenttguosating temperatures in the HE-PEMHS
chamber are given in Table 5.1. The average vaitibgdrogen contents diffused out during
post-heating is shown for various post-heating tmafore in Fig. 5.5. There is a clear
increase in hydrogen diffused out of the weld speti with the increase in post-heat
temperature for both sets of specimens. For theifredd9Cr-1Mo weld, the hydrogen
diffused out at post-heating of 200 and 250°C aselto the H content measured as per ISO
3690. This means that almost all the i evolved from the weld during post-heating.
Ideally, the sum of hydrogen diffused out duringtploeating and H content remaining in
the specimen after post-heating shall add up tdHheontent in the weld measured as per

ISO 3690 (i.e. weld made without preheat and pestihg), and this comparison is given in
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Table 5.2 and shown in Fig. 5.6. It may be noted the sum of two measurements is slightly
lower than the H content in the weld prepared without preheating post-heating in all
cases. This difference is expected and can be ierplaas follows. Each measurement
involves transferring the specimen to the extractbamber, closing the chamber leak tight
and then flushing and filling it with argon. Thougfe time for these operations is kept as
minimum as possible, hydrogen diffusing out duringse operations is not collected for the
measurement. In Fig. 5.6, the sum of two separat@saorements is compared with the value
obtained in a single measurement. Hence, it is @gpethat this sum would be lower than
that of the single measurement. Further, for stahéiy measurement, the specimen is not
preheated, while for the other two measuremeneswiild bead is deposited on the preheated
specimen assembly. This would result in loss ofesbydrogen before collection ofHh the
chamber. Thus, lower values for the sum than thedhtent in the weld are expected. The
closeness of the sum with the actua) ebntent in the weld with only an expected and
explainable deviation shows that the measuremeatsed out in the present study on

preheated and preheated + post-heated specimefasrigraccurate and reliable.
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Table 5.2 Total i measured during and after post-heating in HE-PEMHKk8nber

Hp (mlI/100g
Temperature DUrNG PoSt- Remaining Actually
(°C) hea?tiﬁ in weld after Total measured as
9 post-heating per ISO 3690
Mild Steel + E7018

100 4.26 +0.087 2.44 £ 0.076 6.70 + 0.116

150 5.24 £0.04| 1.48 £0.0816.72 £ 0.065
7.29£0.111

200 6.01 + 0.042 0.88 + 0.032 6.89 + 0.052

250 6.53 +0.091 0.41 £ 0.032 6.94 + 0.096

9Cr 1Mo + E9015-B3

100 1.06 £ 0.026 0.59 +0.03| 1.65+0.04

150 1.32 +£0.04| 0.28 +0.0361.60 + 0.054
1.81 £0.049

200 1.68 + 0.04¢6 0+0 1.68 + 0.046

250 1.64 + 0.026 0+0 1.64 + 0.026

Note: Error in the total Hwas calculated by considering the propagationraire in the

measurement of iduring post-heating andgHafter post-heating by the following equation:
dz =J(0x)? + (9y)?
Where,dz = Propagated error in the measurement of togaihHnl/100g

dx =Error in the measurement of hydrogen evolved dupiost-heating in the chamber in

ml/100g

dy = Error in the measurement of hydrogen remainintpé weld after post-heating in the

chamber in ml/100g
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Fig. 5.4 K, obtained after post-heating

Hydrogen diffused during post heating (ml/100g)

Chapter 5

REZA H, from Mod. 9Cr-1Mo during post-heating

H, from mild steel during post-heating
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Fig. 5.5 Hydrogen diffused during post-heating
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Fig. 5.6 Hydrogen diffused out of weld during pbstating + H after post-heating
5.2 Discussion

A major purpose of welding with preheating is taduee the cooling rate of the welds
soon after welding. This will provide more time faydrogen to diffuse out of the
specimen. Welding with preheating, as presentethigistudy, involves, in addition to
preheating and welding, cooling of the weld, dunmigich hydrogen diffuses out from
the weld. However, the time taken by the weld spea clamped to the preheated
copper fixture to cool down to room temperature Mobe enormous, and this time
would not simulate the cooling of the actual weldpractice. Hence, three different
times to remove the specimen from the copper fxtand start measurement were
proposed based on the criteria described above.obfextive is to choose the best
procedure that would reflect the effect of pret@ath, measurement and hence could be

used to compare thepHevels after heating the steel specimen to diffeqgreheat
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temperatures. The results indicate that tiaemi®asurement soon after the specimen has
cooled down to its respective preheat temperatitey avelding may not be a good
procedure to study the effect of preheating @ncbintent, as there is no clear trend from
the results. This is because with the increaserehgat temperature, the time taken by
the specimen to cool down to preheat temperatureedses, as seen in figure 5.1. The
benefit of higher diffusivities of hydrogen at haghtemperatures is nullified by the
shorter times spent by the specimen at these teupes. The other option of waiting
for a duration of 10 min after welding for the $taf the measurement gives reasonably
good results, which can be used to examine theteffepreheat on Kl content. One of
the limitations of this procedure is that, afterriih of welding, the specimens prepared
at different preheat temperatures would be at miffe temperatures. However,
measurement of specimen temperature is not reqtoretioose the measurement start
time. The third alternative is to wait until theeggmen cools down to 100°C. As it is
clear from the results, this criterion can alsoused to compare the effect of preheat
temperature on Kl remaining in the weld. It is generally reportecattthydrogen
diffusivity reduces considerably below 100°C, ahd time taken by the weld to cool
down to 100°C (bo) is often chosen as a parameter that represemtsoibling rate in
various empirical relations used to predict prehtahperaturegl]. Hence, this
procedure of cooling the specimen on the coppéurixdown to 100°C before the start
of Hp measurement is recommended to study the effeptatfeat temperature ornpH
content remaining in the weld. Comparison of theults under this condition clearly
brings out the effect of preheat temperatures ingorg down the i content in the
weld. It is known that hydrogen diffusivity incress with temperaturef2-4], and
preheating effectively increases the time sperthbyweld at high temperature, allowing

more hydrogen to diffuse out. It also reveals floata given preheat temperature; the
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fraction of the total J remaining in the weld is always higher in modifi@@r-1Mo
steel welds than in mild steel welds. This is expe@decause the diffusivity of hydrogen
in alloyed steel is much lower than that in mildedtor carbon steg¢b-9]. Combining
post-heating with preheating further brings dowa Hy content remaining in the weld.
For a given temperature, there is ~50% reductiotménH, content by combining post-
heating with preheating from that can be achievagl with preheating. It is interesting
to note that the effect of post-heating is sigaificin welds of modified 9Cr—1Mo steel
than in welds of mild steel. ThepHontent in the weld of this steel after preheating
post-heating at 200 and 250°C is too low to be nmeas The low initial i content in
the welding consumable is certainly one of the aaasfor this. Increase in hydrogen
diffusivity with temperaturg7, 8] could also be contributing to these extremely low
values of H remaining in these welds prepared with both preshgand post-heating.
Results also indicate that preheating and posidweat lower temperatures are more
effective in reducing the gicontent remaining in the welds than in preheatilume of
the weld at a higher temperature. For example,iid steel, the | content remaining in
the weld after preheating alone at 150°C is ~3 0@/ of weld metal and after
preheating and post-heating at 100°C is ~2 ml/100 weld metal. In case of modified
9Cr—1Mo steel, this difference is more significdiot; the welds with 100°C preheating
and post-heating, theg-tontent is only ~0.5 ml compared with ~0.7 ml/168r welds
with a preheat of 150°C alone. These observatioasmaportant in the context of the
recently published results on the effect of prehgaand post-heating on residual
stresses present in high strength steel weldss heported10, 11] that the tensile
residual stresses in the welds are higher in waldde only with preheating than in
welds made without preheating or those made witl Ippeheating and post-heating.

Higher residual stresses resulting from preheatwogld at least partially nullify the
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benefit of preheating in avoiding HAC. One of thmggical applications of the results

from this study is that if the gicontent in the consumable and criticgl ébntent below

which cracking is not likely to take place is kngwthen it is possible to recommend

preheating and post-heating temperatures thatowilg down the i content below the

critical values and thus prevent HAC. This wouldum help to optimize the preheating

and post-heating requirement and thus reduce tggispent on these.
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Determination of apparent diffusivity of

hydrogen in steel

Hydrogen diffusivity for three different steels, Idhisteel, 2.25Cr-1Mo and
modified 9Cr-1M steels at different temperaturesenvestimated from the hydrogen
evolved from specimens charged to saturation, twiiirogen. Hydrogen evolved from
these steels at 25°C was measured using the memeettyod and at temperatures 100,
200, 300 and 400°C using HE-PEMHS and HE-GCTCD. Tigdrogen evolution
profiles were used in an equation that describkgsiton through a cylinder and apparent
diffusivity of hydrogen in steel was calculated.eTtliffusion equation through cylinder,
its existing solutions and application of this d@o for estimating apparent diffusivity

of hydrogen in three different steels are preseimtehis chapter.

6.1 Diffusion through a cylinder

6.1.1 Equation for the diffusion through finite cylinder
In general, non-steady state diffusion of any safdxs through a point Px,(y,z) in
Cartesian co-ordinate system follows Fick’s sedamd[1] which is expressed as

ac

e D(V2C) oo ves e v eer e eer e v (6.1) OT

ac 9%C N 9%C N 0%C
ot dx?  0dy? 0z2
Where,

C = Concentration of the diffusing species,

> e e (6.2)

D = Apparent diffusivity or diffusion coefficientf the diffusing species in a medium

In general, a cylinder is characterized by cylindripolar co-ordinate syste(p,¢, z) as

shown in Fig. 6.1. It is related to the Cartesiarocdinate systenx(y, z) as follows
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X = PCOSP we et er ere et e et eee ae e e (6.30)
Y =pPSINE@ et et s e v v e v e (6.3D)  and
VA ARSI (o e ) |

In the above relations,
p = Perpendicular distance from Z -axis and

¢ = The angle generated by the plane through Z-axis.
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Fig. 6.1 Cylinder co-ordinate system
Using equations 6.3(a), (b) and (c) in equation, @& chain rule and simple
rearrangements, the concentration (C) of diffusipgcies over the Laplace Operator can

be expressed as:

92C 9%C 92C (d8%C 14C\ 1 0%C a%C
= — N (1))

922 + ayZ + 372 apz + ;% + [?G_QDZ + g2 e e e e

Equation (6.4) can be further rearranged as

9%?C 9%*C 09%*C 10, oc\ 19%C 0%
_ ( ) RN (1)

92 +ay2 + 572 = E% p% +?a—(p2+ﬁ

Substituting equation 6.5 in equation 6.2, onevasriat
o _ 10( ac>+1azc+azc 66)
ET P p p 2292 T gz | e (O
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Equation 6.6 is the non-steady state diffusion #gnaor the diffusion of species of
concentration, C in a cylinder. Assuming a homogeseflow of diffusing species

through the cylindrical body,
— 20 e e e (6.60)

Equation 6.6a causes tlhpeterm to diminish from equation 6.6. Therefore, a&epn 6.6
reduces to

6C_D6( 6C>+D626 67
ot~ 5 ap p 3 Tz e e e e e e e e e (B

The two terms on the right side of equation 6.7iadependent of each other. Each of
these terms contains C and only one of its dexigati Therefore equation 6.7 is
homogeneous and each term can be isolated by siepao& variableq?2, 3]. Each of
these is independently solved by substituting gmeite initial and boundary conditions.
6.1.2 Solutions of the diffusion equation available in literature

If the specimen used in the present study is censttas a finite solid cylinder of
radiusr and lengtH, and hydrogen as the diffusing species with itsahconcentration,
Cy, the initial and boundary conditions for the solatiof thep-term of in equation 6.7
are as follows
Clp,p,z,t) =Cy att =0when0<p<rfor0<z<lIl(forallz).........(68)

Clp,p,z,t) =0 att >0whenp =r for0<z <l (forall 2).........(6.9)

Similarly, initial and boundary conditions for stan of thez-term are

Clp,p,z,t) =Cy att =0when0<z <l forallp..........(6.10)

Clp,p,z,t) =0 att >0whenz =1 forallp ... .......(6.11)

The general solution of equation 6.7 satisfying ithidal and boundary conditions in

equations 6.8-6.11 are available in the literatnreerms of hydrogen diffused o[8,4]
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andin terms of hydrogen remainingh-9] in a specimen. The latter solutions are
normalized and are given in Table 6.1.

Table 6.1 Normalized solutions for the diffusioruation of finite cylinder

Author Solutions of diffusion equation for finieglinder
Dt Dt
Damere75] M@® _ £|[ ® exp {—(Zn +1)%m2 }]| |[§: ex {— —a%}]
(1954) M(0) ~ 2 & 2n+ 1)2 & |
Whitaker[6] M) 32 B (2m + 1)*n2Dt
(1972) M) pz o exp(~azDt) Z  Zm+ 1) [ — 0z
Katlinsk[7] M@ 32 2 & @2m+ 1)’
== +2T 2 % e
(1981) M)~ 2 2 s 0 1) o xp[ {ﬂ 2 } ]
Brouwer[8] M) 32 21 aiDt s 1 (2m+ 1)27T2Dt
(1992) M(0) ﬁ;a_ﬁ g <_ r2 >me; Cm+ 1) {_ 2 }
Dilthey [9] M) 32 2 & [ at (2m+ 1)2712] ]
et =Co 1 2T e
(1993) M)~ 2 Z ~ (2m + 1) @m+ a2 " !rz Z

In context of the present study,

M (0) = Total hydrogen evolved from the specimen at temperature, T
M (t) = Hydrogen remaining after heating for time, t at temperature, T
D = Apparent diffusivity of hydrogen

a, = Roots of Bessel’s function, J,(ra,) = 0 m,n are integers

M(t)

W = Fraction of remaining hydrogen

6.1.3 Relationship between D and to.5

Amongst the solutions given in the Table 1, thausoh provided by Diltheyat al [9]
was originally used to study hydrogen diffusiorsteel welds. Therefore this solution is

chosen for all the further calculations in thisdstuThe solution is given below

[>e} o0

M(t) 32 az (2m+ 1)*n?
CRES D SR N Cesc s BN

m=0n=1
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Since the solution is a zero order Bessel's egnatio= 0. Therefore equation 6.12

reduces to

M@t 32 1 a$l+n2 Dt 613
TORES 16{,21 exp 2t e e e e e (6.13)
n=

Suppose at = t, 5, the initial amount hydrogen in charged specinsereduced to half,
ie.

Mo =0.5 6.14
MO RN ..(6.14)
In the condition in equation 6.14, incorporatingsBel’s roota,, from the table of roots
of Bessel's function, @, forn = 1,2,3,4,5givenin Table 6.2 ) and the cylinder

dimensions«{ = 5mm, [ = 25 mm) in equation 6.13, the following relation is oloiad

8.223
D =

X107 M2 s o (6.15)
tos

In the equation 6.15, the apparent diffusivity, Dekpressed in terms gfs. Therefore,
from experimentally determined valuestgt, D can be calculated from this equation.
to s is determined from the hydrogen evolution data.

Table 6.2 Bessel's roots fet = 0 [2]

n=1 n=2 n=3 n=4 n=>5

a, | 24048255577 5.5200781103 8.6537279129 11.7915344B8930917708

6.2 Results

6.2.1 Hydrogen evolution profiles at different temperatures

Experimental details of hydrogen charging, collectof hydrogen evolved from
the charged specimen at various temperatures ared durations and its measurement
using the hot extraction methods are discussedapter 3. At 1 h duration of hydrogen

charging specimens of all the three steels wererated with hydrogen (Table 3.3).
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Hydrogen evolved from a charged specimen at a gitesmperature for maximum
duration of measurement with no increase in thedgeh evolved for longer duration is
taken as the total hydrogen evolvad(0) for that temperature. Units for hydrogen
concentration in the specimens is taken as ml/&30gsed for H content in the previous
chapters. Hydrogen contents obtained for diffetane durations were plotted against
the total time of measurement to generate the Iggireevolution profiles at different
temperatures. The evolution profiles for modifi€crdMo, 2.25Cr-1Mo and mild steels
are shown in Fig. 6.2 (a), (b) and (c) respectivélisom these profiles it is clear that
complete evolution of hydrogen at 25°C occurred etlatively long time period of 9-14
days and with increase in temperature, time pefisoccomplete evolution of hydrogen
came down. The hydrogen evolution data were furfirecessed for calculation of
hydrogen remaining in the specimen.

6.2.2 Calculation of to.s and apparent diffusivity, D

The plots in Fig. 6.2 (a), (b) and (c) gives vaadatof hydrogen evolved at a given time,
M'(t), with time for different temperatures for the threteels. From these data,
hydrogen remaining in the specimeM(t) was calculated for all the time durations as
follows

M(E) = M(0) = M'(£) v ere oo ers e e o (6.16)

From these, the fraction of hydrogen remaining he tharged specimeﬁ’% was

estimated and plotted as a function of time of messent. The plots are shown in Fig.
6.3 (a), (b) and (c) for all the steels. From thesmaining hydrogen profiles, the time
taken for the total hydrogen content in the spenirfiteydrogen present in the specimen
at the completion of charging) to be reduced td, hgl, was calculated for each test
temperature. Substituting s in equation 6.15, the apparent diffusivity, D waculated
for each temperature. The calculated valyesand D are given in Table 6.3.

In this estimation of apparent diffusivity, it issumed that all the hydrogen
evolved from the specimens are collected in thentfea and measured. However, in
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practice, not all hydrogen could be collected amesdhydrogen will invariably lost
during cleaning and transferring of the specime during flushing and filling of the
chamber. Correspondingly there will be an errathim estimation. An attempt was made
to calculate this loss and revise the previousmedion by using the new values for

hydrogen evolved. Procedure adopted for estimatidast hydrogen is detailed below.

Table 6.3, ; and apparent diffusivity of hydrogen, D at differégmperatures

to.s (Second) Apparent Diffusivity x 16"
Temperature (m?/s)
(°C) Modified | 2.25Cr- Mild Modified | 2.25Cr- Mild
9Cr-1Mo 1Mo steel | 9Cr-1Mo 1Mo steel
25 31686 9892 4667.5 2.6 8.31 17. 6
100 2783.5 901 736 29.5 91.3 111
200 788 396 321 104 208 256
300 314.5 119 100 261 691 822
400 117.5 87 64 700 945 1280
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Fig. 6.2 Hydrogen evolution profiles as a functadriime at different temperatures
(a) 9Cr-1Mo Steel, (b) 2.25Cr-1Mo Steel, and (c) Miltkel
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Fig. 6.3 Fraction of remaining hydrogen as a functibtiroe

(a) 9Cr-1Mo Steel, (b) 2.25Cr-1Mo Steel and (c)dviiteel
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6.2.3 Calculation of the lost hydrogen content

Most of the operations that results in loss of bgen, like cleaning of specimen
and flushing of chamber etc, are taking place atmréemperature. From experience, it
was found that time taken for completion of allgbeactivities is around 150 s. This
means hydrogen is lost for the first 150 s of tgkine specimens from liquid nitrogen
where they were stored soon after charging ancgaadin of evolving only after this
time lag ¢'*9). Hence, this delay in time is referred to as ithiial time lag in this
chapter and it is assumed that specimen is at ambénperature (25°C). For the
calculation of the lost hydrogen, the following pedure was used.

First, 150 s was added to the initial part of tbelthydrogen evolution profile
obtained at 25°C (ambient temperature). Subsequerdte of hydrogen evolutio,
(ml/100g.s) was calculated for each time intervain@asurement by assuming it to be
constant over the interval (For example, the figglrogen evolution was measured after
300 s, which is actually after 450 s of hydrogearging and rate of evolution for the
time period of 150 - 450s was estimated by dividimg amount of hydrogen evolved by
300 s, the duration of measurement) Snavas plotted against the corrected time of
measurementt . The plots are shown in Fig. 6.4 (a), (b) and licyvas found thas; is
exponentially related to time. The best fit emg@iticnodels betwees$, andt for 9Cr-
1Mo steel, 2.25Cr-1Mo steel and mild steel are mireequations 6.17, 6.18 and 6.19

respectively. These models haveZ=R.99.

) +0.00002 ... (6.17)

t
) + 0.00289%exp (— 21131

t
S, = 0.01695 exp (— 26298.7

t

t
537.16

) +0.01866exp (— ) +0.00002 ... (6.18)

t
St = 000357exp (- m

t

t
6291.1

S, = 0.03648exp (— +0.00231exp (— ) +0.00002 ... (6.19)

75)
391.78
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Knowing S; from the above equations, hydrogen evolved from ¢harged specimen
(Hg) during initial time lag of 150 s can be calcuthtesing the following equation.
Hg = S; X 150 ... .. eov ooe ... (6.20)

However, $is not constant and it varies with time. Heridg,was estimated separately
for t = 1s andt = 150s and the average is taken as the value for hydrémgrbefore
the start of measurement. These results are givéable 6.5.
6.2.3.1 Experimental verification of lost hydrogen content calculated
Using mercury method, it is possible estimate thérégen lost during the initial time
lag by making two separate measurements of hydregetved; one from transferring
the specimen immediately to the measuring apparafter charging and another
transferring the specimen after a predeterminecdydelf 150 s. Difference in the
hydrogen content between these two measuremeiit® ieydrogen lost during initial
150 s after charging. Results of these measuremamsgiven in Table 6.4. A
comparison of hydrogen loss estimated from the mx@at with that calculated by
extrapolation (Table 6.5) agree well indicating éstimation of hydrogen lost before the
start of high temperature measurement using htta@ion techniques is reasonably
accurate.
6.2.4 Calculation of time lags at 100, 200, 300 and 400°C

It is obvious that, time taken would be less athhigmperature for the same
amount of hydrogen diffused out from the specimeroam temperature than the time
taken at room temperature. This means hydrogeratasinbient temperature during 150
s would be lost at a shorter duration at high tewtpees. Hence, for diffusivity

calculation this time shall be estimated for eactihe temperatures. This was done using
. . R @ . . " .
regression analysis of the variation 0”14—M(0) with time and predicting the time for

evolution at the measurement temperature correspgrid initial evolution of same

141 |Page



Chapter 6

amount hydrogen that evolved at 25°C for first B50-or this purpose, the hydrogen
evolution data corresponding to these temperatifigs 6.2) were modified by adding
the calculated lost hydrogen content to each oitkasured hydrogen contents and the

known time lag (150 seconds) to the correspondimg tdurations of measurement.
Using this modified data,% was plotted against time. The modified data in gl
were fit with an empirical equation having a coatin coefficient of B=0.999. Using

this equation, a new initial time lag (time takeor f% to reduce to the value

corresponding to lost hydrogen), which is less thiam initial 150s, was calculated.
Using this new time lag and keeping the lost hydroginchanged, regression was
repeated and another time lag was calculated. Tiegs were iterated several times

with a new time lag in each step until the follog/icondition is satisfied.

199 — £%9 <35 it e e e (6.21)

Where,

lag

t,%9 = Time lag obtained after thg + 1)" iteration

lag

(%9 = Time lag obtained after th¥ iteration

t
i=1,23..

The time lags obtained in the final iteration fdrsteels and temperatures under
consideration are given in Table 6.6. This timedag the lost hydrogen were used for
the correction of the as-measured hydrogen evalyirofile at each temperature for all

the steels.
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Table 6.4 Volume of lost hydrogen 25°C estimatednflexperiment

Material H obtained with Hp obtained with Hydrogen lost
immediate predetermined delay of | within 150 s
transfer (ml/200g) 150 s in transfer (ml/100g) (ml/1009)
Modified 9Cr-1Mo 27.22 24.79 2.43
2.25Cr-1Mo 27.67 24.23 3.44
Mild Steel 28.93 24.62 4.31

Table 6.5 Calculated amount of hydrogen lost aC25°

Rate of Evolution Hydrogen lost
Material (ml/100g*sec) (ml1/100g9)
S =5 Se =S50 | Hpatt=1 | Hpatt =150 | Ayerage
Modified 9Cr-1Mo| 0.0202 0.0140 3.02 2.10 2.56
2.25Cr-1Mo 0.0235 0.0182 3.53 2.73 3.18
Mild Steel 0.0387 0.0272 5.81 4.07 4.94

Table 6.6 Time lags calculated for different steels

Temperature (°C) Modified 9Cr-1Mo 2.25Cr-1MaMlild Steel
100 94 94 101
200 59.5 51.5 68
300 25.5 18 21
400 13 1 3
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Fig. 6.4 Rate of hydrogen evolution at 25°C asretion of corrected time
(a) Modified 9Cr-1Mo Steel, (b) 2.25Cr-1Mo Steetdn) Mild Steel
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6.2.5 Calculation of t, s and D using corrected data
Calculation oft,,  from the corrected data was similar to that desctiin section

6.3.3. Using the corrected hydrogen evolution profilecfian of remaining hydrogen,

% was plotted as a function of corrected timgs; and apparent diffusivity of

hydrogen in steels. The profiles thus obtainedniadified 9Cr-1Mo, 2.25Cr-1Mo and

mild steel are shown in Fig. 6.5 (a), (b) and (e¥pectively. From an exponential

relation betweenl% and corrected time obtained from these profitgs, for each of

the temperatures were revised. The apparent diffies of hydrogenD, at 100, 200,
300 and 400°C were calculated by substituting thesesed values af, 5 in equation
6.15.

The revisedt, s and corrected apparent diffusivitfp) of hydrogen in steels
under consideration for each test temperatureiges gn Table 6.7.

Table 6.7 Reviset, sand apparent diffusivity of hydrogen from correctieda

to.5(Second) D x 10" (m%s)
Temperature

0) Modified | 2.25Cr- | Mild Modified | 2.25Cr-| Mild

9Cr-1Mo 1Mo steel | 9Cr-1Mo | 1Mo steel
25 19647 4576 1928 4.18 18 4216
100 2260 749.5 547 36.4 11Q 150
200 647 367.5 290 127 224 283
300 263 113 91 313 727 904
400 110.5 63 48 744 131d 1710
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Fig. 6.5: Fraction of hydrogen remaining as a fiomcof corrected time
(a) Modified 9Cr-1Mo Steel, (b) 2.25Cr-1Mo Steabgc) Mild Steel
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6.3 Discussion

6.3.1 Variation in apparent diffusivity by incorporating lost hydrogen

Table 6.3 presents the apparent diffusivities hgdro calculated from the
measured hydrogen evolution data (without lost bgen) where as Table 6.7 presents
the apparent diffusivities hydrogen calculated fridme corrected hydrogen evolution
data (with lost hydrogen) From these tables, itlear that, the apparent diffusivity
obtained from corrected data is only marginallyheig than that obtained from the
measured evolution data. The variations in appadéhisivity obtained from both the
cases are shown in Fig. 6.6. This difference ibdstjat 25°C, decreases with increase in
temperature and is least at 400°C. Therefore, nt loa said that correction for lost
hydrogen has only marginal effect on the appardfftisivity data estimated for

hydrogen in steel.
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Fig. 6.6 Variation of apparent diffusivity of hydyen in different steels with temperature
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6.3.2 Comparison of apparent diffusivities obtained in the present study

with the data in literature

The hydrogen apparent diffusivities determinechim present study are compared
with the data available in literature for varioesnperature$8, 10-13]. Fig. 6.7 shows
the scatter bands of hydrogen apparent diffuspitposed by Bollinghaus et [l3] for
low and high alloyed steels having ferritic or neatitic microstructure. It is seen from
the figure that all the apparent diffusivity valugstained in the present study are either

lying within or close to the scatter bands.
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Fig. 6.7 Comparison of apparent diffusivity of hgden obtained from present study
with Bollinghaus scatterbands
Comparison of the diffusivity data generated fordified 9Cr-1Mo and 2.25Cr-1Mo

steels in this study with those reported in literatare shown in Fig. 6.8. Difference
between the various reported diffusivity valuesrdases at high temperatures. Among
the diffusivity data available in literature, thasported by Brouwer has been claimed to

be most accurate by the author since the resyityrtesl in that study are corrected for
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lost hydrogen. It is interesting to note that th&udivity data in this study matches

closely with that of Brouwer for the entire tempera rangd8§].
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Fig. 6.8 Comparison of apparent diffusivity of hgden obtained from present study
with that in literature

6.3.3 Variation in apparent diffusivity with temperature and alloying

The variation in apparent diffusivities of hydrogén steel as a function of
temperature is already shown in Fig. 6.6. From filgisre, it is clear that there is a two
order of magnitude increase in the diffusivity ofdiogen in steel with increase in
temperature from 25°C to 400°C. The variation ipapnt diffusivity of hydrogen in
steels as a function of alloying can also be erpldifrom Fig. 6.6. It is clear from the
figure that among the three steels used in theysthd apparent diffusivity of hydrogen
is maximum in mild steel and minimum in modifiedr9Mo steel at all temperatures.
These facts reveal that for a given temperatuneamamt diffusivity of hydrogen in steel
decreases with increase in alloy content. The miffee in diffusivity of hydrogen from
mild steel and modified 9Cr-1Mo steel is an ordemagnitude (a factor of 10) at 25°C.

This difference reduces significantly with increaséemperature.
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(c) Modified 9Cr-1Mo Steel

Fig. 6.9 Microstructure of different steel useceatieat treatment
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Alloying elements affect the diffusivity of hydrogen steel in two ways. First,
various alloying elements and their concentrationsieel affect the solubility and
diffusivity of hydrogen in steel to different degse For example, in modified 9Cr-1Mo
steel, vanadium atoms act as traps for hydrogdovar temperaturef8]. This would
reduce the diffusivity of hydrogen in this steebrfr that of mild steel. Second, the
alloying elements also vary the microstructurehaf steel which affects the diffusivity.
Measurements were carried out in all the threelssieenormalized condition; they are
heat treated above the temperature in which compietnsformation of ferrite to
austenite takes place and then cooled in air. Il steel, austenite transforms to a
mixture of ferrite and pearlite, in 2.25Cr-IMo tiinsforms predominantly to bainite and
in modified 9Cr-1Mo, it transforms to martensiteg.F6.9 shows the microstructure of
the three steels after the normalizing heat treatnigislocations and other defects which
can act as traps for hydrogen would be more in enaitic structure and less in a
ferrite+pearlite structure. In a bainitic structutefect density would be between these
two. Accordingly, apparent diffusivity should beast for modified 9Cr-1Mo steel and
maximum for mild steel. Further, with increase @mperature, effectiveness of these
defects as hydrogen traps decreases and accordivgldifference in the diffusivity of
hydrogen in the steels also comes down. Our resuktsin agreement with these
arguments.

6.3.4 Hydrogen diffusivity and Hp in the welds

In the context of I measurement, it is interesting to examine theqmegage of
total hydrogen diffused out from mild steel and ified 9Cr-1Mo steel after 72 h at
25°C and 30 minutes at 400°C which, as indicatethén previous chapters, are the
temperatures and time durations recommended formeasurement using mercury

method and hot extraction method respectively. Fitable 6.4, the total hydrogen
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evolved from both these steels are roughly samgecdtitents obtained from mild steel,
2.25Cr-1Mo steel and modified 9Cr-1Mo steel after {2 h at 25°C, (2) 30 minutes at
400°C and (3) the completion of hydrogen evolutiom given in Table 6.8. After 72 h at
25°C, almost 96% of the total hydrogen has beervegofor mild steel, while for
modified 9Cr-1Mo steel, this is only 81%. Hydrogemntinued to evolve for 9 days in
mild steel while it continued for 14 days for maeif 9Cr-1Mo steel. This implies that,
for same amount of Hin a mild steel or carbon steel weld and modiB€i-1Mo steel
weld, Hb measurement using mercury method, if it is caroatlonly for 72 h, would
always result in lower Kl content for modified 9Cr-1Mo steel welds than rfaiid steel
welds. This could be the reason why the time domafior hydrogen collection in
standard mercury method was changed from 72 h enetlrly versions of the ISO
standard to till the total evolution is completaedhe latest versiofi4].

Table 6.8 K contents measured at standard temperature + tina¢éi@ahs

Temperature (C°) 2B15] 400([14]
Time duration 72 h Compl_ete 30min Compl_ete
evolution evolution

Modified 9Cr-1Mo steel| 22.23 27.35 27.%2 28.1

2.25 Cr-1Mo steel 25.01 27.36 27.%9 27.92

Mild steel 28.27 29.56 29.3b 29.75

It is interesting to note that this difference Ire tpercentage of total hydrogen
evolved from the charged specimens of mild steed &C&r-1Mo steel decreases
considerably at 400°C for 30 minutes, the tempegatind duration specified for hot
extraction methods for fimeasurements. At this temperature and duratiompstl 99%
of the total hydrogen has been evolved from mikklstwhile for modified 9Cr-1Mo

steel, this is 98%. This shows that hot extracti@thods not only reduce the total time
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of Hp measurements, but also provide more accuratevéhae the mercury method for
alloy steel welds.

It was observed from the hydrogen evolution stuthes total hydrogen evolved
from specimens of all the three steels are samicating they are all charged with
hydrogen to the same extend. However, for a givae turation, hydrogen evolved is
lowest for modified 9Cr-1Mo specimen and highestrfild steel at all the temperatures
considered in this study. This shows that the hyenoevolved for a given time duration
increases with decrease in alloy content of thel.sfehis is also in agreement with
hydrogen diffusivities estimated for all the thiteels. This means that at a given time
after introducing hydrogen in the steel (as in wejdor charging) the fraction of
hydrogen remaining in steel would increase withreéase in alloy content of the steel. In
other words apparent solubility of hydrogen wouittrease with increase in alloy
content. This, in addition to a susceptible miauosure, would increase the
susceptibility of alloyed steels to hydrogen assistracking.

The above facts support and explain the resuleafarlier study of Albert et al
[12]. In this study, HAC susceptibility tests were cocied for three different steels in
which hydrogen was introduced to the weld zone uphoshielding gas of GTAW
process used for making the welds. For same amafuhydrogen introduced, thepH
contents measured were lower for 9Cr-1Mo welds thah measured for the other two
low alloyed steels (2.25Cr-1Mo and 0.5 Mo steélpugh susceptibility for cracking was
highest for 9Cr-1Mo steel. The reason can beagxgtl as follows. Due to the higher
alloy content, apparent diffusivity of hydrogen9€r-1Mo steel was lower than that in
the other low alloyed Cr-Mo steelBhis resulted lower amounts opHh 9Cr-1Mo steel.

However, since all the Cr-Mo steels had their tédgl content equal, at a given time
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amount of hydrogen retained in 9Cr-1Mo steel waghéi than the other two Cr-Mo

steels making it more susceptible to cracking.
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Concluding remarks and

Scope for future research

7.1 Conclusions

Diffusible hydrogen measurement was carried outngisindigenously developed
techniques which use specially designed chamberscédlection of H, and its
measurement using PEMHS and GCTCD. These technigees used in studying the
effects of preheating and post-heating gnddntent of welds. Further, these techniques
were used for the determination of apparent diitisiof hydrogen in steel. Following
conclusions were drawn out of the studies mentionékis thesis:

7.1.1 Measurement of Hp using indigenously developed techniques

The studies carried out for the development of EMPIS, HE-PEMHS and HE-

GCTDC techniques for diffusible hydrogen fjHmeasurement were concluded as

follows:

1. Measurement of diffusible hydrogen content in steetlds was successfully
demonstrated using a Nafion based hydrogen pratohamge membrane hydrogen
sensor (PEMHS) by collecting hydrogen at room tempee (RT-PEMHS). This
method takes the same time for collection of diffleshydrogen as mercury method.

2. PEMHS combined with a specially designed hot extwvacchamber (HE-PEMHS)
and a gas chromatograph facility which uses a séglgr designed hydrogen
extraction unit (HE-GCTCD), which allowed hot exitian of H, from the weld

specimen up to 40TC are demonstrated forpHneasurement in steel welds.
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3. Results obtained using all these methods show @oaé correspondence with those
obtained by the standard mercury method for a watge of Hy contents which
covers all the benchmarks set by IIW and AWS.

4. Statistical analysis of the results obtained intladise methods, as recommended by
ISO 3690, confirms that confidence level on theuaacy of the measurement opH
using these methods as compared to mercury meshmetter than 95%.

5. It is demonstrated that these new techniques cansked to study the hydrogen
evolution from the weld or any material as a fumctof time. One such study carried
out using RT-PEMHS showed that hydrogen evolutromfa weldment of modified
9Cr-1Mo steel continues much beyond 72 h, the tiiore hydrogen collection
proposed in the early version of standards aof kieasurement at ambient
temperatures.

7.1.2 Study on the effects of preheat and post- heating on Hp content in

welds

Using the HE-PEMHS technique, effects of prehea#ind post-heating ong-Hcontent

of welds were studied. Following are the conclusiohthe study:

1. A procedure has been developed for studying thecefbf preheating and post-
heating on the diffusible hydrogen content of wel@lkis procedure employs the
same specimen and welding fixture (copper jig) @ecsied for standard
measurements of gdin the welding consumables along with an arrangenier
preheating and post-heating. In order to compageHh content remaining in the
weld after different preheat temperatures, it sommended that fFHmeasurement
should commence after the specimen cooled dowAQ@6CLon the fixture.

2. Preheating substantially brings down thg déntent remaining in the weld from that

present in welds prepared without preheat. Combipiost-heating with preheating
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results in further reduction in thepHtemaining in the weld. In fact, preheating and
post-heating at lower temperature is better thangupreheating alone at higher
temperature to reduce the ldontent remaining in the weld.

3. Preheating combined with post-heating is more &ffecthan mere preheating in
lowering the H) content in welds of modified 9Cr—1Mo steel,

4. It is demonstrated that HE-PEMHS technique can $®duo measure diffusible
hydrogen content as low as 0.2ml/100g.

7.1.3 Determination of apparent diffusivity of hydrogen in steel

Apparent diffusivity of hydrogen in steel was detered using the HE-PEMHS and HE-

GCTCD techniques. The studies are summarized below:

1. Hydrogen evolution profiles were determined for ified 9Cr-1Mo, 2.25Cr-1Mo
and mild steels at temperature in the range 25@Q0ing mercury, HE-PEMHS
and HE-GCTCD techniques and using a solution t&’§isecond law, the apparent
diffusivity of hydrogen is calculated.

2. Apparent diffusivities of all the three steels ereestimated by incorporating the lost
hydrogen were found to be only marginally higharthhat calculated without lost
hydrogen. These values are found be in agreemehthydrogen diffusivity data

reported in literature for different steels.

7.2 Scope for future research

7.2.1 Development of HE-PEMHS and HE-GCTCD for commercial

application

In the present study two techniques have been ojgedlfor hot extraction of
diffusible hydrogen and its subsequent measurem&ng a PEMHS or GCTCD. The

present configurations of these systems are saitbyl use in research laboratories.
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Some modification of these configurations is reedito develop these devices into
commercial products, which can be used for routi@@asurement of diffusible hydrogen
by electrode manufacturers. These include packaiegneasurement system and HE
chamber in to single unit; simplifying the caliboast procedure, provisions to measure
Hp content from 3 or 4 specimens in one campaign latthe case of HE-PEMHS,

configuration can be modified for estimation of wmwle of hydrogen collected instead of

hydrogen concentration in the chamber.

In both HE-PEMHS and HE-GCTCD, hot extraction parseparate from the
detector. Hence, we can just replace heater anulmrain the present systems suitably
so that they can be adapted not only for diffushtdrogen but also for total hydrogen

measurement.

Demonstrated capability of these techniques to aoreasydrogen levels as low
as 0.2 ml/100g of weld metal makes them ideal éhéoc H, measurement in materials

like duplex stainless steels, in whicl Elontent is expected to be very low.

7.2.2 Correlating diffusible hydrogen remaining in welds with cracking

susceptibility

A procedure to estimatepHcontent remaining in the weld after preheating and
post heating has been developed in this study.rrirdton generated using this
procedure can be used in conjunction with dataffacteof preheating and post heating
on hydrogen assisted cracking so that critical ll@feéhydrogen in various steel welds

below which cracking does not occur can be detezthin
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7.2.3 Study on hydrogen trapping in steels

Procedure presented here for determination of appadiffusivity could be
suitably modified to generate information on hydsogtrapping behaviour in steels.
Hydrogen evolution studies can be carried out fofixad duration for increasing
temperatures (for example initially for 30 minutgsambient temperature, then at 100,
200°C ...) and from the volume of hydrogen evolved/iaious temperatures, type of
hydrogen traps and trap density can be estimated) ke data available on binding

energy of various traps.
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