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Abstract

In this work, terminal solid solubility (TSS) of hydrogen for Zr-alloy pressure tube materials was determined corresponding to end of
hydride dissolution (TSSD) and start of hydride precipitation (TSSP) using the dilatometry technique. For this, Zircaloy-2 and Zr-2.5Nb
pressure tube alloy coupons were gaseously charged with controlled amount of hydrogen in the range.d/@-Tlange in length of
cylindrical specimens of lengtly10 mm and diameter3.5 mm machined from the coupons were measured as a function of temperature
using a dilatometer. The samples were heated*@/i2in to 430°C, held for 30 min at 430C and cooled back to the ambient temperature
at 2°C/min. The transition temperatures corresponding to the end of dissolution of hydrides during heating and beginning of precipitation
of hydrides during cooling in these alloys were determined from thermal sggaie(sus temperaturd), average slope (@ versusT plot)
versusT and differential thermal strain versilisplots. The enthalpies of hydride dissolution and precipitation for Zircaloy-2 pressure tube
material were found to be 30-34.5 and 25.9-26.3 kJ/mol, respectively, whereas the corresponding enthalpies for Zr—2.5Nb pressure tuk
material were found to be 35.44 and 17.2—-22.8 kd/mol, respectively. This difference in the enthalpies between TSSD and TSSP is explaine
in terms of the different roles played by the components of strain energy associated with the elastic and plastic deformation in the matrix anc
precipitate, as a result of hydride accommodation in this alloy during heating and cooling process.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction components are hydride embrittlemga2—24] which gets
aggravated due to stress-reorientation of hyd{Ri-31]
Dilute zirconium alloys are used as the core structural delayed hydride cracking (DH@30-36]and hydride blister
materials of pressurized heavy water reactors (PHWR) be-formation[30,37—41] Initially, TSS was thought to be a safe
cause of their low neutron absorption cross-section, good ele-limit for hydrogen concentration, below which embrittlement
vated temperature mechanical properties and adequate aquesffect was not considered significant. However, recent stud-
ous corrosion resistandé—7]. Though the hydrogen con- ies have shown that the threshold hydrogen concentration for
tent of the in-core components is kept as low as possible by DHC initiation[32,36]and hydride blister nucleatigi1,42]
controlling the manufacturing process paramefg}sit can are not TSS but a fraction of TSS. Thus, terminal solid solu-
pick up hydrogen/deuterium during service from corrosion bility of hydrogen in these alloys is an important parameter
reaction between zirconium metal and coolant heavy waterand is used by design and safety engineers for fithess for
[7-12]. Hydrogen present in excess of solid solubility precip- service assessment of these compongdks
itates out as brittle hydride phafE3—21]and can severely Experimentally TSS is determined by preparing samples
limit the life of core component22—24]made up of these  with known concentration of hydrogen and measuring some
alloys. The hydrogen-related problems associated with thesechange in physical properties to identify transition tempera-
ture corresponding to end of hydride dissolution during heat-

* Corresponding author. Tel.: +91 22 25593814; fax: +91 22 25505151, 1N and beginning of hydride precipitation during cooling.
E-mail addressmms@apsara.barc.ernet.in (R.N. Singh). Techniques like dilatometrig4,45] resistivity[46], internal
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friction [47—-49] differential scanning calorimetfs0-53] sequences of this large volume change is the local deforma-
small angle neutron scatterifj§4,55], metallography[56] tion of the matrix to accommodate the hydride precipitates.
and thermal diffusiofb67] measure changes in dimension, re- Based on the strain energy associated with elastic and plastic
sistance, damping frequency, heat flow, lattice parameter, mi-deformation of the matrix, Pu[83,59]developed a theoret-
crostructural features and H concentration, respectively, andical model of TSS of hydrogen in Zr-alloys. Experimentally
are used to determine the transition temperature. The experobserved values of TSS show large hysteresis between the
imentally determined transition temperatures are correlatedvalues obtained during heating and cooling. TSS obtained
with corresponding hydrogen concentrations in the form of during heating corresponds to the end of hydride dissolution
an Arrhenius type relationship to obtain the pre-exponential and is called TSSD whereas TSS obtained during cooling
constant and the enthalpy of the dissolution or precipitation corresponds to the beginning of hydride precipitation and is
process. With the help of these constants, TSS at any temperealled TSSP. In this work both TSSD and TSSP values deter-
ature can be obtained. Also, for a sample of unknown hydro- mined using dilatometry technique are discussed for Zr-alloy
gen concentration by determining the transition temperature pressure tube materials.

corresponding to heating and/or cooling total hydrogen con-

tent of the sample can be estimated using the aforementioned

constants.

Two series of dilute Zr alloys are being extensively used
as pressure tube material in PHWR type reactors. Early gen-
eration PHWRs use tubes made of Zircaloy-2, an alloy with
tin as primary alloying addition. Although pressure tubes of
this material served satisfactorily in reactor applications, it
is now known that Zircaloy-2 suffers from high rates of hy-
drogen pick up and somewhat high rates of irradiation in-
duced creeg58]. The next important alloy is Zr—2.5wt.%
Nb (Zr—2.5Nb)[5-8,58]that has been chosen as a pressure
tube material for new generation PHWRs. The Zr—2.5Nb al-
loy has been tried in two different conditions: conventional
cold work and stress relieved and heat treated (quenched an
tempered) statgb9]. The microstructure of cold worked and
stress relieved (CWSR) Zircaloy-2 consists of elongated and
texturedx Zr-phase (having hcp crystal structure) grains with
a small amount of randomly distributed fine intermetallic
precipitateg§1-5]. On the other hand the microstructure of
CWSR Zr-2.5Nb alloy is comprised of heavily elongated and
strongly texturedx phase grains surrounded by very thin but
nearly continuous grain-boundary network of metastgble
phase (having bcc crystal structure with 10—20% Nb and vol-
ume fraction in the range of 10-20%d)-6,53,60] McMinn
et al., based on their investigations of a series of Zircaloys
[61], have observed negligible influence of chemical com-
position and microstructure on TSS. Khatamjag,53]in-
vestigated the TSS and partitioning of hydrogen in a series ype 1
of Zr-Nb alloys in metastable (containirgyZr with 20% Typical chemical composition of Zircaloy-2 and Zr—2.5Nb alloy pressure
Nb) and aged (containing Nb with greater than 85% Nb) tube material depicting the weights of constituent alloying elements in per-
condition and has reported increase in hydrogen solubility cent[63]

2. Experimental

The Zircaloy-2 and Zr—2.5Nb pressure tube material was
received from Nuclear Fuel Complex, Hyderabad, in auto-
claved (cold worked and stress-relieved) condition. Typical
chemical compositions of Zircaloy-2 and Zr—2.5Nb tubes
are given inTable 1 [63] Coupons of length 50 mm, width
20 mm were cut from the tube and were polished up to 1200
grit emery paper to obtain oxide free surface. The polished
samples were gaseously charged with controlled amount of
hydrogen in a modified Sieverts’ appara{t4,64] In the
é)resent set of investigations, the samples were furnace cooled
after hydrogen charging at 3668 with an average cooling
rate of~2°C/min. To reveal the hydride morphology, orien-
tation and distribution, the gaseously charged samples were
sectioned along the radial-circumferential and axial-radial
plane of the tube and metallographically examined under
optical microscope. Before examination under optical mi-
croscope, the Zircaloy-2 samples were chemically etched by
swabbing for 30 s with cotton soaked in 8% HF in HNO
solution [24] while the Zr—2.5Nb samples were etched by
swabbing for 20 s with cotton soaked in 10%HF + 45%HNO
+ 45%H,0 solution.

for metastable alloy with increasing Nb content (or increas- Elements Zircaloy-2 Zr-2.5%Nb
ing B phase volume fraction). However, for the completely Tin 1.20-1.70 -
aged Zr—Nb alloys, TSS values were comparable to that for Iron 0.07-0.20 -
Zirca|0y5[52]_ Chromium 0.05-0.15 -

Thus, it is felt that the TSS of hydrogen in Zr-2.5Nb al- - N 0.03-0.08 540280
loy pressure tube material containing .metastﬂsk phqse _ Total Fe + Cr+Ni 0.18-0.38 o
must be higher compared to that for Zircaloys. The objective Total Fe + Cr - -
of this study is to determine the TSS of hydrogen in CWSR  Carbon (ppm) 150-400 -
Zircaloy-2 and Zr—2.5Nb pressure tube materials used in the ©xygen (ppm) 900-1400 900-1300

Indian PHWRSs. Hydride precipitation in Zr-alloys is associ- <°PPe"
. . Zr + permitted impurities Balance Balance
ated with a large positive volume change. One of the con-
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2.1. Dilatometry average slopan, is defined in

Solid cylindrical samples of lengthk 10 mm and diam- m = ALi- AL
eter ~3.5mm were machined from the hydrided Zr-alloy =T
coupons. These cylindrical samples were subjected to a therwhere,AL is the change in lengtf, the temperature and the
mal cycle during which change in length of the sample was subscripi andr refer to instantaneous and reference values.
measured using a Dilatometer model DIL 805 A/D. The sam- The plot of m against temperature shows a clear transition
ples were inductively heated. The heating rate was controlledand facilitates more precise determination of the transition
by controlling the induced current passing through the spec-temperature. Another method employed in the present in-
imen and the cooling rate was controlled by controlling the vestigation for obtaining the transition temperature was to
gas flow in addition to induced current. The temperature was plot the differential strain with temperature. For this, unhy-
measured using Rh/Pt thermocouple spot welded to the sam4drided Zircaloy-2 sample containing <fu@/g of hydrogen
ple. The test data comprising of temperature, time and changeand Zr-2.5Nb sample containing 5.6/g of hydrogen were
in length was acquired digitally through automated software. used. The differential strain was taken as the difference be-
The change in length was measured using a LVDT of resolu- tween the strains of the hydrogen charged sample and that of
tion 50 nm. The resolution of temperature measurement wasthe unhydrided one. Thus, the transition temperatures corre-
0.05°C. Inthe presentinvestigation, the temperature program sponding to end of dissolution and beginning of precipitation
involved heating the samples at a rate 6€2min to 430°C, of hydrides in Zr-alloys during heating and cooling, respec-
soaking for a period of 30 min at 43C and then cooling  tively, were obtained from all the three methods mentioned
back to the room temperature at the@min. The soaking  above.
temperature and time was chosen so as to dissolve all the The samples used for dilatometry measurement were sec-
hydrides, anneal out the dislocation debris left out in the ma- tioned using a slow speed cutoff wheel to obtain a piece of
trix after hydride dissolution. In fact this dislocation debris weight ~100-130 mg. The cut samples were ultrasonically
is reported to impart memory effect to hydride precipitation cleaned in carbon tetrachloride bath. All the surfaces of the

()

during cooling and influences the TSSP temperdtelt 7] sectioned specimen were polished to remove the surface layer
and were chemically analyzed for hydrogen concentration by
2.2. TSS determination using inert gas fusion (IGF) technique using LECO Hydro-

gen Determinator, Model RH IE. Titanium pellets containing

Raw data comprising of change in length of the sample 37.2+ 4.1.g/g hydrogen was used as reference material. The
(AL) and its temperature was obtained from dilatometer us- measurement uncertainty was found to¥#3u.g/g. Hydro-
ing automated software. A thermal strag) yersus sample  gen concentrations charged into the coupons (as estimated by
temperature ) plot was obtained from the raw data. The Sieverts’ apparatugd4]is compared with that determined by
transition temperatures corresponding to end of hydride dis- IGF in Table 2 Hydrogen concentration obtained by IGF was
solution during heating and beginning of hydride precipi- plotted against inverse of absolute transition temperature on
tation during cooling were obtained for Zr-alloy samples, semi-log plot to obtain the value of pre-exponential constant
which have been hydrided to different hydrogen concentra- and the enthalpy of the process and only those values of these
tions. TSS is determined by fitting an Arrhenius type relation- constants were accepted for which regression coefficient was
ship giveninEq. (1)between the hydrogen concentration and greater than 90%.
transition temperature. For this the log of hydrogen concen-
tration was plotted against the inverse of absolute transition
temperature and the pre-exponential constarand the en- 3. Results
thalpy of the procesg\H, were obtained by linear regression
analysis. Since temperature is a part of the argument of the3.1. Hydride microstructure
exponential term, the TSS value is very sensitive to tempera-
ture. Any error in determination of the transition temperature  Fig. 1 shows the micrograph of Zircaloy-2 pressure tube
will translate into the error in the estimated hydrogen content material charged with (a) 43g/g and (b) 107.g/g of hydro-
of the unknown sample. Hence, it is necessary to determinegen. The micrograph corresponds to radial-circumferential

the transition temperature accurately: section of the tube. Dark lines in these micrographs are the
AHL traces of hydrides. It is evident from these micrographs that
TSS= A exp <— RTS) (1) with increasing hydrogen content level, the length of hydride

platelets increases, though no significant decrease in the in-
It was observed that for smaller hydrogen concentration the terplatelet spacing is observdglg. 2 shows the micrograph
transition temperature corresponding to hydride dissolution of the Zr—2.5Nb pressure tube material charged (a)®8

and precipitation were not clearly identifiable from #her- and (b) 8Qug/g of hydrogen concentrations. The hydrogen
susT plot. This problem was overcome by defining average content values for both Zircaloy-2 and Zr—2.5Nb alloy re-
slope () and plotting its variation with temperature. The ported above were estimated by IGF technique. The micro-
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Table 2
The transition temperaturéQ) corresponding to dissolutio®} and precipitation®) of hydrides in Zircaloy-2 and Zr-2.5Nb alloy pressure tube material
obtained from all the three curves

Material H (ppm) evs.T) D(P) (mvs.T) D(P) (Diff. evs.T) D(P)
Zircaloy-2 43 255 (213) 262 (213) 265 (213)
65 308.2 (232) 307.5 (231) 310.6 (233)
86 —(265) —(263) —(262)
92 324.4 (260) 324.4 (266) 324.4 (267)
100 331.4 (277) 331.4 (275) 337.2 (276)
Zr-2.5Nb alloy 274 - —(167.6) 277 (229)
429 307 (207) —(205) -
56.4 —(230) —(235) 313 (236)
583 344 (253) 347 (268) 344 (264)
90 371 (301) 361 (289) 362 (286)

The hydrogen contents were measured by inert gas fusion technique.

graph corresponding to both radial-circumferential (RC) and tion. It can be inferred from these micrographs that for the
axial-radial (AR) plane of the tube are shownfig. 2 The both the materials, the hydride platelets were oriented pre-
trace of hydride along the axial direction of the tube was dominantly along circumferential-axial plane of the tube.
longer as compared to the trace along circumferential direc-

3.2. Hydrogen content estimation

The average hydrogen (H) content of the H-charged
Zircaloy-2 and Zr—2.5Nb coupons were estimated by Siev-
erts’ method64]. Hydrogen content was also determined by
IGF technique by cutting small pieces from both Zircaloy-2
and Zr-2.5Nb alloy samples which were used for dilatomet-
ric measurement. The length of the hydrogen analysis sam-
ples was about half the length of the dilatometry sample. The
hydrogen content of these samples is showiiidhle 2for
both Zircaloy-2 and Zr-2.5Nb pressure tube alloys. These
hydrogen concentration values obtained by IGF were used in
the linear regression analysis with the transition temperatures
corresponding to heating and cooling to obtain the Arrhenius
parametersA and AHg) defined inEq. (1)

3.3. Transition temperature determination

P T
AR el
3 1Y 5 - Mo
-~ -’

T

Thermal straing) is defined as the ratio of change inlength
with respectto areference length. The transition temperatures
corresponding to end of dissolution of hydrides during heat-
ing and beginning of precipitation of hydrides during cool-
ing were obtained from thermal strain versus temperai)re (
plots. A typical plot for Zr-2.5Nb pressure tube alloy con-
taining 58.3 and 9f.g/g of hydrogen obtained during heating
is shown inFig. 3. The corresponding transition tempera-
tures during heating were 344 and 31, respectively. And
the corresponding transition temperatures for these samples
obtained during cooling were 253 and 3@, respectively
(Table 2.

It was observed that the transition temperatures obtained
from e versusT plots were not very distinct, especially at
lower hydrogen concentration. One of the consequences of
Eiirgc-u; f('\e/'rzf]?iglfaf;g)Ofssciftf:rioﬁ-ftﬁ;efjg;e tTUr?s gfﬁsgslsa\:\?:rz tgzsf::liill;/ this is the inability to determine the transition temperature
charged with (a) 4p.9/g and (b) 107wg/g of hydrogen. As can be seen, ggeglesﬁerll)g dTi?EZ'. t(hze)) z\;/l\\llaesra(?oems}:l)itt)ee do;r?ﬁrsssz-:igtli?)tn(:/nvi th

the length of the hydride increases with the increase in hydrogen concentra- . ;
tion. temperature was plotted. Typical versusT plots obtained
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Fig. 2. The microstructural features of traces of hydrides on two orthogonal planes (AR: axial-radial; RC: radial-circumferential) of Zr-2$Mé totee
alloy charged with (a) 3f.g/g and (b) 8G.g/g of hydrogen. The hydrogen concentration values were estimated by IGF technique.

during cooling for the Zircaloy-2 samples is showrfFig. 4. 3.4. Determination of Arrhenius parameters
Differential strain was determined by calculating the differ-
ence between thermal strain of the hydrided specimen and The transition temperatures corresponding to end of disso-
the unhydrided specimen. The variation in differential strain lution and beginning of precipitation of hydrides in Zircaloy-
with temperature during heating for Zircaloy-2 samples con- 2 and Zr-2.5Nb pressure tube material determined in the
taining different amount of hydrogen is shownHig. 5. present investigation using all the three techniques described
The transition temperatures obtained frewersusT plots, in Section 3.3re summarized iMable 2 The hydrogen con-
mversusT plots and differential strain (Dif&) versusT plots tents of the samples obtained from these samples which were
for both the materials are listedTiable 2 The transitiontem-  used for dilatometry were estimated using IGF technique and
perature was observed to increase with increasing hydrogerare also given in this table. The values of pre-exponential con-
content and for given hydrogen concentration the transition stant and enthalpy of the process determined during heat up
temperature obtained during heating was higher than that ob-and cool down cycle are given irable 3for both Zircaloy-2
tained during cooling.

7 5e-6
0.0025
100 ppm / 275 °C
86 ppm / 263 °C PP
58.3ppm(344°C) 7 Oe-6 -
0.0020 4
i 0.0015 - 90ppm(371°C) € B5eb
©
1753 43 ppm /213 °C
0.0010 -
6.0e-6
0.0005 4
55e-6 v T T T T T T
0.0000 . : T 50 100 150 200 250 300 350 400 450

T
0 100 200 300 400 500 Temperature, °C

Temperature, °C
Fig. 4. The variation in average slop®)(with temperature obtained during
Fig. 3. Atypical strain€) vs. temperaturel) plot for the Zr-2.5Nb samples cooling for Zircaloy-2 pressure tube samples charged with different hydro-
containing 58.3 and 9@g/g of hydrogen obtained during heating. gen concentrations.
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00006 itation takes place resulting in decrease in sample volume.
Using dilatometer, it is possible to detect the temperature
corresponding to end of hydride dissolution during heating
and beginning of hydride precipitation during cooling. For a
given hydrogen concentration, the temperature correspond-
ing to end of dissolution is calletirssp and the temperature
corresponding to beginning of precipitation is callBgsp
On the other hand for a given temperature the amount of
hydrogen in solution during heating and cooling are called
TSSD and TSSP, respectively.
In the present investigation, bothsspandTrsspfor hy-
drogen in Zircaloy-2 and Zr—2.5Nb pressure tube material
oomr . - - - 0 was determined using dilatometry froenversusT plots, m
versusT plots and differential strain (Diffe) versusT plots.
The value of the Arrhenius parameters for Zircaloy-2 and
Fig. 5. The variation in differential strain with temperature obtained during  Zr—2 5Nb pressure tube material are listedamle 3
heating for_Zircany—Z pressure tube samples charged with differenthydrogen  The values of TSSD and TSSP obtained by the three meth-
concentrations. ods were in good agreement. Though very small scatter was
observed between the TSSD values obtained in the present
and Zr-2.5Nb (in parenthesis) pressure tube materials. Theinvestigation, the TSSP values obtained from the three meth-
pre-exponential constant and the enthalpy values are showrods Section 3.3were nearly identical. It may be noted that
only for those data sets for which regression coefficient was for Zr-2.5Nb pressure tube material regression analysis of
greater than 90%. It can be seen frdable 3that forthe pres-  TSSD temperature obtained using average slope and differ-
sure tube material the enthalpy of dissolution of hydrides was ential strain method with H-content yielded poor correla-
higher compared to the enthalpy of precipitation of hydrides tion coefficient and hence were discarded. The TSSP values
in these alloys. for Zr-2.5Nb pressure tube alloy could be obtained from all
the three $ection 3.3 methods, though a large scatter was
observed between the TSSP values for Zr-2.5Nb pressure
4. Discussion tube alloy as compared to that obtained for Zircaloy-2 in the
present investigation.
The maximum amount of hydrogen which can be retained
in solid solution without forming hydride precipitate iscalled 4.1. TSSD
terminal solid solubility (TSS). TSS of hydrogen in zirco-
nium alloys is observed to increase with increase intempera-  The variation in TSSD values for Zircaloy-2 and Zr-2.5Nb
ture. At ambient temperature TSS of hydrogen in zirconium pressure tube material obtained in the present investigation
alloys is less than {Lg/g [44-57] Hence, at ambient tem- are compared irig. 6. As can be seen from this figure, for
perature almost all the hydrogen in zirconium alloy will be constant hydrogen concentration the end of hydride dissolu-
present as hydride. When a Zr-alloy sample containing hy- tion temperatureliyssp) for Zr—2.5Nb pressure tube material
dride is heated, with increase in temperature, TSS increasess higher than that for Zircaloy-2 pressure tube material. It has
resulting in dissolution of hydride in the matrix. For zirco- been reported th@d Zr phase has higher affinity and solu-
nium alloys hydride dissolution is associated with increase bility of hydrogen[61]. Similarly, crystal defects like grain
in sample volume. On the other hand, when zirconium alloy boundaries and dislocations can pin the interstitial hydro-
sample containing hydrogen is cooled down, hydride precip- gen atoms. Thus presenceZr phase and crystal defect

100 ppm / 337.2 °C

0.0005 4
0.0004
—— 65ppm / 310.6 °C

0.0003 4

0.0002 4

Differential Strain

0.0001 4

0.0000

Temperature, °C

Table 3
The pre-exponential constafstand enthalpy of the hydride dissolution or precipitation obtained during heating and cooling for Zircaloy-2 and Zr-2.5Nb alloy

(in parentheses) pressure tube materials

Transition temperature obtained frofiQ) AHs (kd/mol) A Regression coefficient
Heat up cycle
Strain vs. temperature 30.003 (35.44) 38177.7 (63576.55) 0.9352 (0.95)
mvs. temperature 33.78 81626.0 0.9554
Differential strain vs. temperature 34.55 94041.5 0.9192
Cool down cycle
Strain vs. temperature 25.93 (17.21) 28536.5 (3235.6) 0.9626 (0.96)
mvs. temperature 26.00 (17.99) 29250.0 (3789.5) 0.9573 (0.94)

Differential strain vs. temperature 26.315 (22.82) 31236.0 (12209.8) 0.9663 (0.99)
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Fig. 6. Comparison of variation in TSSD for Zircaloy-2 and Zr—2.5Nb pres-
sure tube alloy obtained in the present investigation with the TSSD values
for these alloys reported in literature (shown in the bracket).

like grain-boundaries and dislocations delay the end of dis-
solution proces$47,61] and thereby yielding higher value
of Trsspfor Zr—2.5Nb pressure tube alloy during heating as
compared to that for Zircaloy-2.

InFig. 6the TSSD values obtained inthe presentinvestiga-
tion is also compared with the TSSD values reported in litera-
ture[45,47,50,61,62,65pr these alloys. It may be noted that
for constant H-concentration tigssp values for Zr—2.5Nb
pressure tube material reported by Pan 4l and Slattery
[45] is higher than th@tssp values reported for Zircaloy-2
by Slattery[45], McMinn et al.[57] and Kearng65]. How-
ever, the difference in th&rssp values of both the alloys
reported in literatur@5,47,50,61,65is not significant. For
a given hydrogen concentration, thgessp values obtained
in the present investigation for Zr—2.5Nb pressure tube alloy

was much higher than those reported in literature. The TSSD

values for Excel alloyf50] has also been compared in this
figure. For a given temperature, the maximum amount of dis-
solved hydrogen in Zr—2.5Nb pressure tube alloy was least
while that in Excel was largest.

4.2. TSSP

The variation in TSSP values obtained in the presentinves-

tigation for Zircaloy-2 and Zr—2.5Nb pressure tube material
is compared irFig. 7. Below a hydrogen concentration of
40u.9/g, the temperature corresponding to start of hydride
precipitation Trssp for Zr—2.5Nb pressure tube material
was observed to be lower than that for Zircaloy-2. For hydro-
gen concentration in between 40 andufflg Ttssp values

for both the alloys were comparable. Above this hydrogen
concentration, thdyssp value for Zr-2.5Nb pressure tube
material was observed to be higher than that for Zircaloy-
2 pressure tube material. The maximum difference in the
TSSP values for both the alloy&i. 7) was much lower
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Fig. 7. Comparison of variation in TSSP for Zircaloy-2 and Zr—2.5Nb pres-
sure tube alloy obtained in the present investigation with the TSSP values
for these alloys reported in literature (shown in the bracket).

alloys (Fig. 6). In Fig. 7 the TSSP values obtained in the
present investigation is also compared with TSSP values for
these alloys reported in literature. It has been reported that
the Trssptemperature is sensitive to the solution annealing
temperature from which the sample is cooled, soaking time at
the solution annealing temperature and rate of cooling from
solution annealing temperature. For Zr—2.5Nb pressure tube
alloy, it has been reported that for solution annealing temper-
ature of 450 C and aboveltssptemperature is independent

of solution annealing temperatuf#7] and is designated as
Trssp: For a given hydrogen concentration and for solution
annealing temperatures lower than 480 Trsspis reported

to increase with decrease in solution annealing temperature.
For a solution annealing temperature just equaltgsp,
highest value oTtsspis obtained and is designatediassp2

[47]. It has been suggested that the dependence of TSSP on
solution annealing temperature is due to the formation of dis-
location network in the matrix around hydrid&4,47] If the

'solution annealing temperature is just abdyesp temper-

ature, even though the hydride has dissolved the dislocation
debris in the matrix around the preexisting hydrides remain
and provides memory effect resulting in hydride precipita-
tion during cooling at the pre-existing sites where hydrides
were present before dissolution. A high solution annealing
temperature anneals out the dislocation debris in the matrix.
In such a case chemical free energy has to provide for plastic
accommodation of hydride platelets leading to reduice@p
temperatur¢66—68]

Thus a minimum solution annealing temperature is re-
quired to anneal the dislocation debris. Above this temper-
ature any further increase in solution annealing temperature
will not result in reduction inTyssptemperature unless the
temperature is high enough to facilitate metastgibte sta-
ble B transformation50-53] The role of soaking time is
to facilitate the kinetics of atomic movement to anneal out

compared to the difference between the TSSD values of thethe dislocation debris. At lower solution annealing temper-
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ature longer soaking time will be required while at higher and 25.8-34.5kJ/mol, respectively, for dilute zirconium al-
solution annealing temperature shorter soaking time will be loy. Considering the fact that the transition temperature de-
required to anneal out the dislocation debris left out in the pend on the heating and cooling rate and were determined by
matrix after hydride dissolution. Rate of cooling controls the different techniques, this kind of scatter in reported enthalpy
size of the hydride precipitate. If a sample is cooled slowly values can be considered within the limits of experimental er-
after homogenization treatment, it will result in formation of = ror. Inthe presentinvestigation, the TSS values were obtained
larger hydride platelet and if during dilatometric measure- using dilatometry (listed iffable 3 and the enthalpies of dis-
ment the sample is cooled at a faster rate compared to thasolution and precipitation of hydrides in Zircaloy-2 pressure
after homogenizatiotssptemperature changes. As can be tube material were found comparable to the values reported
seen fromFig. 7, the Trsspvalues obtained by McMinn et in literature[45,47,50,61,65]

al. [61] for Zircaloy-2 andTtssp2Vvalues obtained by Pan

et al.[47] for Zr—2.5Nb pressure tube alloys are compara- 4.3.2. Zr—2.5Nb alloy

ble. In the present investigation, a solution annealing tem-  The transition temperatures obtained in the present in-
perature of 430C and a soaking temperature of 30 min was vestigation for Zr—2.5Nb pressure tube material from all the
used for both the alloys. Th&rssp values obtained in the  three methods described earlier were not as close as the tran-
present investigation for the both the pressure tube materialsition temperature values for Zircaloy-2 pressure tube mate-
was comparable to the lowe$tssp temperature Trssp) rial. The enthalpy of hydride dissolution and precipitation in
value reported by Pan et 4#17]. This suggests that during  Zr-2.5Nb pressure tube alloy obtained in the present inves-
the soaking at 430C for 30 min, the dislocation debris in  tigation were 35.4 and 17.5-22.8 kJ/mol, respectively with
the matrix might have been annealed out resulting in loss regression coefficients greater than 94%akle 3. The en-

of memory effect for hydride precipitation and thereby low- thalpy of dissolution of hydrides in Zr—2.5Nb pressure tube
est value ofTtssp was obtained in the present investiga- alloy obtained in the present investigation (35.4 kJ/mol) was

tion. comparable to the values reported for dilute Zr-alloy in lit-
erature (33.5-38.8kJ/mo|#5,47] However, the enthalpy

4.3. Enthalpy values of precipitation of hydrides in Zr—2.5Nb pressure tube al-
loy obtained in the present investigation (17.2—-22.8 kd/mol)

4.3.1. Zircaloy-2 was much lower than the values reported in literature

The transition temperatures corresponding to the end of (25.8-34.5kJ/mol)45,47] Though most of the enthalpy
dissolution and start of precipitation of hydrides were ob- values reported in literature for hydride precipitation in di-
tained from the three methods describedsiection 3.3for lute zirconium alloys lie in the range of 25.8-34.5kJ/mol,
Zircaloy-2 pressure tube material and were found to be com-an enthalpy value of 19.9kJ/mol has been reported for
parable. The slope of the log of hydrogen concentration ver- metastable Zr—10Nb allofp2] which is close to the value
sus inverse of absolute transition temperature yielded the en-obtained in the present investigation. However, the enthalpy
thalpy of the dissolution or the precipitation process. The re- values for hydride precipitation in Zr—10Nb alloy was de-
gression coefficient was greater than 90% for heating curvetermined in annealed condition having equiaxed microstruc-
and greater than 95% for the cooling curve. The enthalpy ture and higher volume fraction g8 Zr phase[52] as
of the hydride dissolution for Zircaloy-2 was in the range compared to the cold-worked and stress-relieved Zr—2.5Nb
30-34.5kJ/mol while the enthalpy of hydride precipitation pressure tube alloy having heavily elongatedZr grains
in this alloy was in the range 25.9—26.3 kJ/mol. with B Zr phase forming a thin but nearly continuous

The TSSD and TSSP values as reported in literature arenetwork along the grain-boundari¢60]. More work is
summarized iMable 4 [45,47,50,61,65The enthalpy of hy- ~ under progress to resolve this and will be reported lat-
dride dissolution and precipitation lie in the range 33.5-38.8 ter.

Table 4
Terminal solid solubility data foEq. (1)reported in literature
S. no. Material Technique TSS A (n.g/9) AHs (J/mol) Ref.
1 Zr—2.5Nb PT Dynamic elastic modulus (DEM) TSSD 8.0800* 34520 [47
2 Zr-2.5Nb PT DEM TSSP 2.478 10* 25840 [47]
3 Zr-2.5Nb PT DEM TSSP 3.15@ lo* 27990 [47]
4 Zr-2.5Nb Dilatometry TSSD 6.860 10* 33570 [45]
5 Zircaloy-2 Dilatometry TSSD 5.1% 10* 31500 [45]
6 Zircaloy-2 Differential scanning calorimetry (DSC) TSSD 10640* 34629 [61]
7 Zircaloy-2 DSC TSSP 13.8% 10* 34467 [61]
8 Zircaloy-2 Diffusion couple TSSD 1.20 10° 35900 [65]
9 Excel DEM TSSD 1.0 10° 32600 [50]
10 Excel DEM TSSP 1.45 10° 29900 [50]
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4.3.3. TSS hysteresis

The amount of hydrogen in excess of solid solubility pre- @nd
cipitates as solid hydride. Similar to any solid state phase wace _ yace
transformation process the free energy of hydride precipi- C§° = C} exp |: e"pRT P ]
tation has three components. These are chemical free en-
ergy, interfacial energy and strain energy. Chemical free en-
ergy term is required for the free energy associated with the = Co exp (—
transformation of matrix to hydride and is negative. Interfa-
cial energy is required to create new interfaces and is pos-The expression for strain energy associated with elastic,
itive. Hydrides occupy more volume than the metal from WZ\IC{ and pIastic,WaCC, accommodation are given in refer-
which it forms and hence is accompanied by positive mis- gnce[33,62] It maypbe noted that the strain energy stored
fit strains, which may result in generation of large inter- i the material due to elastic deformation can be recov-
nal stresses. Depending on the size of the hydride phasegreq pyt the strain energy spent in plastic deformation is
the internal stresses could be large enough to induce Iocalpamy locked in or around the defects and is partly dissi-
plqstic deformation. Total strain energy stored.in the Ma- hated in the form of sound, heat, etc. Thus, for a growing
terial as a result of the accommodation of hydride precipi- recipitate chemical free energy has to provide for strain
tates in the matrix is called accommodation energy. For hy- energy associated with both elastic and plastic deforma-
dride precipitation under stress another term called interac-i5, whereas for dissolving precipitate strain energy as-
tion energy is considered. Interaction energy is the changegqciated with plastic deformation is not available and the
in the strain energy of the matrix-precipitate system be- i of the strain energy associated with elastic stress field
cause of the applied, residual stress or the stresses due t9,qynd a plastically accommodated precipitate helps the dis-
the presence of other precipitates. Strain energy is the sumgq| tion process. And hence the expression for TSS ob-

?f the accommodation and interaction energy and is posi- zined during dissolution (heat up cycle) should be modified
ive.

Based on the above line of arguments, F8&62]devel- —acc —acc
i i : w AH,+ W
oped a theoretical treatment of hydrogen TSS in these alloys, C9ss _ T exp | — elp | Coexo | — s el.p
which defines an equilibrium TS§, for the case when no 0 = %o &XPI = | = Co &P RT
accommodation energy is required: (6)

el,p
RT

AHé _ Wacc + WSCC
(5)

AR As is evident fromEgs. (4) and (6)the enthalpy of disso-
cg = Co exp(— S) (3) lution or precipitation is a function of enthalpy of the pro-

RT cess corresponding to equilibrium solvus define& (3)

and components of strain energy of accommodation of hy-

where Cy is the pre-exponential constant and’s is the drides in the matrix. It is clear frorkqgs. (4) and (6}fhat
enthalpy term. It was suggested that the accommodationthe experimentally determined values of the enthalpy of dis-
energy is dependent on the size of the precipitate and itssolution and precipitation will differ bywzfg +WSCC. As-
tendency to grow or dissolve leading to hysteresis behav- suming hydrides as spherical precipitate with isotro?ic mis-
ior between the TSS obtained during heating and cooling fit strains, Pul§33] estimated a value OWf;CE andW;l ‘as
[62]. During nucleation the accommodation energy is fully 0.5865 and 0.9555 kJ/mol of hydrogen at 300 K and thus sug-
elastic whereas for a growing precipitate the accommoda- gesting a difference of 2.1285 kJ/mol between the enthalpies
tion energy is partly due to elastic and partly due to plas- of hydride dissolution and precipitation in these alloys. The
tic deformation of the matrix and precipitgig6—68] Usu- difference in the experimentally measured value of the en-
ally interfacial free energy is neglected and in that case thalpy of dissolution and precipitation is about 5-8 kJ/mol for
chemical free energy released due to phase transforma-<Zircaloy-2 pressure tube material and is of the order the theo-
tion must provide for the strain energy required for in- retical prediction. Since accommodation energy is a function
ducing elastic and plastic deformation.The final TSS ex- of yield strength of the material, the difference between the
pression for the growth (cool down) and dissolution (heat enthalpy of hydride dissolution and precipitation in Zr—2.5Nb

up) of hydrides in terms of the stress-free solf$ de- pressure tube alloy is higher than that for Zircaloy-2 as the
fined in Eq. (3)is given inEgs. (4) and (5)respectively =~ former possess higher yield strength compared to the lat-
[66-68] ter.
T;acc T;acc
cIM = T exp Weip + Wp 5. Conclusions
0 RT

AH! — TP _ e TSS corresponding to end of dissolution and beginning of
— coexp -—= — Melp— "p (4) precipitation of hydrides in cold worked and stress-relieved
RT Zircaloy-2 and Zr—2.5Nb pressure tube materials was deter-

p
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mined from thermal strain versus temperature plots, average21] G.K. Dey, R.N. Singh, R. Tewari, D. Srivastava, S. Banerjee, J. Nucl.

slope (of thermal strain versusplots) versus temperature

plots and differential strain versus temperature plots. The
TSSD and TSSP values obtained from all the three plots were,
in good agreement for Zircaloy-2 pressure tube material. The

Mater. 224 (1995) 146-157.

[22] R. Dutton, Metall. Soc. CIM 16 (1978) (Annual volume).

[23] C.E. Ells, Metall. Soc. CIM 32 (1978) (Annual volume).

[24] J.B. Bai, C. Prioul, D. Francois, Metall. Mater. Trans. A 25A (1994)
1185.

TSSD and TSSP values for Zr—2.5Nb pressure tube materialj25] B.A. Cheadle, C.E. Coleman, M. Ipohorski, ASTM STP 824 (1984)

showed larger scatter compared to the scatter between the

corresponding values for Zircaloy-2. The enthalpies of dis-
solution and precipitation of hydrides in Zircaloy-2 pressure

tube material were 30.0-34.5 and 25.9—-26.3 kJ/mol, respec-

tively, which are comparable to the values reported in lit-
erature. The enthalpies of dissolution and precipitation of
hydrides in Zr-2.5Nb pressure tube alloy were 34.5 and
17.2-22.8 kJ/mol. Though the enthalpy of dissolution of hy-

210-221.

[26] C.E. Ells, J. Nucl. Mater. 35 (1970) 306.

[27] M. Leger, A. Donner, Metall. Can. Q. 24 (3) (1985) 235.

[28] M.P. Puls, in: S. Saimoto, G.R. Purdy, G.V. Kidson (Eds.), Solute-

defect Interactions, 1986, pp. 426—-433.

[29] R.N. Singh, R. Kishore, S.S. Singh, T.K. Sinha, B.P. Kashyap, J.
Nucl. Mater. 325 (2004) 26-33.

[30] R.N. Singh, Flow behavior and hydrogen embrittlement of

Zr-2.5wt.% Nb pressure tube alloy, Ph.D. Thesis, IIT Bombay

(2002).

drides in Zr—2.5Nb pressure tube alloy is comparable to the [31] p.o. Northwood, U. Kosasih, Int. Met. Rev. 28 (2) (1983) 92.

values reported in literature, the enthalpy of hydride precip-
itation in this alloy obtained in the present investigation is

[32] S.Q. Shi, M.P. Puls, G.K. Shek, J. Nucl. Mater. 218 (2) (1995) 189.
[33] M.P. Puls, Metall. Trans. A 21A (1990) 2905.

much lower as compared to the enthalpy values reported in[34] R.N. Singh, N. Kumar, R. Kishore, S. Roychoudhury, T.K. Sinha,

literature.
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