Available online at www.sciencedirect.com
sclEN05@DlREcT° thermochimica
acta

ELSEVIER Thermochimica Acta 429 (2005) 7-11
www.elsevier.com/locate/tca

Hydrogen determinations in a zirconium based alloy with a DSC
P. Vizcano*, R.O. Ros, A.D. Banchik

Centro Atbmico Ezeiza (CAE), Comision Nacional de Energia Atomica (CNEA), Argentina

Received 18 June 2004; received in revised form 20 October 2004; accepted 16 November 2004
Available online 25 December 2004

Abstract

In the present work a method to measure hydrogen concentrations in zirconium-based alloys was developed measuring simultaneously
both, the temperature of terminal solid solubiliftsss and the hydride dissolution he&;_.., using a differential scanning calorimeter
(DSC). The hydrogen concentration measured with that techniqug, §Hi the values obtained with a standard hydrogen gas metgg[H]
shows a linear relation: [i]= (1.004 0.03)[Hl4ewm, + (9.2+ 8.0) with a correlation factor of 0.99 in the entire solubility interval in s
phase, from 15 to 650 wt. ppm-H. The mean enthalpy value determined with two different critefigsdgand Qs_.., measurements is
AHB(E)Q = 39.3+ 1.5kJ/mol H. The present method is specially appropriate for alloys where a partition of the overall hydrogen concentration
in two phases exists. It is applicable to all hydride forming metals which ideally follows the van't Hoff law.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction tain the number of moles of the hydride phase dissolugd,
by the equation:
During the last decade differential scanning calorimetry
has been applied to the study of the solvus in the Zr-H sys- g5 . = AH;5_,  n5. 1)
tem. By means of this technique the temperatures of terminal

solid solubility in diSSOIU.tionTTSSC_" and precipitationTTSSp_ The present method is being applied to the study of neutron
have been determined in zirconium-based alloys used in the;i 5 jiateq zircaloy-4, where a partition of the bulk hydrogen
nuclear industry1-5]. The solvus line is built Withitssa  ¢oncentration occurs remaining a fraction of the hydrogen
values taken from the calorimetric curve of hydride samples ., entration trapped in defects created by radiation instead
of known hydrogen concentrations. i of precipitating as hydrided0,11]. It also can be applied to

In a recent work6,7] the DSC technique was SUCCESS-  ea5re hydrogen amounts precipitated as hydrides in sam-
fully _appll_ed to the accurate (_Jletermlnatlon of the zirconium ples taken from pressure tubes of CANDU type reactors. In
hydride dissolution enthalpy in theZr matrix, AHs .o, BY - thig structural components manufactured with the two-phase
measuring th&s-... and theTrssgvaluesin Zircaloy-4 spec- 40y 712 506Nb a similar partition between the hydride form-

imens of different hydrogen concentrations. ing aZr phase an@Zr phase stabilized by niobium occurs
As Qs is proportional to the number of moles of hy- 3],

drides dissolved, ihH;_,  is known and constaf,9] along

> The present work is organized in the following way: Sec-
the solubility range, the measurement®f ., , allows to ob-

tion 2 describes the calorimetric curve of a hydride dissolu-
tion process, the criteria used to meastligsqand Qs «,
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Fig. 1. Heating curve of a hydrided Zircaloy-4 sample (480 ppm-H).

2. Experimental
2.1. Calorimetry

In calorimetry the curve, dg/dmW) versusT (°C), ob-
tained in a calorimetric run with empty crucibles is called
base line. The base line for a DSC is usually a horizontal
straight line.

For a Zircaloy-4 sample containing hydride precipitates,
a curve like the one shown Irig. 1is obtained. The curve
deviates from the straight base line in the interval 150170
(point d, temperaturéy), indicating the start of the dissolu-
tion process. That interval corresponds to a solid solubility of
4—-6 ppm of hydrogen. When the transformation is completed
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2.3. Solvus thermodynamics

van't Hoff's equation results from the equilibrium condi-
tion between two phases: th&r phase, in which a fraction
of the hydrogen content is in solid solution and 8kydride
phasd13]. Posing equality between their chemical potentials
results in:
ASB*)OL AHB%OL
2
+ 7 2
whereX is the hydrogen atomic fraction (H/ZdR the ideal
gas constanizS_, o, the dissolution entropy amtiHg_, , the
enthalpy. If Eq(2) is combined with Eq(1), we obtain:

InX =

ASsq AHs q
In X = 3
normal R RT ( )
being
Q1) QB*)OL
X il 4)
normal ”ZFAHS(E?X

wherengz; are the Zr moles of the sample and-Iér_e)?x is a
normalization factor foQg_, , the dissolution enthalpy of
thed-hydride phase iZr, 37.7 kJ/mol H6].

From Eq(3), by measurin@;_,  andTtssg AHs_. may
be obtained without knowing the hydrogen concentration of
the sample, which is normally obtained using a hydrogen gas
meter. With thisAH;s_,, value and theQs_,, value corre-

sponding to the Zircaloy-4 sample, the quantity of hydrogen

the original base line is recovered. The slope change deter-s determined through E¢5).

mines a maximum value at the point m (temperaiygand

the return to the original base line defines a completion point ;; =

¢ (temperaturf).

2.2. Trssgand Qs_., determinations

The TrssgVvalue in the calorimetric curve is betwe&p,

Qﬁ—)a

5
AHy ¢ ( )
2.4. Materials

The material is taken from a cold rolled sheet of Zircaloy-
4. Its chemical composition is shown ifable 1. Pieces

andT. temperatures. Based on the referenced Kearns curve 10 cmx 1cm with a 1.8 mm thickness were cut from this

some authors choo3g, as theltssq[2—4,12]. Others, based
on accuracy criterion argumenits], choose a temperature
associated to the inflection point observed in the calorimetric
curve between the points m and c (point i, temperalyye

However, the recovery of the base line occurs at the comple-

tion point, ¢, where the dissolution effects on the calorimetric
curve vanish6]. Since the uncertainty interval of the tech-
nique is given by thd — Ty, interval, these two tempera-

tures were measured in the present work. As occasionally the

calorimetric curve is rather shallow and/or waved around the
point m, the corresponding temperatiifg was measured at
the intersection point of the linear extrapolation from both
sides of the curve, from now ofirssq;. The same criteria
were taken for definingc, from now onTyssgz

In the calorimetric run of a hydrided sample the heat of
dissolution,Qs_, «, is the area limited by the calorimetric
curve and the base line between points d and ¢ oFtgel,
and it is obtained through numeric integrati@h

material and subjected to a 2.5 h recrystallization treatment at

Table 1
Chemical composition of the Zircaloy-4 sheet

Alloying elements (wt.%)

1.49
Fe 0.20
Cr 0.11

Impurities (ppm wt.%)

O 014
Ni 49
Hf 99
Al 39
Co 18
Cu 30
Mn 36
Mo 8
Ti 3
U 15
w 25
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750°C. The resulting microstructure consists of a 15420
diameter equiaxed grain.

reproducibility, calculating averages fdkssg Qs— and
the measurements’ statistical errors and dispersions.
The Tyssgerror is around 1.5C. RegardindQs_., mea-
surements, the estimate is around 6% for hydrogen concen-
The material was cut into 5cm1cm pieces that were  trations higher than 100 ppm.
mechanically polished and scaled with a distilled water, = Once the whole series were done, the hydrogen concentra-
HNOs3 and HF solution. They were afterwards subjected to tion of each sample was measured with a hydrogen gas meter
an ion sputtering with argon followed by a palladium coating. (HGM) LECO RH-404 by the technique of fusion extraction
The hydrogen was added by performing thermal treatments atunder inert gas atmosphere. The error of these measurements

2.4.1. Hydriding

400°C in a hydrogen atmosphere (99.999%) at 2.5 kgfmm
pressure for 1/4 to 3 h periods. In this way, concentrations
covering practically the entire solubility rangediZr phase
were achieved.

After hydriding the samples received a 3-h thermal treat-
ment at 450C in order to incorporate the hydride layer
formed on the surface into the bulk, homogenizing in this
way the hydride distribution. This was performed undera N
atmosphere.

Both in the hydriding and homogenization treatments, the
samples were slowly left to cool inside the furnace. This type
of cooling favors the formation of th& equilibrium phase.
Some of the hydrided material pieces were analyzed with X-
ray diffraction to identify the hydride phases present in the

samples. As expected, where the hydride presence could bé&

detected (the technique’s detection limit is around 70 ppm
thed equilibrium phase with Zridsand ZrH, ggstoichiomet-
ric relations was observed. Phaser the metastable [14]
were found in a very few cases.

For DSC experiments, 24 samples of 4 mm mm x
1.5 mm and masses between 150 and 155 mg were cut. Thei
concentrations were between 15 and 650 ppm.

Previous to the runs in the DSC, a 1/2 h solubilization
treatment was given to each sample at 35@eutectoid tem-
perature) to ensure a homogeneous hydride distribution.

),

2.5. Experiments in DSC

The calorimeter usedis a heat flux type, (model DSC-60 by
Shimadzu, Japan) which has been already desdidi®¢drhe
temperature axis has been calibrated using the fixed point
of indium and zinc while the enthalpy changes with the la-
tent heat of fusion of these two metals. Their fixed points
are 156.6C (indium) and 419.6C (zinc), which are con-
venient for the hydrogen solubility range &Zr phase. The

latent heats of fusion are 28.45 and 100.50 J/g, respectively.

The experiments were made under a dynami¢99.998%)
atmosphere of 25 ml/min. The program of experiments con-

sidered a series of three to four runs per sample at a heat-

ing rate of 20°C/min, because as was shown in previous
works [6,7] it is the most reliable heating rate to assure a
good balance between the DSC sensitivity and the thermal

homogeneity of the sample. Cooling was made at the same

rate.

The maximum programmed temperaturg,4J) in each
run was 550C. The repetition of runs under identical ex-
perimental conditions allowed us to assure the technique’s

is about 4 ppm.

3. Results and discussion
3.1. Transformation heats and temperatures

Since the DSC has never been used to meaQyre,
in the direct way pointed out in Sectidh2, the discussion
in the literature regarding the point associated toThesq
position in the calorimetric curve do not exist concerning
Qs_. o determinations. The usual criterion for transformation
heat measurement consists in calculating the area limited by
the base line interpolation between points d and ¢ and the
alorimetric curve (Fig. 1). Although this is a very general
criterion[15], phenomena such as the melting of a pure sub-
stance, an amorphous crystallization or a chemical reaction
occur within a very close temperature range, which is thus
different from that of the hydride phase dissolution in a Zr
alloy. In this case, the difference among the temperatures es-
Fablished in point m of the DSC curv&rssqs and ¢,Ttssda
in Fig. 1, is between 25 and 3C, while the one observed
in the curve corresponding to the melting point of an indium
standard used for the DSC calibrationid °C. This has led
us to broaden the criterion to determiQg_,, applying the
same criteria as the one establishedTgssg We have con-
sidered measuring the area between points d and-ginl
following the usual criterion for this technique, and also be-
tween points d and m, being these values respectively called
Q2 andQ;. Table 2shows the results obtained in the measure-

Jment ofTtssas TTssd2, Q1 andQe. In addition, the hydrogen

determinations carried out with the HGM and the masses of
each sample are shownTable 2too.

3.2. van't Hoff plots and [H] calculations

By making the modified van’t Hoff’s graphs (E)), we
obtain:

4789

0
nX&%m=31&—TBw£ (6)
4662
0
mx%%;zw—ﬁ$& 7)

The high linearity observed (R—0.99) shows the ideality

of the Zr—H system in agreement with van’t Hoff’s equation.
Fig. 2 shows the linear regressions and experimental data.
The slope is théZrH, 5 — oZr transformation enthalpy.
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Table 2 750 750 5
Hydrogen contents measured with the hydrogen gas meter (HGM), sample o
masses(ds—, o values andtssdi:2values 600 y 6004

Hlhem ~ Weight Qi (mJ)  Qz(mJ) Trssan Trssaz g 4504 E 4504

(ppm) (mg) (°C) (°C) & &

15 155.16 40 63 193.0 213.6 = 300 = 300

15 155.04 25 44 194.6 216.7 - -

79 155.20 211 255 299.4 3235 150 1 1501

83 155.19 279 326 303.5 320.6 N ok

1?); fégig ggg if’% zggg gigg 0150 300 450 600 750 0 150 300 450 600 750

: . : H . m H . 1

104 155.01 320 369 3244 3457 (g (PPm) (Hlga(PPm)

110 155.14 318 362 329.2 352.8 ) ) )

186 155.20 763 855 378.3 402.1 Fig. 3. (a and b) Linear regressions for [i#ys. [Hlhem between bands
189 155.20 610 706 377.3 402.9 given by the standard deviation (28 ppm for gfand 31 for [H],). The

190 154.85 693 790 376.4 407.0 relations are quite linear and the linear regression in 3bis virtually the identity
198 154.80 685 769 380.1 403.9 function.

198 155.15 757 856 379.8 406.7 ] )

242 155.05 993 1123 400.1 4264  through the following equation:

250 155.16 995 1187 402.3 438.3 0:(mJ)

a7 112 129 130 assr  ams  [Hla{epm)=1600 ) NG

: : : mze(mgr)A H2) (kd/mol H)

485 154.93 1567 1756 4785 505.4 @
490 15520 1792 1945 482.9 506.3  but adding to [H], the hydrogen that is in solid solution
527 155.15 1842 1990 494.6 517.2 when the dissolution process is detected in the calorimetric
547 155.01 1749 1913 496.9 520.4 150-170C int d inFia. 1). Thi lue i d
570 155.18 1876 2034 503.4 526.3 run (150— 0C, point d in ig. ). This value is aroun
620 155.13 2087 2266 512.4 536.7 5ppm for Zircaloy-4 according to Kearns solubility curve
645 155.20 2537 2715 518.8 540.9 [12]. Using these values and the hydrogen concentrations

measured with the HGM, the [ij] versus [Hhem graphs
observed irFig. 3a and b were made. The regressions arising

The enthalpy values obtained according to the maximum rom the fitting are

and completion criteria are theﬂHégli =39.9+1 and [H] o, = (0.90+ 0.02)[H]nem + (0.7 £ 5.5), 9)
AHégZO)L = 38.84 1 kJ/mol H, respectively.
The totalTrssgerror is 1.5C. In the case 0Qs_.4 the [H] o, = (1.00+ 0.03)[H]Hgm + (9.2+ 8.0), (10)

statistical error at the chosen heating rate is 3%, plus thebeing the correlation coefficient 0.99 in both cases. As we
error usually attributed to the DSCs, which is also 3%, so the ., see, the relation is highly linear and both regressions
total Qs « error is 6%. As observed from these results, the .5 tically turn out to be the identity function, although the
mfluepce of this error on the enthalpy is small. [H] o, values are in better agreement with the values obtained
Using the obtained enthalpy valued; and Qz values it the HGM, also showing the smaller error. In the case of
and the masses of t_he samples, the hydrogen concentrauonﬁ_'] 0, €rTor is about 30% for the low concentration region
corresponding t@; (i =1, 2) values, [Hp,, were calculated  (15755m) falls to 11% for 80 ppm concentrations, to 7% for
concentration around 100 ppm and under 3% for higher con-
centrations. In the case of [|], the error is about 30% for

2] Ba. Present work the low concentration region, falls to 14% for concentrations

S o mx® around 80 ppm, 10% for concentrations around 100 ppm and

4 O\b*@;% o mx@ 4% in average for higher values. The dependency of the ex-

o R /v\\&;::mu i, 3] penmenta! error on hydrogen con.cen.tranon is related to the
PEE e, Fenm 5] DSC sensitivity in th&s_, , determination. For low concen-

- trations the signal to be detected in the dissolution is smalll

61 Kearns D\ and the error involved in the base line definition has a higher
. Present work \OO\KQ relative weight on this valugs,7]. _ _ _

egs. (6) and (7) B As has been shown, the DSC is appropriate to determine

A T T T = = hydrogen concentrations in Zr alloys. For concentrations over
12 i "ﬁl - Ia(.x o e 100 ppm, the variation in respect of the values obtained with

07T (K) the HGM is relatively low. It has the advantage of not re-

Fig. 2. van't Hoff obtained fromk‘2Y) | x(2) T 1 andTrssgovalues quiring hydrogen standards for its calibration, which do not

measured in the DSC experiments. E@.and (7)are also plotted fora  normally exist for Zr alloys in the market, while the ones used
comparison with Kearns and Khatamian results. do not have a hydrogen concentration variety (Ti patterns are
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usually used with 16, 32, 80 and 175 ppm concentrations), References
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