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Measurement of hydrogen solubility during isothermal charging in a
Zr alloy using an internal friction technique
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Abstract

A proportionality between Young’s modulus and the hydrogen concentration in solid solution of alloys of Zr
has been reconfirmed. This proportionality is used to monitor the increase in hydrogen content during isothermal

hydrogen charging.

1. Introduction

The presence of hydrogen in zirconium alloys can
result in severe embrittlement, because brittle Zr hy-
drides and/or deuterides are precipitated when the
terminal solid solubility (TSS) of hydrogen is exceeded.
For nuclear engineering applications, a knowledge of
the TSS of hydrogen in Zr alloys is crucial to assess
the potential for delayed hydride cracking [1]. Several
techniques have been used to determine the TSS [2-4].
Of these, internal friction has been shown to be a very
powerful technique for the study of hydrogen in metals.
Cannelli and Mazzolai [5] demonstrated that an internal
friction peak can be used to detect the onset of hydride
precipitation sensitively and to determine the TSS in
hydride-forming metals. The Zr—H system has been
extensively investigated using this technique [6-13] yield-
ing a temperature spectrum of internal friction peaks.

At low frequency (~1 Hz), the spectrum can be split
into two parts. The first part consists of three relaxation
peaks, labelled Py, P, and P;. These are attributed to
lattice dislocation relaxation and the stress-induced
growth/shrinkage of y- and 8-hydride precipitates, re-
spectively. The second part consists of a truncated peak,
which appears at the TSS temperature of the specimen.
During heating the peak is associated with hydride
dissolution and is truncated more or less sharply at
TSSD, the dissolution TSS. During cooling the peak
is associated with hydride precipitation and growth and
is very sharply truncated at TSSP, the precipitation
TSS. Both peaks are accompanied by a “knee” in the
corresponding dynamic elastic modulus curves. In some
commercial Zr alloys, the precipitation/dissolution peaks
are absent even at low frequency and high heating or
cooling rate that are known to increase the peak height
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in pure Zr, but the knee point in the curve of modulus
vs. temperature is always observed and is a physical
marker of the TSS [9, 13].

Theoretical models of TSS and hydrogen supersa-
turation in hydride-forming metals have be¢n proposed
by Puls [14, 15]. It is expected that a clearer knowledge
of the TSS will be achieved by combining the results
of internal friction experiments with the theoretical
studies. The purpose of this paper is to extend the
internal friction technique to the study of the isothermal
ingress of hydrogen into an experimental, Zr-based
pressure tube alloy.

2. Experimental details

Measurements of internal friction (Q~') and Young’s
modulus (E) at frequencies of 40 kHz and 120 kHz
had previously been carried out with an automatic
piezoelectric ultrasonic composite oscillator technique
(APUCOT) operated in the longitudinal vibration mode
at a constant strain amplitude ~2x1077. Details of
the technique are given elsewhere [16]. A precision of
~1% in Q7! and of ~0.01% in E can be obtained
using the APUCOT. Two types of tests were carried
out in the following. In the first type, the test procedure
consisted of thermally cycling a specimen at a constant
heating and cooling rate through the TSS temperature.
During the thermal cycles Q ~' and E were continuously
measured using the APUCOT and the TSS temperature
obtained from the “knee” in the curve of E vs. T. An
equation of the TSS boundary was obtained by mea-
surement of the TSS temperature on a set of specimens
containing different hydrogen concentrations as dem-
onstrated in Fig. 1.
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Fig. 1. Plots of Young’s modulus vs. temperature for Excel
containing different levels of H.

In the second type of tests, the information obtained
in the first type was used to study the process of
hydrogen charging. A mixture of Ar+1%H, gas was
passed through the heating chamber at a constant rate.
The specimen tested was maintained at 250 °C with
a stability of +0.1°C, while 0 ~! and E were continuously
measured as a function of time during the isothermal
charging.

The specimens used for both types of tests, of di-
mensions 3 X 3 X 48 mm?®, were cut from the longitudinal
direction of a section of an experimental pressure tube.
The composition of the experimental Zr alloy, Excel,
is 3.5% Sn, 1% Mo, 1% Nb with the balance Zr (all
wt.%). The Zr alloy consists predominantly of elongated,
a-phase, hexagonal-close-packed grains, surrounded by
a continuous grain boundary network of 8-phase. Each
specimen tested was coated with a very thin layer of
Ni to increase the rate of hydrogen charging.

3. Results and discussion

3.1. Young’s modulus measurement

Young’s modulus as a function of temperature was
measured on several specimens containing different
levels of hydrogen. Some curves of E vs. T during
cooling are shown in Fig. 1. When the temperature is
higher than the TSS temperature, all of the hydrogen
atoms are in solid solution. In this temperature range,
a linear relationship between E and T is observed. An
equation of the form E=E;+A-T for each specimen
can be obtained by linear regression. The proportionality
between Young’s modulus and the hydrogen concen-

tration may vary with the specimens’s microstructure.
To ensure that the microstructure did not change and,
therefore, that the same linear relationship between
Young’s modulus and the hydrogen concentration holds
for each specimen, identical hydriding treatments and
thermal cycles were applied to each specimen.

It is evident from Fig. 1 that Young’s modulus in
the Zr alloy is depressed by the presence of hydrogen
in solution. Also from Fig. 1, it can be shown that the
depression of Young’s modulus is proportional to the
hydrogen concentration (Cy) in solution, so that plotting
E vs. Cy yields the linear relationship shown in Fig.
2. Two mechanisms have been suggested [13] to explain
this effect. The first mechanism is a direct effect of
the hydrogen atoms on the stiffness of the Zr lattice
through a change of the interaction forces between
neighbouring Zr atoms. The second attributes the
depression of E by hydrogen in solution to one or more
modulus defect effects due to anelastic relaxation in-
volving hydrogen in solution (eg. a hydrogen
Snoek-Koster peak) at low temperatures. In either
mechanism, the reduction of the elastic modulus must
be proportional to the hydrogen content, at least in
the case of dilute Zr-H alloys, in order to account for
the observed results.

The linear relationship between E and Cy; can be
used to monitor the variation of Cy, during hydrogen
ingress, by continuously determining E during any hy-
drogen charging process. In this paper, it is employed
to detect the onset of the nucleation of hydrides during
isothermal hydrogen charging, as described below.

3.2. Hydrogen charging
Young’s modulus as a function of hydrogen charging
time at 250 °C in as-received Excel specimen was
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Fig. 2. A linear relationship between Young’s modulus at 250
°C and hydrogen content in solution for dilute Zr-H Excel alloy.
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continuously measured. Using the linear relationship
between Cy and E (Fig. 2), the hydrogen concentration
in solution as a function of charging time can be
calculated and is shown in Fig. 3. The estimated error
for the measurement of the hydrogen content in solution
is within +5 wt.p.p.m. After each hydrogen charging
period, two thermal cycles at a rate of 1 °C min~'
between 250 °C and 24 °C were conducted while Q!
and E were measured continuously. The results of this
thermal cycling are discussed in the next section.
During the first period of charging, the hydrogen
content apparently became supersaturated, (with re-
spect to the dissolution TSS (TSSD)) causing initiation
of hydride nucleation on the 18th day (430 h), at a
level of 105 wt.p.p.m. After this, C;; remained ap-
proximately constant with fluctuations of +5 wt.p.p.m.
for more than 48 h. During the second period, hydride
precipitation occurred on the 21st day (500 h) at a
level of 110 wt.p.p.m. During the 3rd period, precip-
itation did not occur until the 25th day (600 h), at a
level of 105 wt.p.p.m., while during the 4th period,
precipitation did not occur until the 28th day (680 h).
For the 1st, 2nd and 3rd periods, the concentration of
hydrogen in solution was close to 110 wt.p.p.m. when
precipitation occurred. This concentration level is tem-
porarily designated as the “isothermal TSS” (TSSI).
In this Zr alloy at 250 °C, the precipitation TSS (TSSP)
and the dissolution TSS (TSSD) were calculated from
the equation for the solvus to be 123 wt.p.p.m. and 60
wt.p.p.m., respectively. It is seen that TSSI is close to,
but measurably less than, TSSP and considerably higher
than TSSD. This implies that the hydrogen picked up
by a Zr alloy pressure tube during reactor operation
is only precipitated as hydride when the hydrogen
concentration approaches TSSP (cool-down) rather than
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Fig. 3. Hydrogen content in solution of Excel vs. charging time
at 250 °C for four consecutive periods of hydrogen charging.

TSSD (heat-up). The above results are significant in
that they confirm the postulated role that the hysteresis
in the TSS plays in causing hydrogen supercharging in
Zr alloy specimens under suitable hydrogen charging
conditions [15]. It should be noted that the above
solubilities for Excel are considerably higher than cor-
responding ones for Zr or its alloys such as the Zircaloys
and Zr-2.5Nb. The reason for this higher solubility has
not been established, but may be associated with the
greater proportion of B-phase in Excel.

3.3. Thermal cycle effect

Starting with a specimen of Excel containing a typical,
as-received, amount of hydrogen (<10 wt.p.p.m.), the
hydrogen in solution was completely supersaturated at
a level of 105 wt.p.p.m. at the end of the first period
with newly ingressing hydrogen atoms being precipitated.
After two thermal cycles, at the beginning of the second
period, the starting hydrogen content in solution was
about 50 wt.p.p.m., with the remaining 55 wt.p.p.m. of
hydrogen atoms, collected during the first charging
period, contained in the hydrides. During the second
period, despite the presence of hydrides, the newly
ingressing hydrogen atoms stayed in solid solution until
the hydrogen content in solution arrived again at the
supersaturation level of about 110 wt.p.p.m. This implies
that during the second charging period the amount of
existing hydride remained at a constant level until
complete supersaturation of hydrogen in solution had
occurred. A similar phenomenon was observed for the
third and fourth charging periods. Average rates of
hydrogen charging were estimated to be 5.8, 3.3, 2.6
and 1.9 wt.p.p.m. day ~' for the first, second, third
and fourth periods, respectively. One possible reason
for this trend of decreasing rate is that beyond 110
wt.p.p.m., the newly ingressing hydrogen atoms had
accumulated in surface hydrides layers and the hydride-
rich layers slowed the coasequent ingress. Another
possibility is that the oxidation of the specimen’s surface
during the long-term tests formed a barrier to hydrogen
ingress. We expect that a decreasing ingress rate would
favour a more uniform distribution of hydrides and
reduce the tendency for hydride layering near the
surface.

3.4. P, peak

During the thermal cycles, an internal friction peak
at 80 °C was observed with a frequency of 40.573 kHz.
The peak height increased with the amount of hydride
present, as shown in Fig. 4. The peak appears to be
the P, peak previously reported [5-8, 11, 12]. However,
the P, peak measured in Excel Zr alloy is wider than
that observed in pure Zr and Ti. At the APUCOT
second overtone of 121 kHz, the P, peak was only
detected in specimens containing more than 300



248 Z.L. Pan et al. | Measuring hydrogen solubility during isothermal charging

5 Zr-3.58n-Mo-Nb “Excel* Alloy
4r \5 After 4th H, Charging ]
© L
X
o ]
[
3 \
& .\, After 2nd H, Charging
£ \ ‘
-2 1 After 1st H, Charging
tr
L Before H, Charging
0 n " 1

50 100 150 200 250
Temperature, °C

Fig. 4. P, peaks as a function of hydrogen charging.

wt.p.p.m. hydrogen. The P, peak has been attributed
to the stress-induced growth/shrinkage of the metastable
v-hydride {12]. To date, a resolved P; peak has not
been detected in this material. However, in this alloy
P, and P, might overlap considerably giving rise to the
broad peak observed.

4. Conclusion

A linear relationship between Young’s modulus and
the hydrogen concentration in solution for dilute Zr-
based alloys at a given temperature has been confirmed
and quantified for the experimental pressure tube alloy,
Excel. The proportionality between the depression of
Young’s modulus and hydrogen concentration in so-
lution was used to monitor the variation of hydrogen

in solution during hydrogen charging. Hydride nuclea-
tion during such an isothermal hydrogen charging pro-
cess was detected by this technique. The results show
that the hydrogen picked up by an alloy of Zr precipitates
as hydride only when the hydrogen content is close to,
but less than the TSS for precipitation (TSSP).
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