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ABSTRACT: The presence of hydrides is an important factor in assessing the potential for 
delayed hydride cracking in Zr-2.5Nb alloys, and consequently, the terminal solid solubility 
(TSS) of hydrogen in the material is an important parameter. In pure zirconium doped with 
hydrogen, the TSS is marked by a dissolution peak of internal friction on heating and a 
truncated precipitation peak associated with hydride nucleation on cooling. These phenomena 
occur only at low frequencies and are accompanied in torsion pendulum studies by autotwisting 
of the sample (or zero-point drift) that stops abruptly at the TSS. Neither the dissolution1 
precipitation peaks nor the autotwisting phenomena are observed in Zr-2.5Nb. However, the 
TSS is also marked by an abrupt change in the slope of Young's modulus as a function of 
temperature. This phenomenon is observed regardless of the frequency (in the range 1 Hz to 
120 kHz) and in both pure zirconium and Zr-2.5Nb alloys. The reasons for the absence of the 
dissolutioniprecipitation peak in Zr- 2.5Nb alloys are discussed and the use of Young's modulus 
changes to investigate the TSS of hydrogen and the hysteresis between heat-up and cool-down 
TSS curves is demonstrated. 

KEY WORDS: terminal solid solubility, hydrogen. zirconium, zirconium alloys, dissolution 
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Because o f  a combination of low neutron capture cross-section and good mechanical 
properties, alloys based o n  zirconium (Zr)  have been selected as structural materials in 
nuclear reactors for submarines and  in commercial power reactors. The presence of hydrogen 
(H) (or its isotope deuterium (D)) in excess of the  terminal solid solubility (TSS) in zirconium 
o r  its alloys results in embrit t lement,  due  t o  the  formation of hydride (or deuteride) pre- 
cipitates [ I  ,2]. Crack propagation in some zirconium-alloy pressure tubes in some Canadian 
Deuterium Uranium-pressurized heavy water (CANDU2-PHW) nuclear reactors has  been  
traced to  this embrittlement [3]. In  fact, the  crack propagation mechanism involves the  
stress-aided precipitation of brittle hydrides a t  the  crack tip [4 ] .  Consequently, precipitation 
and the  resulting crack propagation can only occur a t  temperatures below the  TSS  in  the  
zirconium-alloy in question. Moreover,  since there is known to  be  a substantial thermal 
hysteresis between the heat-up TSS and the cool-down TSS, the presence or absence of 
hydrides can depend upon the recent thermal history of the  material. T o  understand the  
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crack propagation mechanism in more detail and to predict the possible occurrence of 
cracking in zirconium-alloy components, it is essential to establish the H-TSS boundary and 
its thermal hysteresis properties over the temperature range used in service. 

In recent years, internal friction (IF) techniques have been used to investigate the hydrogen- 
rich regions of the phase diagrams of metal-hydrogen systems with considerable success [5] .  
In particular, low-frequency, torsion pendulum techniques have been used to map the H -  
TSS boundaries in the hydride-forming, body-centered-cubic (bcc) transition metals, van- 
adium (V), niobium (Nb), and tantalum (Ta) (6-81. The first detailed torsion pendulum 
study of hydrogen solubility in a metal was carried out on the hexagonal-close-packed (hcp) 
metal a-titanium (Ti) [9] .  Several I F  studies of the a-Zr-H system have also been reported 
[lo-161. but in only two of these [I5,16] were the measurements made over a sufficiently 
wide range of hydrogen concentrations to map the TSS boundary. 

The purpose of this investigation was to extend the previously mentioned studies of the 
zirconium-hydrogen (Zr-H) system to the Zr- 2.5Nb alloy used in pressure tubes in CANDU- 
PHW nuclear reactors. 

Previous Studies of the Zr-H System 

Most measurements of the H-TSS in zirconium, and zirconium alloys used in the nuclear 
industry, regardless of the technique employed, have been made in the temperature range 
from 300 to SSO0C, corresponding to hydrogen concentrations of -35 to 700 ppm [I7-231. 
The results show that the H-TSS is almost insensitive to the compositions of the alloys 
commonly used and that all of the data are in reasonable agreement with the TSS-boundary 
compilation given by Kearns [18]. Very few solubility determinations, in either zirconium 
or zirconium alloys, have been reported [13-16,20-231 that cover the important service 
range from 20 to 300°C, corresponding to the hydrogen concentration range of < I  to 60 
pprn. Although these data are scattered about an extrapolation of the boundary given by 
Kearns, the scatter is much greater than desirable and the data obtained by different authors 
using different techniques reveal significant and systematic disagreement. This is not sur- 
prising when it is realized that two types of hydride can precipitate, the metastable y-hydride 
(ZrH) and the stable 6-hydride (ZrH,  ,,). 

Low-frequency studies have shown that a peak of IF occurs during hydride dissolution 
(heating) and precipitation (cooling) in pure metal-hydrogen systems. Furthermore, it is 
well established that the peak height, A,, is proportional to the rate of change of temper- 
ature, lq, and inversely proportional to  the frequency of vibration, F;  that is, A, x I T ~ I F  
or the temperature change per cycle, which is in turn proportional to the amount of hydride 
dissolved or  precipitated per cycle. At high frequencies ( F  > 1 kHz), A, is negligible for 
normal heating and cooling rates. A typical dissolution/precipitation peak is shown in Fig. 
1 for a pure zirconium sample loaded with -200 ppm of hydrogen, heated at S°Cimin, then 
cooled at 2OCImin and vibrated in flexure at -2 Hz. The corresponding changes in F2 as a 
function of temperature are shown in Fig. 2. It should be noted that there is a substantial 
thermal hysteresis between the positions of the peaks and slope changes in F2 on heating 
compared with cooling. F2  is plotted rather that F because in low-frequency pendulum 
studies, F2 is proportional to the elastic modulus, that is, Young's modulus, E, in flexure 
or the shear modulus, G, in torsion. 

Autotwisting, also referred to as self-twisting or zero-point drift, of wire samples of pure 
Zr-H alloys in torsion pendulum studies of IF has been used to investigate the H-TSS. A 
typical result for a thermal cycle at 0.8"C/min of a zirconium sample containing 209 ppm of 
hydrogen is shown in Fig. 3. The heating branch shows little autotwisting until a sharp drop 
at about the expected TSS. In contrast, on cooling, a sharp change at  about the expected 

AECL-10697



RlTCHlE AND PAN ON ZIRCONIUM ALLOYS DOPED WITH HYDROGEN 387 
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FIG. I -Internal fi-iction as a function of tenzperature measured at -2 H z  in the flexure pendulum on  
pure zirconium containing -200 ppm of hydrogen. 

FIG. ?-Frequency as a function of temperature measured concurrently wlth the results in Fig. I .  
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TEMP ( O C )  

FIG. 3-Autotwisting strain as a function of temperature during a thermal cycle of pure zirconium 
containing 209 t 9 ppm of hydrogen. The heating and cooling rate was 0.8"Clmin. 

nucleation TSS marks the onset of considerable autotwisting. These data first reported in 
Ref 15 have recently been confirmed in more extensive studies of a series of Zr-H and 
zirconium-deuterium (Zr-D) alloys [16]. 

Objectives of the Study 

The major goal of the study was to repeat the types of tests shown in Figs. 1, 2, and 3 
on samples of Zr-2.5Nb cut from a commercial pressure tube and loaded with various levels 
of hydrogen. An additional objective was to  investigate any differences between the nu- 
cleation TSS obtained on cooling and the solubility of hydrogen in the presence of the first- 
formed hydrides during cooling. Such differences can be of considerable importance in 
practice. if the material is cooled after heating to a point below the TSS [ 2 4 ] .  

Experimental Techniques 

Low-frequency tests were carried out with an inverted flexure pendulum at  a frequency 
in the range from 2 to 5 Hz with the sample heated at S0C/min and cooled at 2'Cimin. In 
each test, the sample was driven at a constant strain amplitude of 5 x at resonance 
by a closed-loop electronic driver. The energy input to the system is proportional to the 
damping or IF at constant amplitude. It is obtained from the current supplied to a pair of 
Helmholtz coils acting on a magnet embedded in the inertia member of the pendulum. 
Continuous monitoring of the motion of the pendulum, providing measures of both the am- 
plitude and frequency, is accomplished with a noncontacting, fiber-optical transducer. Details 
of both the mechanical pendulum and electronic instrumentation are given in Ref 25. 

Higher-frequency measurements at 40 kHz were carried out with a four-component com- 
posite oscillator system at a constant strain amplitude of 2 x lo-'. The test procedure 
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normally consisted of cycling the sample at a constant heating rate and cooling rate through 
the TSS or to  a temperature below the TSS. During such thermal cycles, the I F  and changes 
in Young's modulus (E) were monitored continuously using an automated closed-loop driver. 
Details of the composite oscillator are given elsewhere [26,27]. 

The measure of I F  used in this study is Q I .  Many other measures of I F  are commonly 
In use. Q I is simply related to other frequently quoted measures of IF, such as, the phase 
angle measure, tan 4; the logarithmic decrement, 6; the specific damping capacity, SDC; 
and the ratio of energy lost per unit volume per cycle (AW) to the maximum energy per 
unit volume in that cycle (W), that is, AWIW 

6 SDC AW 
Q ' = t a n + = - = - - -  - 

lT 2lT 2lTW 

Materials 

Samples for testing at low frequency in the flexure pendulum were in the form of platelets 
of typical dimensions 25 by 3 by 1 mm, whereas samples for testing at high frequency in 
the composite oscillator were of typical dimensions 50 by 3 by 3 mm. Both types of sample 
were cut using a spark erosion technique from the longitudinal direction of a commercial 
pressure tube fabricated from Zr-2.5Nb. The samples were then doped with hydrogen to 
various levels in the range from an outgassed sample with <<2 ppm to 230 ppm. Subse- 
quently, each sample was homogenized for ten days at 400°C prior to testing. Only those 
samples that were used to obtain data for the plot of TSS as a function of the reciprocal 
absolute temperature were analyzed carefully to  obtain the hydrogen concentration by an 
outgassing technique. For example, the Zr-2.5Nb alloy doped with hydrogen to a nominal 
level of 40 ppm was subsequently found to contain 33 ? 3 ppm, and the sample of pure 
zirconium doped to a nominal level of 200 ppm was subsequently found to contain 209 * 
9 ppm. 

The Zr-2.SNb alloy consists predominantly (-90%) of elongated a-phase hcp grains, 
surrounded by a continuous grain-boundary network of P-phase. 

Results 

Samples of the Zr-2.5Nb pressure tube containing three different nominal levels of hy- 
drogen (100, 150, and 200 ppm) have been tested in the flexure pendulum at  frequencies 
ranging from 2 to 5 Hz and heating rates ranging from 1 to 5"CImin. These tests were carried 
out to  determine if the analogue of the dissolutionlprecipitation peak (Fig. 1) observed in 
the pure Zr-H system is also observed in Zr-2.5Nb-H alloys. Surprisingly, no trace of the 
expected peaks was found. Nevertheless, as shown in Fig. 4, the change of slope in the 
resonant frequency squared, F2,  was observed and revealed a substantial thermal hysteresis 
between heating and cooling. In summary, a comparison of Figs. 1, 2, and 4 shows that the 
frequency changes are similar in Zr-H and Zr-2.5Nb-H, but the dissolution1precipitation 
peak observed in Zr-H is absent in Zr-2.5Nb-H. 

In addition, the autotwisting phenomenon, observed in torsion pendulum tests (see Fig. 
3) and its analog autobending observed in flexure pendulum tests, found in Zr-H and other 
hydride-forming metal-hydrogen systems, appears to be absent o r  negligibly small in Zr- 
2.5Nb-H. However, none of these tests was carried out in the presence of static bias couple 
(torsion) or lateral force (flexure), which is known to magnify the effect [16]. 

It is clear from Fig. 4 that the "knee" in the F2 versus temperature curve can be used as 
a marker for both the heat-up TSS and the cool-down TSS and, therefore, to map the 
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FIG. 4-Internal friction and frequency as a function of temperature measured in the flexure pendulum 
on Zr-2.5Nb pressure tube maferial confaining -200 ppm of hydrogen. 

H-TSS boundary. But, low-frequency techniques suffer from the fact that defects other than 
hydrogen are mobile in the temperature range of interest. Consequently, other anelastic 
relaxations can contribute their modulus defects to the F2 versus temperature curve. Never- 
theless, the frequency squared "knee" has been used to map the H-TSS in Zr-2.5Nb using 
free-free resonant bar measurements at -5 kHz 1231. It is difficult to  extend the free-free 
resonant bar technique to the continuous monitoring of the resonant frequency or E during 
thermal cycles. For this reason, we have adapted the four-component composite oscillator 
at 40 kHz to the problem of precisely and continuously monitoring changes in E during the 
thermal cycles of interest. An  additional advantage of this technique is that, apart from 
Peaks P, and P, due to anelastic relaxations involving the precipitate particles Ill], which 
occur below 150°C at 40 kHz, the I F  spectrum is relatively flat. 

A set of four thermal cycles measured at 40 kHz on Zr-2.5Nb containing 150 ppm of 
hydrogen is shown in Fig. 5. Cycle 1 passes through the TSS on heating, while Cycles 2, 3, 
and 4 start their cooling branches at decreasing maximum temperatures less than the TSS. 
During heating in Cycle 1, E decreases with increasing temperature at an increasing rate 
until it changes quite abruptly into a straight line at the TSS. O n  cooling, the reverse behavior 
occurs, but in this case the change of E versus temperature from the linear to curved behavior 
occurs more abruptly and at a considerably lower temperature than on heating. The more 
abrupt change on cooling represents the sudden nucleation of hydrides, whereas on heating 
the termination of dissolution is more gradual. 

The behavior of Cycles 2, 3, and 4 that begin their cooling branches below the TSS is 
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FIG. 5-A set of four thermal cycles of E as a function of ternperuture measured in the composite 
o.scillator at 40 k H z .  

unexpected. It might be anticipated, intuitively, that in these cycles, since cooling begins in 
the presence of some pre-existing hydrides, the existing hydrides would simply grow by 
diffusion and the cooling branches would immediately begin to  curve upwards to  gradually 
join the heating branch. As shown in Fig. 5, the linear behavior of E (characteristic of 
situations where all the hydrogen is in solution) continues during cooling over a temperature 
range of about the normal thermal hysteresis until it intersects the normal cooling curve 
from above the TSS. This unexpected behavior suggests that the hydrogen in solution ignores 
the pre-existing hydrides, builds up its usual supersaturation, and finally nucleates new 
hydrides. This is certainly not the case in pure single crystals of zirconium, where the 
experimental evidence shows that on cooling from above the TSS the hydrides form on the 
dislocation debris of the old hydrides and grow to a large size: by diffusional mechanisms 
12'8). When this "memory effect" for hydrides exists, there is little or no thermal hysteresis 
on repeated thermal cycles through the TSS in single-crystal samples [15]. 

In titanium-hydrogen (Ti-H), Zr-H, and Zr-2.SNb-H, when all the hydrogen is in solution, 
the elastic modulus (E or  shear modulus, G) versus temperature curve is extremely linear 
from temperatures below O to 550°C [9,10,23]. Moreover, the presence of increased levels 
of hydrogen depresses E and G. Consequently, a set of E versus temperature curves for 
different levels of hydrogen are parallel straight lines, when all the hydrogen is in solution. 
This suggests an important possibility that, for a curve such as the heating branch of Cycle 
1 (Fig. 5), the excess of the low-temperature curved portion of the E versus temperature 
curve, over the linear extrapolation of the high-temperature linear region to low tempera- 
tures, simply represents the amount of hydrogen present as hydrides. This means that an 
analysis of this excess can actually yield the solubility of hydrogen at any point lower than 
the TSS on both heating and cooling. Such an analysis has been carried out on  a number 
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of samples containing different levels of hydrogen. Of course, the analysis becomes less 
accurate as the total hydrogen concentration decreases because then the parallel lines rep- 
resenting the E versus temperature curves for the case of negligible hydrogen and the level 
of hydrogen in question become closer together. We have chosen to demonstrate the results 
on a sample of Zr-2.5Nb containing 33 ppm of hydrogen. This is a relatively low level and 
well within the range of interest in nuclear applications. The results are shown in Fig. 6. 
On heating, the solubility (below 33 ppm) does indeed follow the low-temperature extrap- 
olation of Kearns' compilation over most of its range. At  the very lowest solubilities, the 
data are scattered because they represent very small differences between two large quantities 
and because of some contributions to the E versus temperature curve from the modulus 
defects of P2 and P, mentioned earlier. The cooling branch is more interesting, because it 
represents, after the initial level, the solubility of hydrogen in the presence of the first- 
formed hydrides. Previous studies have all used sets of samples with different levels of 
hydrogen, each of which yields two points on the TSS map, namely, the heat-up TSS and 

FIG. 6-Comparison of Kearns' compilation of the H-TSS in zirconium with an anlysis of a thermal 
cycle of E as a function of temperature on a Zr-2.5Nb pressure tube sample containing 3.7 ? 3 pprn of 
hydrogen. 
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the cool-down TSS. These usually yield almost parallel heat-up and cool-down TSS lines 
on a solubility versus reciprocal temperature plot. In such cases, the cool-down TSS rep- 
resents the nucleation TSS, as does the initial level (33 ppm) of the cooling curve in Fig. 6. 
However, the TSS in the presence of hydride is clearly different and represents a decreasing 
thermal hysteresis as the solubility decreases until the cool-down branch joins the heat-up 
branch. Figure 6 contains the analysis of an autotwisting cooling curve for pure zirconium 
containing 209 ppm of hydrogen for comparison purposes. Such a curve is also capable of 
yielding the TSS in the presence of the first-formed hydrides for hydrogen levels below the 
nucleation TSS [15] .  

Discussion 

The results described earlier raise several interesting questions: 

1. Why is the dissolutionlprecipitation peak absent in Zr-2.5Nb-H alloys? 
2. Why is the autotwisting (or autobending) phenomenon absent, o r  at least negligibly 

small, in Zr-2.5Nb-H alloys? 
3. Why do pre-existing hydrides not grow during the initial cooling of Zr-2.5Nb-H alloys? 
4. What is the mechanism whereby hydrogen in solution depresses Young's modulus? 

We will discuss Questions 1 and 2 together. These phenomena, so easily observable in 
pure metal-hydrogen systems, depend to a large extent on the creation and bow-out of long, 
fresh, misfit dislocations during the precipitation process. Such misfit dislocations are easily 
observed as large loops around hydride needles in pure zirconium [28]. but are not observed 
around the small hydride platelets that are stacked together to form the hydrides in Zr- 
2.5Nb-H alloys [291. 

A truncated peak (peak with a relatively sharp high-temperature side), together with an 
autotwisting phenomenon, occurs during the heating of a-iron (a-Fe) after low-temperature 
deformation. The results are very similar to those shown in Figs. 1 and 3 and observed in 
other hydride formers, but there is no known hydride in a-Fe,  and after the first heating 
there is no peak or autotwisting on cooling. We have shown theoretically, in a model that 
agrees well with the experimental results 1301, that both the truncated peak and autotwisting 
in a-Fe are due to the gradual conversion of long, straight screw dislocations, generated by 
the low-temperature deformation, into curved non-screws as the temperature is raised. In 
the bcc hydride formers, both the peak and autotwisting reappear during the cooling part 
of the thermal cycle because of the self-deformation involved in the precipitation of the 
hydrides. We believe that a similar process occurs in the hcp metals; however, in this case 
the details of the dislocation mechanism involved are not clear. Consequently, when long, 
fresh misfit dislocations are not produced, as appears to be the case for Zr-2.5Nb-H alloys, 
both the dissolution/precipitation peak and the autotwisting phenomenon are not observed. 

Question 3 is more difficult to answer. It is well known that, under the right condi- 
tions of stress and temperature, hydrides can be reorientated or grown to large sizes in Zr- 
2.5Nb-H alloys. So it is clear that hydrides can grow by diffusional mechanisms. However, 
diffusional and drift mechanisms alone cannot explain the growth of a hydride particle [31]. 
Not only must hydrogen cross the interface from the a-lattice to  the tetragonal hydride, but 
the lattice atoms must shuffle to promote the growth of the tetragonal lattice at  the expense 
of the a-lattice. This latter process might be inhibited for the pre-existing hydrides because 
of local conditions of internal stress and composition. In contrast, it seems that newly 
nucleated hydrides can grow relatively easily; otherwise, it would be difficult to  explain the 
fact that the cooling branch in Fig. 6 eventually joins the heating branch. 
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Question 4 is also difficult to  answer definitively at this time. The most likely cause of 
the depression of E by hydrogen in solution is a direct effect of hydrogen on the lattice 
stiffness. But, since there are always significant concentrations of dislocations in Zr-H or 
Zr-2.5Nb-H, we cannot entirely rule out the possibility that the depression of the modulus 
is caused by one or more modulus defects due to  anelastic relaxations at low temperatures. 
For example, even though relaxations involving hydrogen interstitials and the hydrogen 
Snoek-Koster relaxation (due to kink-pair generation on the dislocations in the presence of 
mobile hydrogen) may not be observable, because at their peak temperatures all the hy- 
drogen is precipitated, they will be immediately relaxed as the hydrides dissolve at higher 
temperatures. This gradually increasing relaxed state, as more hydrogen goes into solution, 
would appear as a modulus defect or depression and cease at the TSS. 

Conclusions 

The commercial pressure tube Zr-2.5Nb alloy doped with hydrogen does not exhibit the 
dissolutionlprecipitation peaks and autotwisting phenomenon observed in pure Zr-H and 
other pure metal-hydrogen systems. The absence of these phenomena are attributed to  the 
absence of long misfit dislocation segments. 

Measurements of the changes in E with temperature can be used to map the TSS, inves- 
tigate hydride nucleation, and quantify the thermal hysteresis between the heat-up and cool- 
down TSS curves. Analysis of the shape of the E versus temperature curve below the TSS 
can yield estimates of the solubility of hydrogen below TSS for the alloy in question. In the 
case of the cool-down TSS, this is the solubility in the presence of the first nucleated hydrides. 
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