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Using a low-temperature torsion pendulum, internal
friction messurements have been performed in poly.
erystalline wires of high purity zireoninm charged
with hydrogen up to 56 at 9. The internal friction
spectrum shows three peaks in the temperature range
betwoen --195 and 120 °C. The mechanisms proposed
to explain each of the peaks differ fundamentally
from those proposed by other authors, and it hag
been found that the heights of the peaks change with
time, even though the hydrogen concentration in the
samples remains constant.

A metallographic study of the wires has been made
in order to correlate the internal friction results with
the distribution and guantity of the several phases
in the sample.

En utilisant un pendule de torsion 4 basse température,
des mesures de frottement interne ont été réalisdes
gur un fil polycristallin de zirconium de haute puretd
chargé on hydrogéne jusqu’s 56 at 9. Le spectre
de frottement internc montre 3 pics dans 'intervalle
de température —195, 4120 °C., Les mécanismes
proposés pour expliquer chague pic différent fonda-

1. Introduction

The introduction of hydrogen into zirconium
fundamentally affects its mechanical properties
and since this metal has a wide application in
the technology of nuclear reactors, it is im-
portant to know the factors that govern the
gas-metal interactions in order to understand
how this interaction changes the properties of
the material. As these changes are governed by
processes that occur on the atomie level, and
the internal friction of the metal is very sensitive
to atomic defects, we have measured the internal
friction of various zirconium-hydrogen alloys.

In the following, it will be necessary to refer
frequently to the several phases that may
appear in the alloy and, since each phase can
contribute in a different way to the internal
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mentalement de ceux proposdés par d’autres auteurs
ct il a ¢été trouvé que la hauteur des pics change
avee le temps si la tenmsur en hydrogéne dans las
échantillons reste constente.

Une étude métallographique des fils a été réalizée
afin de relier les résultats de frottement interne &
la distribution et & la quantité des différents phases
présentes dans 1'échantillon.

Mossungen der inneren Reibung wurden an Dridhten
aus polvkristallinem hochreinem Zirkon dotiert mit
Wasserstoff bis zun 56 at % durchgefithrt. Benutst
wurde die Drehpendelmethode. Das Spektrum der
mmneren Reibung zeigt drei Peaks im Temperatur-
bereich zwischen --195 und 120 °C. Zur Erklirung
werden Mechanismen vorgeschlagen, die sich wesent-
lich von jenen anderer Autoren unterscheiden. Es
wurde gefunden, dass die Hohe der Peaks sich mit
der Zeilt bei konstanter Wasserstoffkonzentration
dndert,

Metallografische Untersuchungen der Drahte setzen
die Messergebnisse in Bezichung zur Verteilung und
Menge dor verschiedenen Phasen in der Probe.

frietion, before undertaking the deseription of
the experimental rcsults it is necessary to
briefly discuss the zirconium-hydrogen phase
diagram.

There are principally two types of phase
diagrams for this system: the first one most
widely used was proposed by Beck 1) and the
other one by Motz 2} (fig. 1). Beck, taking into
account both his own results and those of other
authors, proposed the phase diagram shown in
fig. 1la.

The & (hep) and 8 (bec) phases are the two
allotropic modifications of pure zirconium 3).
The 6 hydride has a fluorite type structure,
where the metal atoms have a fee distribution
and the hydrogen atoms occupy the tetrahedral
interstitial holes. The y bydride has a fc tefra-
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Fig. 1. Phase diagram for the Zr-H system.

{a) according to Beck1l);

showing hydrogen izsobars.

(b}

according to Motz 2},
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gonal structure and the only difference from
the & phase is that one of the cell axes is
extended with respect to the other two (¢/a>>1).
This phase can alternatively be described as
be tetragonal, since we can go from the bet
to the fct cell by multiplying the a parameter
by /2. Finally, the ¢ phase is fet like the y phase,
but in this case one of the axes is compressed
with respect to the others {¢fa < 1). This is the
only phase whose structure has been studied
by neutron diffraction experiments 4 5).

Since according to the phase rule, three solid
phases (x, & and y, fig. 1} cannot coexist at
equilibrium, one of the phases, § or ¥, must be
metastable. The X-ray L 6. 7), metallographic %}

and dilatometric 8) resnlts seem to prove that

the y hydride is the metastable phase. According
to Beck 1) this phase should be a metastable
product of the decomposition of the & phase,
that is formed with preference to the equilibrium
precipitate, «, on cooling.

Motz 2) proposed the phase diagram shown
in fig. 1b. The main difference with respect to
the other authors is the transformation of the
¢ (tetragonal) hydride to the é (cubic) hydride
that occurs at 240 °C. This implies that the
hydride in equilibrium with the & or § phases
is not cubic but tetragonal above that tempera-
ture. Further discussion of the Zr-H phase
diagram is given in ref. 9).

2. Experimental

For the internal friction measurements we
have used a conventional torsion pendulum,
fixed at both ends?). The pendulum is located
in a vacuum chamber whose walls can be
cooled with liquid nitrogen, after the system
has been filled with hydrogen up to a pressure
of about 0.5 Torr, to ensure temperature
homogeneity and good heat transfer. {This was
desirable because the measurements were made
over a range of temperatures down to the boiling
point of liquid nitrogen.

The temperature is measured by three
thermocouples located near the sample at
different heights. During the measurements, the
differences between the three thermocouple

readings were not greater than 2 °C. To permit
the measurement frequencies to be changed an
order of magnitude for the activation energies
determinations, a recording system was used in
which the reflected beam is sent to a photo-
resistor. The voltage changes across the photo-
resistor are sent to an amplifier and then to
a recording system ¢). All the other curves were
taken by reading the amplitude decay on a
graduated rule. The samples used were poly-
crystalline zone-refined zirconium (99.99%)
wires of 1 mm diameter and 100 mm long.
This material was provided by Atomergic
Chemicals Company and a typical analysis is
given in table 1.

TanLe 1

Chemiceal analysis of the zirconium samples

Impurity {ppm)
Al < 20

Ca -

Cu -

Cr -

Fe < 10
Pb -

Si < &

Ti -
Mg -

v -
Hf -

C <20

O ’ 50

H < &

N 10
other elements < 10

All wires were previously mechanically
polished and then washed with ether in order
to ensure a perfectly clean surface. Then they
were annealed in high vacuum {10-¢ Torr) for
14 h at 750 °C and charged with different
amounts of pure hydrogen obtained by passage
of commercial hydrogen throngh a palladium
tube. The loading process was made in a
Sieverts type apparatus where the sample
could be heated in a hydrogen atmosphere and
the amount of absorbed gas controlled by
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pressure, temperature and time. Almost all of
the samples were loaded 1 or 2 h at 750 °C
at a hydrogen pressure between 0.1 and 70 Torr.

After the loading, the sample was cooled to
room temperature by removal of the furnace.
Then it was sealed in a vacuum or in a hydrogen
atmosphere in a pyrex or quartz capsule for
a heat treatment of 14 h at 400 °C prior to
quenching. In order to improve the gquenching
speed, a weight was arranged so that it broke
the capsule when it fell into the quenching
liquid {generally aleohol cooled with dry ice).
The amount of hydrogen absorbed by each
sample was measared, using a hot extraction
method, in a Leco apparatus.

Finally, it must be noted that chemical
analysis performed on the samples, after they
were loaded with hydrogen did not show a
further inerease in the concentration of other
gases over the values given in table 1. The
only gas introduced during the loading treat-
ment was hydrogen.

3. Results
3.1.

The changes in the internal friction with
hydrogen content are shown in fig. 2.

Curve (a)-was measured after an annealing
of 2 h at 750 °C in vacwuum (10-% Torr); there
are no maxima. The other curves correspond
to the same sample with different amounts of
hydrogen and were taken immediately after
quenching from 400 °C. A frequency of about
1.6 ¢/sec was used for all curves, It was im-
possible to take measurements for higher
concentrations because the hydrogen embrittled
the wires, and above & certain quantity, the
samples cannot be handled. As can be seen,
in the temperature range between --195 and
120 °C, the introduction of hydrogen produces
three peaks, which we will label Py, P> and Pg
(fig. 3). After removal of the hydrogen by
further outgassing at 800 °C for 2 h in high
vacuum, curve (a) of fig. 2 was regained.

In order to get cach peak, it is first necessary
to subtract the background from the measured
curves and then separate this peak from the
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Fig. 2. Dependence of the internal friction on
hydrogen content for a sample quenched from 400 °C.
A iz the hydrogen concentration in at %.
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Fig. 3. Criterion adopted to scparste the peaks from the measured curves.

others. Unfortunately the background is not
constant, since it varies with the hydrogen
content, mainly owing to the peaks that appear
at high temperatures 10), Thus, some criterion
for the separation must be used that can be
justified only by the results it gives. Fig. 3
shows the shape assumed for the background
and for the peaks.

From fig. 2 it can be concluded that peak Py
decreases and peaks Pz and P; increase with
the hydrogen concentration in the sample, the
last two peaks having different forms of growth.
None of the peaks have a linear dependence
on the hydrogen concentration. Finally in the
temperature range in which the measurements
were made, the internal frietion was found to
be amplitude-independent, atleast for maximum
surface strains between 6x 1075 and 3 x 106,

3.1.1. Activation energies, frequency factors and

shapes of the peaks

The activation energy and frequency factor
for each peak were obtained from the slopes
of the logyp=log (wp/2n) vs 1/Tp straight
lines 11) (fig. 4); Tp is the temperature {°K) at
which the peak oceurs and »p the corresponding
oscillation frequency.

The ecalculated activation energies and fre-
queney factors are given in table 2, together
with the temperature I’ at which the peaks will
appear for a frequency of 1 ¢fsec. The last two
columns of the table show the measured peak
widths at half-maximum and those which
might be expected if the peaks were Debye-type
{singular) peaks {*“‘theoretical widths”). As can
be seen, none of the peaks are singular.

In respect to the shapes of the peaks, it can
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Tapre 2
Width (*K-1x 103
Peak | @ (kealymol} | T (°K} 1o (%ec)
theor. exp.
P | 4.6 + 0.5 144 25 10-8L0.7 1.1 4+ 0.1 2.6
P2 | 12 4L 0.8 230 6 10-18L08 0.44 + .04 0.55-0.60
Fa | 16.6 4 0.6 291 5% 10-14+us 0.32 ++ 0.02 0.50

be asserted that Py is symmetric when plotted
as a function of 1/T; the other two are slightly
asymmetric, but this may be due to the errors
introduced in the graphical separation since Ps
is the only well defined peak.

As shown in fig. 3, the plot of - vs T(°C)
was preferred over that of Q-1 vs /7 (°K-1),
The reason is that in the first representation,
the I, peak and the background are better
defined than in the second, although the peaks
may be symmetric eventually when plotted as

a function of 1/7 instead of 7. In fact, at low
temperatures 177 changes very much with g
small variation of 7', and this makes the lowest
temperature peak, Pi:, very broad and the other
two peaks very narrow, when the internal
friction. is plotted as a function of 1/7. In any
case, the results obtained with the two repre-
scntations agree closely.

3.1.2.

As the torsional elasticity modulus is pro-

Modulus changes
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portional to the square of the oscillation
frequency, the ratio of the squares of the two
frequencies measured at different temperatures,
for the same geometrical arrangement, of the
same sample, equals the ratio of the two moduli
at those temperatures. In fig. 5 the expression
Qp /G _190="%/¥2_190 a8 a function of temperature
was plotted for three different hydrogen concen-
trations, for the sample to which fig. 2 refers.
The change in slope, that must appear in the
zone of peak P,, was not detected in any of
the curves. The frequency measurements were
taken simultanecusly with measurements of
internal friction and with a precision of the
order of 1/103, which in general is not enough

F. POVOLO AND E. A. BISOGNI

to observe the modulus change associated with
a change in relaxation strength of the order of
104, The curves of fig. 5 are characteristic of
internal friction due to relaxation processes.

3.1.3. Ageing and recovery of the internal
friction

The heights of the peaks changed with time
if, for a constant hydrogen concentration, the
sample was maintained at a given temperature.
The percentage variations in the heights of the
peaks as a funetion of holding time at 50 °C,
for a sample charged at 750 °C, annealed 14 h
at 400 °C and quenched, with a hydrogen
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concentration of 18.5 at % and referred to the
state immediately after gquenching, are shown
in fig. 6. The P; and P3 peaks increase very
much and P; decreases a little with ageing.

If the aged sample is heated 14 h at 400 °C
and quenched, the heights of the three peaks
return to their initial values, i.e., the internal
frietion has recovered. This result is shown in
fig. 7; curve (a} was measured after 550 h at
50 °C and (c¢) after the treatment of 14 h at
400 °C and quenching. Also shown, for com-
parison, is curve (b) that corresponds to the
initial state, i.c., before ageing. There is a full
recovery of the internal friction.

Once it has recovered, the internal friction
ages again if the sample is kept at a constant
temperature, as is shown in fig. 8 for the same
sample but maintained at 100 °C. The Py peak
has increased more than for the ageing at 50 °C
even though the initial rates of growth are the
same; P3 has the same rate of increase as for
50 °C and P does not change within the
experimental error.

Composition measurements were made during

o 50 120 180 240
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ageing and recovery treatments and no signifi-
cant changes were found.

In order to measure the activation energies
for the ageing processes (assuming they are
thermally activated) Jarger changes in the
ageing temperature were taken, since it can be
supposed that the change in the ageing rate
between 50 and 100 °C may not be easily
detectable. Fig. % shows the cffect of an ageing
at 200 °C for another sample with 21 at 9,
hydrogen. Curve (a) was measured after ageing
for 236 h at 100 °C and curve (b) after 60 h
of ageing at 200 °C. A partial recovery of the
internal friction can be observed at this stage.
If the temperature is changed to 300 °C, the
internal friction recovers still more, curve (e).

If the sample is heated 15 h at 400 °C and
quenched, the curve obfained is not much
different from that obtained after the treatment
of 19 h at 300 °C. In fig. 10 the recovery at
300 °Cis compared with that at 400 °C: curve (a}
was measured immediately after the quenching
from 400 °C, i.e., before the ageing of 236 h
at 100 °C; curve (b) [(¢) of fiz. #] was obtained

Jo4 360 420 480 50 600

T 200

180

o/o

160

T: 50°C

140

120

650 A/

N4

20

12¢ 180 240

200 350 42 4BO 540 500

{ thours)

Fig. 6.

Percentage variation in the height of the peaks for aging at 50 °C {4-=18.5 at 9; hydrogen).
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after 19 h at 300 °C, and curve {c¢) after 15 h
at 400 °C and quenching. Therefore, it can be
concluded that the treatment at 300 °C almost
completely recovers the internal friction and
a further heating at 400 °C and quenching does
not. significantly change the results.

Finally, if the sample after it has been
recovered is aged for 80 h at 200 °C, we observe
small variations in the heights of the peaks,
ag can be seen in fig. 11.

From what was just been desceribed and from
similar measurements performed on other
samples, it can be concluded that:

1. Between room temperature and about 200 °C

the internal friction ages; in this temperature
range the peaks have small changes and if
the ageing is made at lower temperatures
in the range, the P; and P3 peaks increase
with time and the Py peak either decreases
slightly or remaing constant;

Above 200 °C the internal friction does not
change significantly with time; if the samples
had bheen aged previously at lower tempera-
tures, the internal friction recovers com-
pletely;

It was not possible to cstablish a clear
correlation between the internal friction
ageing rate and the temperature.



INTERNAL FRICTION

q
/’{

AN

T- tog°¢

o /

3
r2g =

10 //__ _/ i

N
40 A/ /

204 1

0 40 &0 720 160 200 240
{ thours)

Fig. 8. Influence of aging at 100 °C (4=18.5 at %
hydrogen}.

IN ZIRCONIUM-HYDROGEN ALLOYS 91

3.1.4. Effect of quenching from different

temperatures on the internal friction

If for a given hydrogen concentration the
sample is quenched from different temperatures
and the measurements taken immediately after
quenching, the Py peak increases linearly with
the temperature from which the quenching was
performed (fig. 12); the Py and P; peaks do
not change within the experimental errer. The
quenchings were always made from tempera-
tures below the eutectoid temperature {about
540 °C).

In another experiment, in order t¢ determine
the influence of the eutectoid transformation
on the internal friction curves, the internal
friction was measured immediately after
charging at 750 °C and cooling to room
temperature, and also after ageing for 14 h at
400 °C and quenching. Fig. 13 shows the resulés
for a sample with 15.4 at % hydrogen. As can
be seen, there is no significant influence of the
treatment at 400 °C [curve (b)] on the results
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obtained immediately after the charging at
750 °C [eurve (a)]. The same effect was observed
TS o) with other hydrogen concentrations.
2} Finally, a sample previously annealed in high
30 vacuum at 700 °C was charged with hydrogen
2‘9: f’\ below the eutectoid temperature. The curves
:_ - obtained after charging for 4 h at-400 °C and
=l air-cooling, for two hydrogen concentrations,
20 . are shown in fig. 14. All three peaks appeared,
o e} }( showing that the eutectoid transformation has
ML ) no influence on the appesarance of the peaks.
',“'3 Ta- }
12 /é‘ 3.1.5. Influence of the deformation
I:i ! The P; peak inereases if the sample previously
sk a charged with hydrogen is deformed at room
Ak
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2
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covered 15 h at 400 °C and quenched; (b) aged 80 h
at 200 °C (4=21 at % hydrogen).
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temperature (fig. 15). Curve (a) was measured
after charging at 750 °C, annealing at 400 °C
and quenching, and curve (b) after deforming
the wire 19, by tension at room femperature;

ZIRCONIUM-HYDROGEN ALLOYS

93

the Pg peak incrcases noticeably and the other
two remain praectically the same.

If on the contrary a wire free from hydrogen
is deformed, a peak appears in the region of
the peak Py but no peaks in the region of the
other two. This result is illustrated in fig. 15
for a sample deformed 109, in tension at room
temperature; the peak is shifted to a slightly
lower temperature with respect to the normal
P, peak. For the three curves of fig. 15, a
frequency of 1.3 ofsec was used.

3.2, METALLOGRAFHY

A metallographic study of the wires has been
made in order to see how the distribution of
the several phases influence the internal frietion.

Fig. 16a shows the mierostructure of a sample
with 1.7 at 9 hydrogen observed with polarized
light. The hydride precipitates appear as

Gy 10t —

i+

{ bl

| | [ 1 |

Ii) | | [
=200 - 1&g -120 -8g

- 40 {0 80 120

Fete)

Ilig. 13.

Influence of annealing at 400 °C on rnetal

charged at 7860 °C; (a) charged 14 h at 750 °C and

air-cooled; (b} 14 h at 400 °C and quenched (4==154 at 9 hydrogen).
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(©)

Shapes and distribution of the hydrides as the hydrogen oconcentration incrsases. Notice the

needles within the hydrides, especially in {c). {a) A=1.7 at 9, polarized light; (b} A= 20 at 9%, natural

light; {c} 4=44 at 9%, natural light.

needles in the grains of the hexagonal matrix.
This sample was observed after charging at
750 °C and quenching from 400 °C.

On increasing the hydrogen concentration,
massive hydrides appear in the matrix and the
size of these hydrides increase with hydrogen
content, fig. 16 b, ¢. These pictures were taken
with natural light and the matrix appears as
a white background.

The form and distribution of the hydrides
depend on the hydrogen concentration and how
the eutectoid transformation was made.

The needles within the hydrides in fig. 16¢

x 200

correspond to the 4 tetragonal phase, which is
supposed to be metastable 1. 6),

3.2.1. Effect of ageing

Fig. 17 corresponds to the same sample as
fig. 16¢ after an ageing of 6 months at room
temperature. Twins within the y phase can be
observed. The background corresponds to the
é hydride.

If the sample of fig. 17 is heated 14 h at
400 °C and quenched, the needles of p phase
decrease in size, inerease in number and no
longer show twins (fig. 18). Finally if the sample
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Fig. 17. Structure of the v hydride in a sample aged
at room temperature {Ad=44 at % hydrogen).
Polarized light. x 840

Fig. 18. Structure of the ¢ hydride in the same
sample of fig. 17 but quenched from 400 °C. Folarized
light, x 840

Structure of the ¥ hydride in the sample
of fig. 18 but aged again at room ternperature; twins
can be detected in the y phase (4 =44 at 9, hydrogen).

Fig. 19.

Polarized light. x 840

is aged again at room temperature (2 months),
the needles further inerease in size and appear
twinned, as is shown in fig. 19. From what was
shown and from other experiments made in
samples with different hydrogen coneentrations,
it can be concluded that on ageing, the ¢
tetragonal phase needles increase in size and
become twinned. Annealing at 400 °C and
quenching decreases their size, increages their
number and, in general, no twins are apparent.

3.2.2. Effect of the deformation

If a sample just quenched from 400 °C is
deformed in tension at room temperature, the
y phase becomes twinned.

3.2.3. Effect of the charging at 400 °C

All the samples studied so far were charged
with. hydrogen by heating the wires 14 h at
750 °C, annealing 14 h at 400 °C and quenching.
In order to determine the influence of the
eutectoid transformation on the formation of
the ¥ phase, metallographic observations were
made on a sample charged for 4 h at 400 °C,
annealed for 14 h at this temperature and
guenched. The needles of the y phase within
the cubic hydride ean be seen to he similar to
those studied after the 750 °C charging (fig. 20).
So it can be concluded that the eutectoid
transformation has no influence on the ap-
pearance of this phase.

Fig. 20. Presence of 4 phase by charging at 400 °C

{4=7 at % hydrogen). Polarized light. X840
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4. Discussion

Before discussing mechanisms that produce
the internal frietion peaks, it must be established
in what face or interface they occur. In cffect,
according to the Zr-H phase diagram (fig. 1)
at the temperatures and compositions studied,
there appear three phases: hexagonal («},
cubic (4) and tetragonal (y). As the charging
was done at 750 °C it might be supposed that
on vooling some £ (bee} phase was retained.
However, this is unlikely owing to the fact that
the eutectoid transformation is very fast 8} and
that when the sample was charged below the
eutectoid temperature, the three internal friction
peaks appeared (fig. 14) although in this range
of the phase diagram the § phase cannot be
formed.

The Ps and P3 peaks increase and the Pi peak
decreases with the hydrogen concentration in
the alloy (fig. 2); moreover, the P; peak tends
to vanish for high conecentrations. According to
the phase diagram, if the hydrogen concen-
tration in the alloy increases, the proportion
of hydrides grows (fig. 16) with respect to the
matrix, This implies that the P1 peak cannot
be produeced by a process oceurring within the
hydride, but is connected with the « phase or
the hydride-matrix interface.

With respect to the Py and Pa peaks, since
they increase with the hydrogen content and
therefore with the proportion of hydride, it
seems reasonable to associate them with the
hydrides. There are two hydrides: one cubie
and the other one tetragonal. Moreover, the
second is always associated with the first, i.e.,
the tetragonal is always within the cubic and
therefore which of the hydrides (or both)
contributes to the Pz and P3 peak must be
determined. In conclusion, from the phase
diagram and from the observations on the
variations of the heights of the peaks with
concecntration, it can be conciuded that:

a. P1 has to be associated with the hexagonal
phase or the hydride-matrix interface;

b. P2 and Pz must be associated with the
hydrides.
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Each peak will be discussed separately in
order to find the process that produces it.

Peak Py

It might be supposed that this peak is dune
to a stress-induced diffusion of the hydrogen
atoms between the interstices of the hexagonal
oo phase. In fact, Povolo and Bisognil?) have
shown that a singular peak can be obtained
by a reordering of the hydrogen atoms between
the tetrahedral and octahedral interstices by
applying a uniaxial tension in the direction of
the ¢ axes of the crystal.

Schwartz and Mallet 13) have found an acti-
vation energy of 5.9 keal/mol for the diffusion
of hydrogen in the hexagonal phase. This value
is very close to the activation energy for the
P; peak, i.e. 4.6 + 0.5 keal/mol (table 2).
Moreover, the height of the peak increases
linearly with the temperature from which the
sample is quenched (fig. 12); a higher quenching
temperature increases the hydrogen in solid
solution. Finally, the height of the peak does
not change with deformation (fig. 15). There
are various results that are in contradiction
with this interpretation:

a. The P1 peak is much wider than a singular
peak and the difference cannot be explained
even in terms of local distortions of the
latticc produced by the hydride precipitates;

b. The Py peak height increases during ageing,
so either the quantity of hydrogen atoms
in the « phase or the proportion of this
phase in the alloy must increase. The two
possibilities contradiet all that is known
about the phase diagram;

¢. The high value of the frequency factor of
the order of 10-8 seec (table 2} cannot be
associated with atomie jumps, since in that
case it would be of the order of 10-13 gee.

It might be supposed, too, that the peak is
due to hydregen atom pairs, as has been
suggested by Bungardt and Preisendanz %) for
the P3 peak. An observation of the hep structure
shows that it is not possible to have a stress-
induced ordering of the hydrogen atom pairs
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unless the pair is destroyed. Moreover, the
maximum hydrogen solubility in this phase,
at high temperatures, is of the order of 6 at 9
{fig. 1) and since there are two tetrahedral
interstices for each metal atom, only about 3%,
of the holes will be oecupied by the hydrogen;
at room temperature the occupancy will be
much less. Under these conditions, the proba-
bility of forming a hydrogen atom pair is
negligible.

It was shown in fig. 15 that in deforming
a hydrogen-free sample a peak appeared in the
region of Py, but slightly shifted (about 15 °C)
to lower temperatures. This peak eoincides with
one measured by Hagiguti et al. 14) in 99.9%, Zr,
deformed 80%, by cold-rolling, and named Pq
by these authors; this peak did not change
with room temperature ageing and its character-
istics were:

@=4.1 & 0.5 kealfmol;
To=3 x 10-80.5
T'=205 K (1 kefsec).

The P; and Pq peaks are compared in table 3.

TABLE 3
Characteristics of the P1 and Pa peaks

Peak | @ (kealfmol) 1o (sec) T °K {1 cfsec)
Py 4.6 4- 0.5 25 10-8£0.7 144
Pa 41 405 3 100405 126

The P4 peak is believed 15) to be a Bordoni
type peaklf), ie. produced by a relaxation
process that involves reversible movement of
dislocation kinks.

Since P, and Py have similar characteristics,
it is reasonable to suppose that they are
produced by like processes.

Hasiguti 17 18) proposed a model based on
the diffusion of kinks trapped by point defects
to explain the peaks that appear at slightly
higher temperatures than that of the Bordoni
peak in several cold-worked pure metals. When
the movement of the dislocation is not controlled
by kink diffusion, he modified the model and

considered trapped dislocation loops. In hoth
models the relaxation strength is given by

A= ANoI2,

where A is approximately a constant for a given
sample and depends on the temperature, ¢ is
the dislocation density, L the length of dis-
location line between two nodes and N the
number of trapped kinks per unit length of
dislocation.

If the P, peak is taken to be due to a
mechanism of this type, i.e. dislocations trapped
by hydrogen atoms, the increase in height
during ageing can be explained either as being
due to an increase in the dislocation density
produced when the hydride precipitates in the
matrix, or to a migration of the hydrogen atoms
to the dislocation during ageing. Both processes
will raise the height of the peak. In this inter-
pretation, however, it is not clear why the
height of the peak does not depend on the
deformation (fig. 15) and changes linearly with
the temperature from which the sample is
quenched (fig. 12).

It is impossible at this stage to tell exactly
what type of interaction between dislocations
and hydrogen atoms produces the Py peak since
more experimental results are needed on this
peak and on the Py peak. These experiments
are in progress in our laboratory.

Finally, it must be pointed out that a similar
effect was found by Fantil®) in hydrogen-
charged palladium. On charging and deforming,
or vice versa, the Bordoni peak disappears and
another peak is produced at higher tempera-
tures. This peak saturates at very low hydrogen
congentrations (5x 10-4 at 9,) and for a given
deformation, the peak is higher than the
Bordoni peak.

The similarity between this peak and the
Bordoni peak led Fanti to conclude that both
are due to the movement of dislocations near
their equilibrium positions and the hydrogen
acts as a source for kinks so that the peak is
higher than the Bordoni peak. In addition to
this, the hydrogen atoms alter the potential
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barrier to dislocation movement so that the
activation energy is larger than that for the
Bordoni peak.

Peak I

Bungardt and Preisendanz 19) measured the
internal friction of zirconium wires charged
with hydrogen and obtained the P and P
peaks but not the Py peak. These authors did
not. observe the ageing effect and did not study
the dependcnee of the height of the peaks on
the hydrogen concentration. They believed that
the Py peak was a singular one and since the
measured activation energy was very close to
that given by Gulbransen and Andrew 19) for
the diffusion of hydrogen in Zr-H alloys, they
attributed this peak to a process that occurs
in the hexagonal phase with a mechanism
similar to that of the Snoek-peak for bee metals.

Hasiguti et al. 2} obtained data for one of
the peaks measured inslightly hydrogen-charged
Zircaloy-2, which was very close to that of
Bungardt and Preisendanz for the Pz peak. Morc-
over, since the peak increases with quenching
and decreases with annealing, they concluded
that this peak is duc to the stress-induced
diffusion of hydrogen hetween tetrahedral and
octahedral sitcs and vice versa, in the hexagonal
Phase,

We disagree with both Interpretations since,
as was pointed out in the initial part of the
discussion, this peak must he due to a process
that oceurs in the hydrides. In respect to the
fact that the activation energy for the diffusion
of hydrogen is clese to the activation energy
of the peak, it must be noted that the value
11.4 keal/mol given by Gulbransen and Andrew
is for the diffusion of hydrogen in the hydrides
and not in the hexagonal phase.

The Pz peak has a width very close to that
of a singular peak (table 2). Moreover, the
frequency factor is of the order of 1013 gec;
its activation energy is close to that of the
diffusion of hydrogen in the hydride (12 £ 0.8
keal/mol and 11.4 kealfmol respectively) and
the moduius decay is typical of a relaxation
process (fig. 5). All this leads to the conclusion
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that this peak is due to the redistribution of
the hydrogen atoms within the hydrides.

Chang 22) made internal friction measure-
ments in a Zr-H alloy in the homogeneity range
of the 4 phase and did not find peaks. Moreover,
as the  hydride has an fee structure, applying
group-theoretical methods it can be shown 9. 23)
that a preferential redistribution of the hydrogen
atoms between the tetrabedral sites cannot be
induced by applying external stresses. The Py
peak must, then, be produced within the
tetragonal {(¥) hydride.

The cell for the ¥ hydride is shown in fig. 21.
The hydrogen aloms occupy the equivalent
positions:

)
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and the metal atoms the center and corners
of the cell.

Introducing the jumyp frequencies hetween
the sites shown in fig. 21 and applying group-
theoretical methods 9 24), three mechanically
active modes appear, supposing occupancy of
the tetrahedral interstices only. These modes
are shown in fig. 22, together with the relaxation
frequencies (1) and the tension that can excite
each mode.

Supposing that the frequencies we and ws do
not differ too much from w; and wj respectively
{the ¢/ ratio is less than 1.1), the relaxation
frequencies (or the relaxation times} will not
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Fig. 21. Cell for the tetragonal hydride. @ hyd_rogen
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Fig. 22, Mechanical relaxation modes in the 9
hydride.

differ greatly for the Bsz and E; modes. As the
measured peak will be the superposition of the
two modes, it can bc expected that its width
will not differ too much from that of a singular
peak.

In order to make a guantitative estimate of
the peak height it is necessary to know the
changes of the ¢ and e paramcters with the
hydrogen concentration in the phase 25). Un-
fortunately, there is not much information on
the properties of the y hydride, especially in
respect to the composition and the formation
mechanism. Some authors assign the formula
ZrH to this phase !} and others a composition
of about 33 at 9%, hydrogen 13. 20, 26)_

Moreover, there are discrepancies in respect
to the value of the axial ratio %) and it is not
known if this depends on the hydrogen concen-
tration in the alloy.

Accepting the model proposed by Beck 1) for
the formation of the y phase —i.e. asa metastable
product of the 4 phase on cooling — and admitting
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the composition ZrH, then from the phase
diagram the percentage of ¢ phase in the alloy
can be cstimated; this quantity is proportional
to that of the 6 phase. A plot of the height of
the Pz peak vs the quantity of 5 phase (in
percent) does not give a straight line but a
curve through the origin similar to that of
fig. 2. Moreover, with this model the fact that
the size of the ¢ phase needles increases with
time during ageing cannot be explained.

Using the phase diagram proposed by Motz 2)
(fig. 1b) and supposing that all the tetragonal
phase can be retained when quenching from
400 °C, the peak might increase linearly with
the proportion of hydride, at least until near
the homogeneity limit (= 60 at %) of the
tetragonal phase, indicated as & by this author.
This does not happen, as can be seen from
fig. 2, since the peak starts to saturate at
about 40 at 9%, of hydrogen.

The beight of the peak virtually does not
change during ageing. So the quantity of y phase
in the alloy must not change very much with
time if our interpretation of the process is
correct. In fact, from figs. 17 and 18 the values
of the ratio: area y phasefarea d phase (=volume
y phasefvolume § phase) can be estimated in
the initial state immediately after quenching
from 400 °C and after ageing; the results agree
closely.

By taking X-ray Debye-Scherrer diagrams
directly of the wires, we have attempted to
study the influence of ageing on the structures
of the phases that appear in the sample. The
experiments were made on aged and recovered
samples with a hydrogen concentration between
about 15 and 30 at %. Some diffraction lines
appeared at low diffraction angles that had not
been detected by other authors. The appearance
or not of these diffraction lines cannot be clearly
correlated to the ageing and recovery. They
may corrcspand to some of the phases alrcady
present in the alloy since if we compare the
literature data, all authors have not obscrved
the same lines although the X-ray diagrams
were taken on powders ! 2 6). Thesc additional
lines may indicate, too, that the y phase changes
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its tetragomality with time since they are close
to the lines that correspond to this phase,

Peak Pj

This peak must be produced within the
tetragonal phase or in the y-6 interface. The
latter possibility can be disregarded if we take
into account the fact that P increascs {fig. 6)
and the y needles increase in size and decrease
in number during ageing (figs. 17 and 18). In
conclusion, it can be asserted that this peak
must be due to a mechanism that operates in
the p phase.

Chang 22), in studying the propertics of the
4-¢ phase transformation, found an internal
friction peak for a. Zr-H alloy in the homogeneity
range of the e hydride. He attributed this peak
to the stress-induced movement of the boun-
daries of the twins that appear in this phase.
The results for the Ps peak (table 2} with that
for Chang's peak in the £ phase are compared

in table 4.
TABLE 4

Peak Ps | Pealk in the & phase

¢=16.6 + 0.6 kcal/mol =20 kealfmol
T=201 *K (1 cfsec) | T=365 "K (413 cfsec)
width=0.5x 103 °I{-1 . width=1.45 x 10-3°K-1
maximurm height=13x10-3 height=13x 10-3

(56 at %) | (65.8 at %)

Using the expression wre exp (Q/RT)=1, the
temperature at which the Ps peak will appear
for a frequency of 413 cyelesfsec can be
calculated; the value is T=344 °K,

As it can be seen, the magnitudes that
characterize the two peaks do not differ very
much, especially taking into account the fact
that some of the data for the £ phase peak
were not given by Chang but have been calcu-
Jlated by us from the curves he gave. From the
metallographic observations, it is known that
the ¥ phase is twinned and that the amount
of twinning increases with ageing and with
deformation.

Taking into account these results and the
gimilarity between the Ps peak and the peak
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in the ¢ phase, it can be supposed that the Iy
peak is due to the twins that appear in the
y phase.

It is not possible to make quantitative
estimates of the peak height because there is
atill not a theory of the internal friction peaks
produced by twin interface movement, owing
to the complexity of the problem. According
to Zener 27}, the relaxation is produced because
a shear stress across the interface tends to
induce movement of this interface, since it
adjusts its position in order to minimize the
shear stress. This continuous reaccommodation
of the interface produces anelastic effects.

Chang 22), following this idea, attributes the
peak in the £ phase to the redistribution of the
hydrogen atoms from the distorted tetrahedral
interstices in the twin interface to the neigh-
boring octahedral interstices and vice-versa;
the twin interface movement is impeded by
the redistribution of the hydrogen atoms and
is controlled by the hydrogen diffusion rate.

Although the y phase has an axial ratio
¢/a>1 and for the & phase cfu<c1, the two
hydrides have the same structure and it can
be supposed that the mechanism that is acting
in & is valid (naturally with slightly different
results) for y. Moreover, the modulus decroases
with a typical form for a relaxation process
{fig. 8); the shape of the peak and the frequency
factor (of the order of 10713 gec) seem to
corroborate the hypothesis that the P3 peak
must be associated with a relaxation process
controlled by atomic diffusion and, therefore,
supports the idea that the twin interface motion
is controlled by the hydrogen.

Finally, Bungardt and Preisendanz 19) meas-
ured for this peak an activation energy of
17 kealfmol and a width of 0.53x 10-3 “K-1;
these values agree with our results. However,
they have attributed this peak to the movement
of hydrogen atom pair in the hexagonal phase.

5. Conclusions

The internal friction and metallographie
results show that the Pz and P peaks originate
within the hydrides and not {as has been
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reported previously in the literature) in the
hexagonal phase of zirconium.

The values obtained for the activation
energy, width and frequency factor of the Pg
peak together with the changes in the height
of the peak with the hydrogen coneentration
in the sample, show that this peak is produced
by the stress-induced migration of the hydrogen
atoms within the ¢ hydride. This interpretation
is supported by group-theoretical methods,
which show that it is possible to have mechani-
cally active modes for the movement of the
hydrogen atoms between interstitial sites within
the hydride.

The height of the Ps peak incrcases with
hydrogen concentration, ageing time and defor-
mation. The metallographic observations show
that the y hydride presents an increasing amount
of twinning with ageing and deformation.
Moreover, the values of the frequency factor
and the activation energy agree closcly with
those reported for the peak ohserved in alloys
in the homogeneity range of the hydride. This
peak is believed to be produced by the move-
ment of the twing that appear in the hydride.

These facts led to the conclusion that the
P; peak must be associated with the stress-
induced motion of the twins in the y hydride.
Finally, from the variation of the P; peak with
hydrogen concentration, the low value of the
frequency factor and the similarities between
this peak and the peak obtained in cold-worked
high purity zirconium, it can be conecluded that
the P, peak is produced by the interaction
between dislocations and hydrogen aloms in
the hexagonal phase of zirconium.
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