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The compressive deformation of polycrystalline e~zirconium hydride has been investigated
within the temperature range 22 to ~ 400° C and over the composition range ZrH,.,, to
ZrH,..,. The observed deformation modes included slip, creation of new lameillae of
different orientations to those of the main transformation lamellae, and movement of
lamellar boundaries. The results are considered in terms of the contribution of these three
processes to the overall deformation behaviour.

1. Introduction

The cubic é-phase in the zirconium-hydrogen
system transforms to the tetragonal e-phase at
room temperature hydrogen contents in excess
of ~ZrH, ¢ [1, 2]. The extent of the (8 -+ €)
phase field at room temperature has been vari-
ably reported and is considered in some cases to
extend up to ZrH, 5 [3-6]. The crystal structure
of e-zirconium hydride is based on the CaF, type
structure [7]. Sidhu ez al [5] have suggested that
the hydrogen atoms occupy some of the tetra-
hedral sites of the fc tetragonal zirconium lattice
which has cja < 1.

Metallographic  observations of room
temperature structures have indicated that the
banded or lamellar structure formed in the
8 — € transformation occurs as a result of a
martensitic mechanism [1, 8]. Using the
Wechsler, Lieberman and Read [9] relationship,
Chang [10] showed that the cubic, 8 habit plane
in the 8§ — ¢ transformation should be 3° from
the (011). He also concluded that the twin
interfaces correspond to the {101} type planes
of the tetragonal lattice. From these observa-
tions it would appear that the & — ¢ phase
transformation can be explained in terms of a
double shear model, as was originally proposed

to explain the morphology of polycrystalline,
tetragonal indium-thallium alloys [11]. The
large bands in polycrystalline, tetragonal indium-
thallium alloys were explained in terms of a first
shear on a cubic {110} plane in opposite
{110} directions in neighbouring bands; the
fine bands (which are actually tetragonal {101}
twins) were interpreted as manifestations of a
second shear on {110} planes at 60° to the
undistorted {110} planes of the first shear.

The purpose of this paper is to present the
results obtained from compression tests on four
e-zirconium hydrides. These observations will be
considered in relation to their structures, as
outlined above.

2. Experimental

Compression specimens of four e hydrides,
ZrH,.,,, ZrH, ., ZrH,q and ZrH,, were
prepared and tested as described in Part 1.

3. Results

3.1. Deformation of ¢ZrH, ,, and ZrH, ,,
Hydrides

The nominal stress/strain curves of ZrH, ., and

ZrH, ,; specimens are shown in figs. 1 and 2%,

The room temperature stress/strain curves

*Specimens were unloaded to facilitate structural examination and the termination of a test in fracture only occurred

where indicated by the letter F.
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Figure 1 Nominal stressfstrain curves for specimens of
ZrH, ,;,tested incompression over the temperature range
20 to 458° C.
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Figure 2 Nominal stress/strain curves for specimens of
ZrH, ., tested over the temperature range 22 to 423° C.

revealed small discontinuities which were accom-
panied by audible clicks from the specimens.
When specimens were unloaded immediately
after the discontinuities, the previously flat
surfaces were disturbed by the presence of a
lamellar structure and cracks, some of which
appeared to be in planes parallel to those of the
lamellae (fig. 3). Surface slip traces were apparent
within the lamellae when ZrH, ,; specimens
were unloaded after tests at temperatures above
80° C (fig. 4). However, surface slip markings
were less evident on the ZrH, ., specimens
tested above 100° C. The principal deformation
mode in the ZrH, ,, and ZrH, ,, alloys at the
higher test temperatures appeared to be the
movement of the ¢ lamellae. Whilst many of the
surface markings had the appearance of slip
lines, the observations in figs. 5a and b show
them to be fine lamellae. In fig. 6 the lamellae
which were present in the as-grown specimens
were partially destroyed by the deformation. In

- : AR SN 2
Figure 3 The presence of lamellae and cracks on an
originally flat surface of a ZrH, ,; specimen examined

immediately after a load drop in the stress/strain curve
during test at room temperature ( X 60).

Figure 4 Slip lines on the surface of a ZrH, ;, specimen
after 2.5% plastic strain at 95° C (x 130).

fact, the partial or complete removal of the
original lamellar structure was a common
feature of polished and etched sections of
deformed specimens. This feature was directly
attributable to the deformation, since heating to
400° C for 2 h and subsequently cooling to
room temperature had no effect on the as-grown
lamellar structure.

The deformation modes of ZrH, ,, specimens
were further investigated by carrying out the
following experiments. The orientations of edge
grains in 8ZrH;. ¢ specimens were determined to
allow subsequent two face trace analyses. These
specimens were transformed to the lamellar
structure of eZrH; ,, (fig. 7a). Deformation of
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(b)
Figure 5 (a) Fine surface markings cutting the lamellar
structure in a ZrH, ., specimen after 2% strain at 150° C.
(b) The same area as (a) after removal of a surface layer
by mechanical polishing and chemical etching. Polarised
light (X 270).

the € hydrides at 200° C revealed the surface
markings in fig. 7b. Analyses of the markings
(fig. 7b) showed them to be parallel to {101}
planes of the cubic 8-phase and at 60° to the
{101} habit planes for the principal set of e
growth lamellaec. Removal of a surface layer by
mechanical polishing and chemical etching
revealed the presence of the principal deforma-
tion markings (fig. 7c¢). Comparison of fig. 7a
with fig. 7¢ also indicates that some of the as-
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Figure 6 Partially destroyed lamellar structure in a polished
and etched section of a ZrH, ,; specimen after 29 strain
at150° C. Polarised light ( x 285).

grown lamellae were destroyed during deforma-
tion. Some fine surface markings present in fig.
7b are not evident in fig. 7c and this indicates
that these markings were slip traces.

In specimens of ZrH, .., tested at temperatures
in the region of 400° C, polished and etched
sections had the appearance shown in fig. 8.
Single face trace analyses of the fine lamellae in
fig. 8 showed them to be parallel to {101}
planes in the € matrix.

3.2. Deformation of €ZrH, ,, and ZrH, ,,
Hydrides

The nominal stress/strain curves of ZrH; ¢4 and
ZrH, 4, hydrides tested over the temperature.
range 22 to 200° C and 22 to 150° C respectively
are presented in figs. 9 and 10. The equilibrium
vapour pressure of zirconium hydrides approach-
ing the composition ZrH,, increases rapidly
with increasing temperature. Thus, it was
considered appropriate to limit the maximum
test temperatures of the ZrH, . and ZrH,
specimens in order to restrict the possibility of
dissociation and subsequent changes in composi-
tion and structure.

Stress/strain discontinuities were observed in
the ZrH, ;3 specimens up to temperatures of
167° C. The extent of the load drops was not
constant over this temperature range or even at
one particular temperature (e.g. 22° C fig. 9).
The magnitude of the stress at the lower limit of
the load drop, however, appeared to be relatively
insensitive to test temperature. The nominal
stress/strain curves of the ZrH,, specimens



(b)

exhibited similar characteristics to those of the
ZrH, 45 specimens.

Metallographic observations of ZrH; g and
ZrH, 4, revealed similar characteristics. Speci-
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in the temperature range 22 to 167° C showed
surface cracks linked by broad lamellae (fig.
11); the presence of broad distorted lamellae can

Figure 7 (a) Structure of an edge grain in a ZrH, ,; speci-
men of known cubic orientation. Polarised light (< 158).
(b) Same area as (a) after 3% strain at 200° C, Polarised

light (X 158). (c) Same area as (b) after removal of a
surface layer by mechanical polishing and chemical FigureBFine!ameIla in grains of a ZrH, ,;specimenafter

doabiiam P olawio . A aca -t Ann0
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Figure 9 Nominal stress/strain curves of specimens of
composition ZrH, g, tested in compression over the
temperature range 22 to 200° C.
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Figure 10 Nominal stress/strain curves of specimens of
composition ZrH, ,, tested in compression over the
temperature range 22 to 150° C.

also be seen in this figure. Fine lamellae, intersect-
ing the as-grown structure, and associated with
surface cracks, were also evident (fig. 12).

The ZrH,, specimen tested at 200° C
exhibited distorted growth lamellae and new,
deformation induced lamellae. Polished and
etched sections of this specimen revealed
structures similar to those of ZrH; .., specimens
(fig. 8) in which the original banded structure
was destroyed and fine lamellae extending across
the homogeneous ¢ grains were evident.

4. Discussion

The deformation of polycrystalline e-zirconium
hydride is of a complex nature which can involve:
(i) slip; (ii) creation of new lamellae of different
orientation with respect to the as-grown banded
structure; (iii) the movement of lamellar
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Figure 11 Surface of aZrH, 4, specimen examined immedi-
ately after a load drop at room temperature. Polarised
light (x 110).

Figure 12 Fine lamellae associated with cracks on the
surface of a ZrH,,, specimen after a load drop at room
temperature. Polarised light (X 140).

boundaries, which can reduce the number of
different orientations of lamellae in a particular
grain.

The observations of slip traces on the surfaces
of deformed specimens were restricted to alloys
of composition ZrH; ,; and ZrH, ,, tested above
100° C. Although the ZrH,.;; specimens
exhibited only tetragonal lines on X-ray diffrac-
tion powder patterns, the metallography sug-
gested that the § — e transformation was not
completed, and this is consistent with some
reported values for the extent of the (6 + )
phase field [3, 6]. However, the ZrH, 5 speci-
mens were completely transformed to the €
structure and slip traces were observed in this
alloy. Thus, it appears that, under certain
conditions of composition and temperature, slip
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can contribute to the overall deformation
process.

The creation of new lamellae was a character-
istic of the deformation process over the whole
composition and temperature range examined.
This feature is demonstrated by figs. 5a and b,
7a and b, 8 and 12. The crystallographic analyses
of the habit planes of these new lamellae showed
them to be parallel to the {101} planes of the
original 8 matrix at 60° to the habit planes of the
pre-existing lamellae. These factors suggest that
new lamellae were a product of stress aided
growth of twin orientations which did not
predominate during the initial 8 — ¢ transforma-
tion. If the close association between new
lamellar formation, the stress/strain discontinu-
ities and crack formation is also taken into
account, it would appear reasonable to consider
that the formation of new lamellae is analogous
with mechanical twinning. Bolling and Richman
[12] from their work on Fe-25 at.% Be alloys
have shown that one of the characteristics
of a deformation process which occurs prim-
arily by continuous mechanical twinning is that
the flow stress increases with an increase in
temperature. Fig. 13 shows that the limit of
proportionality decreases as the test temperature
is raised for ZrH,.,; and ZrH, 4, alloys. It would
thus appear that new lamellar formation does not
determine the temperature dependence of the
deformation characteristics of ZrH;, and
ZrH, ,,, above 100° C.

Twin boundary movement has been investiga-
ted in indium-thallium alloys [13, 14]. When
single crystals of cubic, indium-thallium alloys
were transformed to a structure containing fine,

tetragonal {101} twins and subsequently
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Figure 13 The temperature dependence of the limits of
proportionality of €ZrH, ;, and €ZrH, ;.

deformed above 0° C, one of the twin orienta-
tions disappeared at the expense of the other
until a tetragonal single crystal was produced.
Chang [10], from an investigation of internal
friction behaviour of €ZrHj 4, interpreted his
observations in terms of stress-induced twin
interface motion and he concluded that the self
diffusion of hydrogen was an important factor in
determining the movement of the twin interfaces.
If lamellar boundary movement involves hydro-
gen diffusion at the twin interfaces then the flow
stress for this particular deformation mode
would be expected to decrease with an increase
in temperature. Thus, the temperature depend-
ence of the limit of proportionality of ZrH,.;,
and ZrH, ., above 100° C (fig. 13) would appear
to be related to the occurrence of slip and
lamellar boundary movement as the primary
modes of deformation.

The stress/strain curves of ZrH;.,;, ZrH;
and ZrH, g (figs. 1, 2 and 9) show that the extent
of the vyield discontinuities increased with
hydrogen content at a particular temperature.
Furthermore, the temperature range over which
the yield discontinuities occurred increased with
an increase in hydrogen content. The disappear-
ance of the load drops with increasing test
temperature appears to be associated with a
decrease in the contribution of new lamellar
formation to that of slip and lamellar boundary
movement to the overall deformation process.
With increasing hydrogen content the activation
energy for self diffusion of hydrogen in zirconium
hydride is expected to increase [15, 16]. Conse-
quently, the temperature at which there occurred
a significant contribution to overall deformation
from lamellar boundary movement, would also
increase. Thus, the stress/strain behaviour at
yield appears, qualitatively at least, to be
consistent with varying contributions from new
lamellar formation and lamellar boundary
movement.

In ZrH, ,, new lamellar formation would
appear to be the predominant deformation mode
at temperatures up to 150° C. It is interesting to
note that over this temperature range the stress
immediately preceding the load drop shows a
general increase with test temperature. A similar
temperature dependence would be expected if the
predominant deformation mode was analogous
with mechanical twinning.

The observation of surface cracks in speci-
mens unloaded at the stress/strain discontinui-
ties (figs. 3 and 11) suggests that crack nucleation
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was associated with lamellar formation. How-
ever, it is not possible on the basis of the present
results to delineate the fracture nucleation
mechanisms.

5. Conclusions

(i) The deformation of e-zirconium hydrides can
occur as a consequence of slip, creation of new
lamellae and movement of existing lamellar
boundaries.

(ii) The new lamellae which are created during
deformation can form over a wide range of
composition (ZrH;.,; — ZrH; 4,) and temperature
(22 to 400° C).

(iii) The limit of proportionality of ZrH,.,; and
ZrH,.,; decreases with increasing temperature
above 100° C, and this behaviour appears to be
related to deformation taking place primarily
by slip and lamellar boundary movement.

(iv) Discontinuities at yield in the stress/strain
curves of e hydrides were associated with new
lamellar formation. The temperature range over
which these discontinuities occurred, increased
with hydrogen content from 22° C in ZrH; ., to
152° Cin ZrH, g».
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