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Hydrostatic Pressure-Induced Deformation of 

Polycrystalline Zinc 

S. H. Gelles 

Samples of poly crystalline zinc of 99.999+ pct purity 
were observed metallographically after having been ex
posed to hydrostatic pressures of up to 27 kbars. The 
deformation produced by this treatment was analyzed 
using X-ray and metallographic techniques. Basal
plane slip occurred universally in all grains examined 
at the lowest pressure used (8 kbars). At pressures 
of >23 kbars, {l012} twin nucleation and growth were 
noted as well as {1122} slip . Formation of bend 
planes, complex kink bands, and recrystallization at 
the grain boundaries were also observed in this pres
sure range. These observations are discussed in ref
erence to the expected deformation behavior of zinc 
under high hydrostatiC pressure. 

I T has been shown over the past few years 1- 3 that 
anisotropic, polycrystalline metals can be made to 
deform plastically by the application of a hydrostatic 
pressure. The effect is greater 1) the larger the 
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anisotropy of linear compressibility and 2) the smaller 
the stress level needed to produce plastic deformation. 
Zinc having both very anisotropiC linear compress i
bilities and a very low critical resolved shear stress 
(CR88) for basal-plane slip has been shown to exhibit 
large amounts of plastic deformation when subjected 
to a hydrostatic pressure. 2

,3 At pressures up to 15 
kbars, grain boundary migration and slip on one set 
of glide planes have been reported. 3 After exposing 
samples to 20 kbars pressure, grain boundary migra
tion, single slip, multiple slip, and twinning have been 
noted. 3 The identification of the deformation modes 
operative under these conditions has not been reported. 

It was the purpose of this research to identify the 
deformation modes induced in polycrystalline zinc by 
the action of a hydrostatic stress and to study the 
strain accommodation at grain boundaries. 

Hydrostatic pressure could affect the operational 
modes of deformation by altering the Peierls-Nabarro 
stress. This may be roughly approximated by the re
lationship4 

0c ~ ~ exp[-21Td/ KbJ [ 1J 
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where 

(Jc = the shear stress required for dislocation move
ment, 

K = 1 or 1 - v for edge and screw dislocations, re-
spectively, 

,.,. = the shear modulus, 

d = spacing between slip planes, and 

b = Burgers vector. 

For crystals having anisotropic linear compressibil
ities, the ratio d/ b will vary with hydrostatic pressure. 
For zinc undergoing a pressure change from 1 bar to 
30 kbars, a change in axial ratio, Do (c / a) "'" - 0.056, 5 
can be expected. This leads to Do (d/ b) for basal plane 
slip of approximately -0.028. The latter can cause an 
increase of as much as 25 pct in the shear stress to 
move screw dislocations on the (0002) planes (not in
cluding that due to change in elastic modulus with 
pressure) . The change in shear modulus with pres
sure has not been reported. 

The ratio, d/ b, of other potential slip systems 
could increase with hydrostatic pressure. For in
stance, the {1l22}[li23] slip systemS which has been 
found to be operative in zinc under special stress con
ditions would show an increase, Do (d/ b) "'" +0.003, 
which would lead to a 2.7 pct decrease in stress level 
for screw dislocation motion if a Peierls mechanism 
were operative for this system. The ratio, 
TCRSS {1l22}/TCRSS {0002}' would then decrease from 
about l~gO or ~43 at 1 atmS,7 to ~30 at 30 kbars. 
Such a decrease might allow {1l22}[li23] slip to play 
a more important role in the deformation of zinc and 
cadmium. 

Hydrostatic pressure may also increase the stress 
levels for dislocation movement as a result of proc
esses which lead to creation of volume because of ad
ditional work required for them to take place in a hy
drostatic pressure environment or it may change the 
deformation process to one energetically more feasible.s 

The application of hydrostatic pressure appears to 
prevent the nucleation and/ or growth of cracks and in 
this manner provides a means by which large amounts 
of deformation can be sustained without fracture. 
Thus, in addition to effects associated with the high 
hydrostatic pressure , it provides an opportunity to 
study grain boundary accommodation in large-grained 
metals which are usually brittle at atmospheriC pres
sure. The large grain size aids in the ease at which 
individual grains can be oriented. The disadvantage of 
the technique is the difficulty of distinguishing be
tween the effects due to the high pressure and those 
due to large amounts of deformation. 

EXPERIMENTAL METHODS 

Sample Preparation. Samples were prepared from 
Cominco Products grade 69 zinc, 99.999+ pct pure, 
containing 3 ppm Fe, <1 ppm Pb, 0.1 ppm Cd, <0.1 
ppm Cu, 0.1 ppm Mg, and 0.1 ppm Si. Sections of the 
as-received zinc were machined into cylinders ap
proximately t to t in . in diam and swaged with a 10: 1 
reduction in area; diameters of the swaged rod ranged 
from 0.122 to 0.162 in. The samples were then formed 
by filing into rods having an approximately square 
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cross section 0.1 in. square and lengths ranging from 
approximately i to It in. They were polished on two 
adjacent longitudinal surfaces through 600-grit paper 
and diamond-polished with a 6-,.,. paste. Final polishing 
was carried out on gammal cloth with aluminum oxide. 
Initially, the final polishing step was performed after 
a 400°C, 2-hr anneal which was intended to produce 
grains large enough for X-ray orientation. However, 
to insure that the samples would be as free of damage 
as pOSSible, this procedure was altered so that the an
nealing procedure would be the last step. It was found, 
however, that even these samples had to be slightly 
repolished after annealing . Etching to reveal the grain 
structure was done in a 2 pct HN03-98 pct lactic acid 
(89 .7 pct) solution for ~ 15 min. 

The structure produced by this treatment consisted 
of large grains which usually occupied the entire 
cross section of the sample rods and which varied in 
length from ~ 1 to 3 mm. The grains were free of 
deformation markings except for the occasional oc
currence of very light basal-slip traces or twins. 

Pressurization was carried out in a 30-kbar ap
paratus manufactured by Harwood Engineering Co. and 
is similar to that previously described. 9 Pressure 
was measured by monitoring the electrical-resistance 
change of a manganin coil with a Foxboro Dynalogue 
recorder. 

The calibration of the coil was checked in a device 
similar to that described by Bridgman lO at the solidi
fication pressure of mercury at 25.2° and 26.2°C (12.3 
and 12.5 kbars)ll and at the Bi I-Bi II transition pres
sure at 25°C (25.2 to 25.4 kbars)12,13 by noting discon
tinuities in electrical resistance. The transformations 
were found to occur at pressures within ~4 pct of the 
accepted transition pOints. 

After careful metallographic examination and photo
graphic recording of the two polished samples , the 
orientation of individual grains was determined by the 
back-reflection Laue technique. The samples were 
then subjected to a series of increaSing pressures . 
After each pressure step the pressure was released 
and the samples examined metallographically for evi
dence of deformation. Any changes were noted and 
photographs of the changed areas were usually taken. 
Pressurization rates ranged from apprOXimately 200 
to 500 bars a min ; whereas, depressurization rates 
varied from apprOximately 500 to 1400 bars per min. 
Identification of the deformation mode was accom
plished mainly by a two-surface stereographic tech
nique or in the cases where traces were observed only 
on one surface by a one-surface technique. The Laue 
back-reflection technique was applied to the deformed 
samples, as well, to deduce lattice rotations from 
Laue asterism, to determine lattice misorientations 
across bend planes, and to confirm the identify of 
twin planes by a check of twin-matrix crystallographic 
relationships. 

RESULTS 

Twelve grains in a total of three samples were 
analyzed. The grain orientations with respect to the 
surface normals and grain identification are sum
marized in the stereographic triangles of Fig. 1. It 
may be seen that a large spread of orientations is 
covered by this work. 
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Fig. l - (a ) Orientation and grain designation; (b) orientation 
dependence of deformation behavior of individual grains in 
polycrystalline zinc. 

The results of surface observations are summarized 
in Table I. In general, up to > 12 kbars, deformation is 
restricted to glide on a single set of slip planes and is 
generally concentrated near the grain boundaries; this 
is in general agreement with the work of Davidson 
et al. 3 This set of slip planes has been identified as 
the (0002) . 

As the pressure increases , basal-plane slip be
comes more pronounced, and the nucleation of a large 
number of twins is also observed. These have been 
identified as {10i2} by two-surface trace analyses and 
the twin-matrix relationships confirmed by analYSis 
of back-reflection Laue X-ray pictures of regions em
braCing a twin and matrix. In addition, the deforma
tion becomes more inhomogeneous with the formation 
of bend planes and in one case a pronounced kink band. 
Evidence of recrystallization is also noted in the 
neighborhood of some of the grain boundaries. These 
effects are illustrated in Figs. 2 through 6. Fig. 2 
shows grain Cl of sample Zn-15 before being sub
jected to the hydrostatic pressure treatment. Minor 
amounts of basal-plane slip are seen, as well as a 
small twinned region. After subjecting the sample to 
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Fig. 2-Gr ain C j sample Zn-1 5 before pres s ur i zation. Po
larized light; X48. Reduced appr oximately 35 pct for repro
duction . 

F ig. 3- Grain C j sample Zn-15 after exposure to 26.9 1 kbars 
hydrostatic pr essure. P ola rized light ; X48. Reduc ed approxi
m ately 43 pct for reproduction. 

a pressure of approximately 27 kbars, various types 
of deformation are encountered, Fig. 3. One notes 
four sets of {1012} twins , large amounts of basal
plane slip showing some curvature, and shaded re
gions illustrative of bend-plane formation. One may 
also note that the grain boundary on the left in Fig. 3 
has changed somewhat from that shown in Fig. 2. This 
will be discussed below. Figs . 4 and 5 show grain E2 
of sample Zn-15 after exposure to a hydrostatic pres
sure of approximately 12 kbars and after being ex
posed to 27 kbars, respectively. It will be noted that 
the intenSity of basal-plane slip has increased 
markedly with increasing pressure and that a sharp 
bend plane (denoted by a discontinuous change in con
trast) has formed near the left center of the grain. 
In addition, other less intense bend planes have formed . 
A grain boundary to the right of Fig. 5 has become 
much coarser and on examination at higher magnifica
tion, Fig . 6 appears to be made up of small grains. 
Other grain boundaries in this sample have similar 
appearance after being exposed to 27-kbar pressure. 
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Brinson and Hargreaves 14 have also noted recrystal
lization in zinc at room temperature beneath hard
ness indentations. 

The degree of misorientation across various bend 
planes was determined by a back-reflection Laue 
technique in which the beam was made to encom
pass the two misoriented grain portions. The mis
orientation was found to range from 1 to 2.5 deg in 
the small number of bend planes investigated. The 
misorientation across the sharp bend plane in Fig. 5, 
for instance, was 2.5 deg. The axis around which the 

bend took place could not be determined precisely but 
made an angle of between 20 and 30 deg with the basal 
plane . The axis of rotation that would be deduced from 
the usual models of bend-plane formation in zinc would 
be the (1010) direction. The mechanism of bend-plane 
formation thus appears to be more complicated when 
there are unusual stress conditions. 

Nonbasal-plane slip was observed relatively fre
quently after exposure to the higher pressures. The 
traces, usually seen only on one surface , are consis
tent with {1l22} slip. The appearance of these traces, 

Table I. Summary of Pressurization Experiments 

Pressure, kbar 

7.89 

11.86 

23.69 

9. 87 

24.78 

11.86 

26.91 

Rate of Pressure 
Increase, bars 

per min 

523 

282 

358 

235 

263 

348 

532 

*Orientation of grain not determined. 
t Subscripts denote surfaces observed. 
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Rate of Pressure 
Decrease, bars 

per min 

525 

564 

1390 

658 

592 

666 

Grain 

Sample no. Zn-11 

A 
B 
C 

°i 
E* 

A 
8 
C 
0: 
E* 

A 
B 

C 

0* , 
E* 

Sample no. Zn-14 

A 
8 
C 

° A 
B 

C 

° 
Sample no. Zn-15 

A 
B 
C 

° E 

A 

8 

C 

° 
E 

Observations 

Faint basal-plane slip lines in A1 and A, 
Faint basal-plane slip lines in 8, 
Faint basal-plane slip lines in C,. more pronounced in C, 
Pronounced sUp markings 
Faint slip lines in E" none in E, 

More pronounced basal slip lines in A ,and A, 
Little change from observations at lower pressure 
Little change from observations at lower pressure 
Pronounced sUp markings 
More pronounced slip markings in E, 

Very pronounced basal slip lines 
More pronounced basal slip lines; growth of existing 110121 twin 
Nucleation of new twins near grain boundary 
More pronounced basal slip lines in C, and C,; nucleation of 
large 110i21 twin in C, 
Pronounced slip markings 
Pronounced slip markings in E,; twin nucleation in E, 

Pronounced basal slip traces in A, and A, 
Faint basal-plane slip traces in 8,; bend-plane activity in 8, 
Basal-plane slip traces in C, and C, 
Faint basal-plane slip traces in 0" none in 0, 

Very pronounced basal-plane slip traces in A, and A, 
Pronounced basal-plane slip in B, and 8,; large amount of IIOi21 
twinning in 8,; nonbasal slip traces in 8,. probably 111221 
More pronounced basal-plane slip in C, and C,; nucleation of 
IIOi21 twin in C,; growth of existing twin in C, 
Pronounced basal-plane slip lines in 0, and 0,; bend-plane 
acti vity in 0,; evidence of duplex slip consistent with 111221 

Fairly pronounced basal-plane slip in A, and A, 
Fairly pronounced basal-plane slip in B, and B, 
Small amount of basal slip lines in C, and C, 
Faint basal-plane slip traces in 0, and 0, 
Faint basal-plane slip traces in E, and E, near grain boundary 

Extensive amount of basal-plane slip; large amount of twinning 
and bend-plane formation; presence of non basal slip in A,. 
probably 111221 
Large amount of basal-plane slip in 8, and 8,; large kink 
formation accompanied by necking; rotations of the order of 
15 deg involved 
Pronounced basal slip traces in C" less pronounced in C,; 
large amount of IIOi21 tWinning and very pronounced bend-plane 
activity 
Very pronounced basal-plane slip lines in 0, and 0,; small amount 
of 110i21 twinning in 0, and 0,; bend-plane formation in 0, and 0, 
Very pronounced basal slip traces in both E, and E,; extensive 
bend-plane acti vi ty and 110i21 twin formation 
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Fig. 4-Grain E2 sample Zn-15 after exposure to 11.86 
kbars. Polarized light; X48. Reduced approximately 47 pct 
for reproduction. 

Grain )2 

Fig. 5-Grain E2 sample Zn-15 after exposure to 26.91 
kbars. Polarized light; X48. Reduced approximately 43 pct 
for reproduction. 

as has previously been noted,15 is rather indistinct, 
Fig. 7 , but they are more readily seen with the aid of 
~hase-contrast metallography as shown in Fig. 8. 
t1122} slip was seen in almost all grains whose sur
face normals were close to the (0001) direction as is 
illustrated in Fig. 1. In these orientations the inten
sity of basal-slip lines is relatively small and so 
would not be expected to interfere with the viewing of 
other slip lines. It is more than likely that {1122} slip 
has taken place in many more of the grains, but inter
ference by basal-plane slip traces has prevented gen
eral observation of the pyramidal-plane slip traces. 

Other more complex deformation behavior has beel1 
observed in these experiments. Fig. 9 illustrates one 
such region, grain B 1 of sample Zn-15, after exposure 
to ~27 kbars. The central region located approxi
mately halfway between the grain boundaries (not 
shown) has been reduced in dimension substantially, 
whereas the dimensions of the region near the left and 
right of the photograph, close to the grain boundaries, 

TRANSACTIONS OF THE METALLURGICAL SOCIETY OF AIME 

Fig. 6-Grain boundary between grains D2 and E2 sample 
Zn-15 after exposure to 26.91 kbars. Polarized light; X600. 
Reduced approximately 18 pct for reproduction . 

Fig. 7-Grains B t , Ct , and D j sample Zn-14 after exposure 
to 24.78 kbars. Polarized light; X48. Reduced approximately 
53 pct for reproduction. 

have remained unchanged. The basal planes whose 
traces form a kinklike pattern are nearly perpendicu
lar to the plane of view. To ascertain the orientation 
shifts involved in the different regions of the grain, 
Laue back-reflection X-ray patterns were taken in the 
various numbered regions and compared to the original 
orientation. In Region 1 the orientation change involves 
a 15-deg rotation about a (1010) direction lying in the 
plane of view and parallel to the basal slip trace. In 
Region 2 the major orientation change can be de
scribed by a rotation of 15 deg around a normal to the 
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(0002) 
Slip Trace 

Fig. 8-Grain D j sample Zn-14 after exposure to 24.78 
kbars. Phase contrast; X937. Other traces are polishing 
scratches. Reduced approximately 34 pct for reproduction. 

plane of view and a 5-deg rotation around the same 
axis as in Region 1. The orientation of Region 3 is 
essentially unchanged from its original one; however, 
the Laue pattern shows a large amount of asterism 
demonstrating the inhomogeneous deformation. The 
analysis of the mechanism of formation of such com
plex structures is complicated by a lack of knowledge 
of the stresses induced by the neighboring grains. 

DISCUSSION 

No entirely new deformation modes have been in
duced in zinc by exposure to a high hydrostatic pres
sure environment. All have been seen before in zinc 
deformed at atmospheric pressure. This does not 
however rule out the possibility that deformation by 
means of {1122} slip is made easier relative to (0002) 
slip at high pressure as would be predicted from Eq. 
[1]. In fact, the evidence that {1122} slip is observed 
whenever basal-plane traces are not too intense, i.e., 
when the normal to the observed surface is close to 
(0001), gives some support to this hypothesis, see 
Fig. l(b) . 

The observations are not at variance with Pugh's 
idea that the enhanced ductility of zinc under high 
pressure is based on a critical tensile stress criterion 
for fracture. 16 The application of a hydrostatic pres
sure could thus prevent the nucleation and/ or growth 
of cracks and allow the shear-stress level to become 
higher. This in turn might allow more systems to en
ter into the deformation process. Measurements on 
single crystals of the stress leve Is to activate the dif
ferent deformation processes should provide an answer 
as to which of the aforementioned processes is more 
important. 
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Fig. 9-Grain B j sample Zn-15 after exposure to 26.91 
kbars. Polarized light; X48. Reduced approximately 45 pct 
for reproduction. 

No evidence of grain boundary sliding was detected 
in this work, in contrast to the work of Davidson et al. 3 

This may be due to the fact that Davidson held his 
samples at pressure for 30 min before pressure re
lease, whereas the samples in this study were brought 
to pressure and immediately released. Another pos
sible important factor is the much smaller grain size 
of Davidson's samples or possible differences in 
chemical composition. 

Recrystallization near some of the grain bound
aries after exposure to the highest pressure used in 
this study (27 kbars) offers means for relaxation of 
stress in polycrystalline zinc in addition to the more 
usual (0002), {1122} slip, {1012} twinning, and bend
plane formation . 
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