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An x-ray press-camera for studying plastic deformation of single-crystal and polycrys
talline samples in the stressed state is described. The plastic deformation of berylli
um single crystals of reagent grade purity was studied in this apparatus for three different 
orientations. The x-ray photographs obtained during various stages of deformation are as
sociated with various portions of the deformation curves. On the basis of this investigation, 
certain conclusions have been reached concerning the mechanism of plastiC deformation in 
beryllium. 

As a rule, the elements of plasticity of single 
crystals are studied after deformation of the sam
ples by special testing machines. Although one can, 
by this means, arrive at information concerning the 
type of plastic deformation the crystals have expe
rienced (be it slipping, twinning, kinks, etc.), nei
ther metallographic nor x-ray investigations per
formed on previously deformed samples yield suf
ficiently complete information about the mechanism 
or about the kinetics of these processes. Clearly 
a better way to identify the elements of plastic de
formation or to study the kinetics of deformation 
or the failure mechanism of single crystals and 
also the only way to measure the magnitude of elas
tic deformation of the crystals by direct x-ray tech
niques is to x-ray the samples during the mechan
ical testing process. 

In tliis paper we describe an x-ray investiga
tion of the plastic deformation of single crystals of 
beryllium of various orientations. The selection 
of beryllium single crystals for this study was based 
on the specific plasticity of this material as well as 
on the search for new elements of plasticity in high
purity beryllium samples. In this paper we shall 

. describe only the investigation of the kinetics of 
plastic deformation of single crystals of Be of rea
gent grade purity (99%) with well-known elements 
of plasticity: slip along the (0001) basal planes, 
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prisms of the first kind (1010),and twinning along 
the planes of pyramids of the first kind (1012). 

A special x-ray camera [1] was constructed 
for this study of plastiC deformation of these sam
ples. It consisted of a compact mechanical press 
with automatic loading, equipped with a mechanism 
for simultaneously photographing the deformed 
samples "by transmission" and "reflection". The 
x-ray photographs could be made either at a fixed 
load or directly during the process of loading at a 
slow rate. Not only does this came·ra make it pos
sible to x-ray the sample while it is deforming, but 
it also makes it possible to elucidate the shape of 
the deformation curve. 

The x-raying of samples during the compres
sion process was performed on a Type URS-70Kl 
apparatus with unfiltered iron x radiation. The 
specimens were made from single crystals of be
ryllium obtained by slow crystallization from the 
melt contained in a beryllium oxide crucible. Spec
imens in the form of rectangular parallelepipeds of 
dimensions 2x2x4 mm were prepared in the usual 
way: electric spark cutting, polishing, chemical 
etching, annealing. and electrical polishing. Only 
samples with a relatively perfect structure were 
used in this study, Le., we did not use samples con
taining large grains. 
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The deformation of the samples was studied in 
the following way. The crystal was loaded step-py
step according to a prescribed program. Dyna
mometric and strain gauge sensors were used to 
evaluate the .load and the deformation. Then the 
sample was irradiated. Cycles of loading and pho
tographing the sample were continued until failure 
occurred. Some of the x-ray photographs obtained 
in this way are shown in Fig. la-c. 

Samples of three different orientations (I-Ill) 
were selected for the studies of plastic deforma
tion; these are shown schematically in Fig. 2. 

Figure 2 shows a sche~atic representation of 
deformation curves rather than actual experimental 
curves. This is because the small press-camera 
was not rigid enough and it did not permit one to 

measure the deformation of the samples with the 
desired accuracy. During the tests we were able 
to record only the loads with accuracy; the defor
mations were determined in arbitrary units only. 

The samples with orientation II were subjected 
to a parallel study in a standard testing machine. 
We shall refer to this machine-generated deforma
tion curve throughout this paper. 

1. The basal plane (0001) perpendicular to the 
loading axis. The side faces of the samples were 
(1010) and (1120) planes. 

II. The basal plane (0001) and direction of the 
basal slip (1120) are oriented 45 0 from the loading 
axis. 

m. The plane of a prism of the first kind (1010) 
is oriented perpendicular to the load axis. The side 

Fig. 1. X-ray photographs of initial (1) and deformed (2-6) samples with 

orientations I (a), II (b),and III (c). 
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Fig. 2. Deformation curves (schematic) and 
the orientation scheme of the crystals in this 
investigation. 1-6) Points corresponding to 
x-ray photographs in Fig. la-c. 

faces of the sample are the (1120) and (0001) planes. 
The choice of the orientations indicated above 

is based on the following considerations. 
In the case of type I orientation, the well-known 

elements of plastic deformation of beryllium do not 
occur; twinning along (1012) planes cannot occur 
si!~'!e this would require dilation in a direction op
posite to that of tl:e applied load, and slipping along 
the (0001) and (1010) planes is eliminated because 
there is no component of the force in the slip direc
tion [1120]. This orientation is convenient for ob
serva.tion and investigation of pyramidal slip,which, 
according to [2, 3], has been observed in the metal 
when its purity was 99.9% at a temperature of about 
200°C. The deformation of single crystals of beryl
lium of such an orientation was studied in [2-7]. It 
was shown that in all cases when the crystals were 
compressed at room temperature only plastic de
formation was observable and failure occurred at 
high stresses,which, according to data of various 
authors, varied in the range 140 [6] to 210kg/mm2 [2]. 

Orientation of type II was most convenient for 
slipping along the basal plane. This kind of defor
mation of beryllium has been studied in great detail 
[6, 8-10J. Here our main interest will be in com
paring results involving the comparison of critical 
shear stress data from x-ray and microscopic data 
and also the investigation of the character of struc
tural changes at high deformations. 

The compression of beryllium single crystals 
in the III orientation has been studied in [4, 11]. It 
was shown that when the samples are compressed 
along directions perpendicular to the (1010) or 
(1120) planes. crystal twinning along (1012) planes 
occurs such tl:at the crystal gradually passes 
over into a completely twinned situation. It is of 

interest to study the kinetics of this process of the 
subsequent deformation of the twinned crystal. 

Sample with 0 ri e n ta tio n I. The photo
graphs were taken with the x-ray beam directed 
perpendicular.to the (1010) or (1120) planes of the 
single crystal. Four samples of the same type were 
studied. The x-ray photograph of one of these crys
tals in the initial state is shown in (1) of Fig. 1a. 
For compressive stresses less than 60 kg/mm2 no 
changes were detected in x:.ray photographs. Be
yond this point the reflections began to separate, 
which corresponded to a weak fragmentation and 
the formation of blocks. This process intensified 
with increasing compression: Fig. 1a (2 and 3) 
shows illustrative data for the x-ray process, taken 
at loads of 70 and 150 kg/mm2• No plastic deforma
tion effects were detected, even up to failure of the 
crystals. The deformation curve for this case is 
shown in Fig. 2 (curve I), corresponding to the elas
tic region. The reflection photographs exhibited a 
small shift in the position of the reflections, but be
cause these shifts were small, it was not possible 
to make a quantitative evaluation of the magnitude 
of the elastic compression of the lattice. 

When the crystals of. this orientation were com
pressed in the standard testing machine, the meas- . 
ured values of deformation before failure amounted 
to 1.5%. For loads less than 60 kg/mm2 the defor
mation curve was characterized by a completely 
elastic region while at higher loads some plasticity 
was detectable (0.3 to 0.7%); based on the data given 
above, it is clear tllat this plasticity is completely 
determined by the block-formation processes. 

Failure of the crystals which we studied oc
curred at loads of 130,155, 162 ,and 170.3 kg/rnrn2• 

One sample faiied as a result of static aging after 
being subjected to the load for 1.5 h, rather than 
failing during the process of application of succes
sively higher loads. The x-ray photographs of sam
ples prior to failure did not exhibit any peculiarities 
and were characterized by the growth of the block
formation process. When the samples failed. they 
crumbled into small particles, just as observed in 
[2,4]. 

On the basis of these results, it is possible to 
draw the follOWing picture of the deformation of 
beryllium crystals of basal orientation. The crystal 
lattice experiences only plastiC deformation up to 
loads between 50 and 60 kg/mm2• Afterwards, be
cause of existing imperfections in the crystal lat
tice, a gradual redistribution of dislocations takes 
place with the formation of defective regions with 
small-angle boundaries. The source for motion of 
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dislocations are variations in stress and, conse
quently, the presence of sinks for defects. Disloca
tion pileup, which occurs when the stress increases, 
is accompanied by the formation of the first micro
cracks and destruction of the sample. It is evident 
that the distribution of imperfections in the original 
crystals plays an important role in this process; 
therefore, even samples which appear to be dupli
cates of each other have different strength. This 
is the reason for the wide spread in experimental 
values of the strength as given by various authors . 

Sam pIe 0 fori e n tat ion I I. The defor
mation of samples of this orientation was studied 
simultaneously with the standard testing machine 
and with the x-ray camera. The shape of the defor
mation curves for crystals with orientations con
venient for slipping along the basal plane are shown 
in Fig. 2 (curve II). The critical shearing stress 
was determined in three different ways: on the basis 
of the deformation curve from the break in the curve 
corresponding to the onset of slip; from the appear
ance of the first slip lines as s een during an exam
ination of a deformed sample through a microscope, 
and by the appearance of asterism spots on the x
ray photographs. The value of T 0001 = 1.2 kg/mm2 
calculated from the deformation curves was some
what higher than the values obtained by the other 
two techniques (T 0001 = 1.05 kg/mm2). 

The x-ray photographs of the crystals of this 
orientation in the initial state and after plastic de
formation caused by basal slipping are shown in 
Fig. lb. When the samples were compressed, as 
is evident from the x-ray data,after the small elas
tic region in the curves an intense basal slip is ob
served; the orientation of the crystal remains es
sentially unchanged. At higher deformations the 
displacement along the basal plane is accompanied 
by bending of the slip plane and the appear ance of 
cracks. However, because of the specific charac
teristics of the compression tests, total failure of 
the sample does not occur at this pOint. The x-ray 
photograph Fig. Ib (2) characterizes the slip proc
ess with the formation of kinks; in this case the 
shape of the sample is already changing. X-ray 
studies prove that the elements of plastic deforma
tion, except for slip along the basal plane, are ab
sent in this case. 

Samples of orientation III. X-ray 
investigations of the compressive process of sam
ples in a direction normal to prisms of the first 
kind made possible a detailed investigation of the 
kinetics of twinning in beryllium. The shape of the 
deformation curve and of the different stages of 

compression are shown by the x-ray photographs 
in Fig. 2 (curve III)1 and Fig. 1c, respectively. 

Compression of crystals of orientation III al
lows two elements of plastic deformation to enter 
the picture: prismatic slip in the system (1010) 
[l1'ZO] and twinning along (1012) planes. Analysis of 
the x- ray photograph Fig. 1c and of the deformation 
curve shows that both forms of plasticity appear 
almost Simultaneously at a stress of about 10 kg/mm2; 
however, it is evident that the beginning of slip 
predominates. This is supported by the readily ob
served asterism in the Laue spot of Fig. 1c (2 and 
3). As entirely new regions of the crystal are in
cluded in the twinning process, prismatic slip is 
reduced in importance because of the presence of 
a large number of stress concentrators . The first 
kink in curve III (Fig. 2) characterizes the onset 
of intense twinning. The process of twinning pro
ceeds mainly in the region be tween the first and sec
ond kink in curve III. Different stages of this proc
ess are characterized by x~ray photographs of Fig. 
1c (2-4) . The first of them corresponds to a sam
ple which has preserved its original orientation and 
which has a small number of twins. Twinning spans 
not only the undeformed parts of the crystal but 
also the parts undergoing shear. Weak twinning is 
also observed after the second kink in curve III; 
however, the x-ray photograph which corresponds 
to this portion of the deformation curve essentially 
characterizes a crystal with new orientation. It is 
interesting to note that the reorientation of the sam
ple as a result of twinning occurs in such a way that 
after the crystal has undergone complete twinning, 
it has an orientation close to orientation 1. Since 
twinning occurs without breaking the crystal , fur
ther defqrmatiOll is possible. This process is char
acterized by the second branch of curye III (Fig. 2) 
and the x-ray photograph Fig. 1c (5 and 6). Al
though the normal to the basal plane in the twinned 
crystal is tilted by 6° from the axis of applied stress, 
slip along the basal plane is not observed even up 
to stresses which result in failure. Clearly, this 
is caused by hardening of the specimen resulting 
from the previous plastic deformation. Failure of 
reoriented crystals as well as of samples with ori
entation I, a (1) occurs at high stresses (120 to 140 
kg/ mm2)i. 

Thus in this paper we have studied the mecha-
nism and kinetics of the deformation of single crys
tals of technical grade beryllium of various orien-

1 Curve III is not smooth because twinning is accompanied by the 
appearance of discontinuities on the de formation curve. 
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tations. The resulting data,which in many cases 
could be compared to the results of investigations 
of beryllium single crystals performed by the stand
ard techniques, showed the usefulness of this method 
for investigation of structural changes during the 
deformation process as applied to the plasticity of 
beryllium. 

The authors thank Yu. N. Smirnov and A. S. 
Izmalkov for help in this work. 
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