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The presen t paper reports the results o f an inves tigation of the mechanical properties of beryllium 
single crys tals in which the basal plane is at right angles to the compression direction. In the tem
perature range 4.2- 900' K beryllium single crystals of this orientation exhibited unusually high 
strength: at the temperature of liquid heli um the maximum compressive strength reached a value 
of Db = 53 2 kg/mm2. It was found that at high temperatures (500-900·K) beryllium single crystals 
possessed some plasticity due to slip along the second -order pyramidal planes; at low temper
a tures plastic deformation was not observed and practically all the deformation before fracture 
was elastic. 

In t rod u c t ion or slip lines were observed. Fracture occurred instan-
Pl astic deformation disrupts the continuity of a taneously on reaching the critical stress; the sample 

crys tal , and even at the earliest stages of plastic flo w disintegrated into small particles. Lee and Brick were 
a pa rtial frac ture occurs [1, 2]. Therefore, one would able to establish the indices of the planes along which 
expect that crystals oriented so that the principal types fracture occurred by means of the Laue back-reflection 
of plas tic deformation are avoided should exhibit hi gher method. These planes were the basal plane (0001) and 
strength. From this point of view hexagonal crystals are three second -order prismatic planes { ll20}. They 
of speci al interest, since they have a limited number of noted also that asterism in the Laue diagrams developed 
crys tallographic slip and twinning elements, particularly only in two out of the three [1120] zones. However, they 
at low temperatures [3 -5]. gave no information on the nature of the deformation of 

In the case of uniaxial compression of hcp metal beryllium single crystals of this orientation at the higher 
single crys tals a t right angles to the basal plane (0001), temperatures of 300 and 500'C. 
the orientation and the stress state are such that all the Tuer and Kaufman [7] also carried out similar tests 
usual types of plastic deformation are suppressed (Fig. 1) . on beryllium single crystals of 98.890/0 purity. The com-
Twinning along the plane {1012} cannot occur, be - pressive strength at room temperature was 140 -168 
caus e volume changes on formation of twins are related kg/mm2. which is approximately 250/0 lower than the 
to an expansion along a direction at right angles to the value of Db given by Lee and Brick [6]. Tuer and Kaufman 
basal plane (0001). Shear in the basal plane (0001) and observed considerable plasticity at temperatures of 700-
first-order prismatic plane {1010} cannot occur be- 1000'C, but they did not describe the nature of the de-
cause the tangential stresses in these planes are zero . formation at high temperatures. 
Thus the only pOSSible states are elastic compression In an earlier short note [8] the present authors de-
or slip along other crystallographic planes (for example, scribed preliminary experiments on the low -temperature 
pyramidal planes). compression of 99.9% pure beryllium single crystals and 

Lee and Brick [ 6] investigated the plastic properties of calcite single crystals in which the principal elements 
of beryllium single crystals (98.80/0 purity) of various of plastic deformation were also suppressed by selecting 
orientatior.s in the temperature range 20 -500·C, and a particular orientation. 
showed tha t single crys tals in which the basal plane These beryllium and calcite crystals exhibited 
(0001) is at right angles to the compressive forces ex- exceptionally high values of the compressive strength: 
hibited high compressive strengths. The strength Db for example, fracture of a beryllium single crystal in 
varied from 199 .5 kg /mm2 at 20·C to 150.5-158.9 liquid nitrogen occurred at a stress of 410 kg/mm2, and 
kg /mm2 at 300 -S0 0·C. These authors showed that at for calcite at room temperature 0b was 23 kg/mm2. 
room temperature the beryllium single crystals under- In beryllium single crystals of this orientation brittle 
went almost pure elastic deformation; no traces of twins fracture at low temperatures was replaced by some plas-

315 



316 GARDER, GINDI N , AND SllUD IN ; " 
I 

I 

Fig . 1. Hexagonal close-packed 
structure of beryllium : cia 
= 1.568. With this orientation 
of a single crystal the slip along 
(0001) and {10l0} and the twin
ing along {10l2} are avoided. 

ticity at high temperaturcs. It \Vas of interest to find 
the temperature dependence 0 f the mechanical proper
ties of high -purity beryllium single crystals, exhibiting 
high strength at 101,: te mperatures, and the nature of the 
deformation and fracture at high temperatures . For this 
purpos e a study was made of beryllium single crys tals 
oriented so that the ba;al plane (0001) made an angle 
of 90' with the axis of the deforming forces, in the tem
perature range 4.2 -900'](. 

1. :--!aterial, Preparation of Samples, a nd 
Experimental Procedure 

Beryllium single crystals \Vere grown from the melt 
in a vacuum chamber using beryllium oxide crucibles 
[9]. Beryllium distillate of 99 .970/0 purity · was used 
as the initial material. The puri ty of the single crystals 
grown was 99 .9"/0. The orientation of the single crys
tals was determined by the direc t Laue diffraction meth
od. An oriented single crystal was cut into samples of 
rectangular shape of electric -spark machining [10]. Sub
sc.quent treatment of the single -crys tal samples of beryl
lium, consisting of e tching, grindi ng and polishing , was 
similar to the method of preparation of beryllium single 
crystals described earlier [9]. The orientation of the 
crystals was such that the basal plane (0001) was parallel 
to the end surfaces of t he sample and one of the lateral 
(side) surfaces coincided with the second -order prismatiC 
plane {1l20}. Laue diffractograms of the samples in
dicated that the initial structure of the beryllium single 
crystals was highly perfect (Fig. 2). 

The crystals were deformed in a special press [11) 
at temperatures of 4.2, 77, 300, 500, 700 and 9000 K. The 

compression tests a t high te mperatures were carried out 

in an atmosphere of helium in order to prevent oxida
tion of the samples . The rate of deformation was 0.0130/0 

per sec. To avoid penetra tion of the sample into the 
compression surfaces of the press and consequent error 
in the determination of the sample de formation, Pobedit 
spacers were used (Pobedi t is a tungsten -cobalt-carbon
titanium alloy) . Two mutu :-..:y perpendicular side sur
faces of the samples were polished before the metallo
graphic investigations. Indexing of the actual slip and 
fracnae planes was accomplished by plotting the stereo-

graphic projcction from a back-reflection Laue diagram I 
and comparing the results with the microanalysis data . l 

2. Resul t s 
The nature of the behavior of the beryllium single 

crystals under load was different in different temperature 

ranges: 
a) The samples tested at 4.2-3000 K exhibited 

brittle fracture and the deformation preceding fracture 

was predominantly elastic; 
b) The samples compressed at 500 -9000 K showed 

some plastic deformation before fracture. 
This difference appeared clearly in the compression 

curves (fig. 3) . First of all we notice the high values of 
the yield point and compressive strength, the two quan
tities differing little from one another in the temperature 
region 4 . 2-300'K. The total deformation 6 tot of these 
samples was small and mainly elastic. 

A t the tem perature of liquid helium the compressive 

strength a b reached a maximum value of 532 kg/mm2 

and the elastic deformation preceding fracture amounted 

to 0 e = 1.10/0 out of total deformation 0 tot = 1. 7% 
(Table 1). With increase of the test temperature the 
maximum compressive strength decreased, fa lling to 
210 kg/m m2 at 3000 K; the elastic part of the deforma
tion before fracture also decreased, while the plastic 
deformation 6p increased (at T = 300·K , op = 1.0 0/~) . 
At 300 -900° K the compression curves of the samples 
had more pronounced yield points and regions of plastic 
flow with slight hardening. The usual temperature 
dependence of the yield point was observed and, what is 
most important, some plasticity appeared: the relative 
plastic compression 6 p increased with increase of tem
perature and reached 9. 2"/0 at T = 900'K. 

Figure 4 shows the temperature dependence of the 
yield point as and the compressive strength Ob of the 
tested samples. In spite of the different nature of the 
fracture of the single crystals at low and high temper-
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Fig. 2. Laue transmission diagram of a beryllium 
single -crystal in the initial state. 

*The pur ity of beryllium is given without allowance for 

oxygen. 
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Fig. 3. Stress -strain curves for beryllium single 
crystals compressed along their hexagonal axes. 
Temperature ('K): 1) 4 .2; 2) 77; 3) 300 ; 4) 
500; 5) 700; 6) 900. 

a, kg/mm2 

600 

o 300 600 
Fig . 4 . Temperature dependence of 
the compressive strength a b and the 
yield point a s of beryllium single 
crystals on compression at right an
gles to the basal plane (0001), 

atUres, tile abeT) curve is monotonic. Thea,.(T) curve has 
physical meaning only from the tempera ture at which con
siderable shear appears along certain crystallographic 
planes. Therefore in Fig. 4 the as(T) curve joins the 
abeT) curve in the temperature range 300 -500 o K. 

Since optical and electron-microscopic studies of 
the surfaces of the crystals deformed in steps showed no 
traces of slip or t\~inning, the slight plastic deformation 
preceding fracture at low temperatures is obviously due 
to processes of block formation occurring immediately 
before fracture. 

High stresses , close to the compressive strength, are 
necessary to fragment the single-crystal structure (for
mation of blocks). as indicated by the follo\~ing ob
servations: 

1) up to stresses close to the compressive strength 
the sample recovered fully its original dimensions after 
unloading; 

2) on reaching the maximum (breaking) stress the 
crystals fractured instantaneously, disintegrating into very 
small particles. 

The main dimensions of the particles ob tained on frac
ture of beryllium single crystals increased with rising tem
pera ture from d = 1-211 a t T = 4. 2°K to 100 Jl at 300 o K. 

Figure 5 shows photomicrographs of the particles 
formed on fracture of beryllium single crys tals. We see 
that micron size particles formed by low - tempera ture 
fracture do not have defini te crystallographic habi t, in 
contrast to fracture blocks of the single crystals at room 
temperature. Irregular surfaces of the fragments formed 
in low -temperature fracture may be the result of a 
change in the ratio of the crystallographic axes cia due 
to deep cooling. In such a case the linear expansion 
should be very strongly anisotropic . t Moreover, con
sidering the process of crack formation as the accumula
tion of dislocations [13] , we may conclude that the low 
mobility of dislocations at low temperature impedes 
crack grow th; the fracture surfaces are conchoidal with 
a large number of crack nuclei which have hardly grown. 
This also leads to a rise of ab. We may assume that an 
increase of temperature not only lowers the limit of 
block formation but also makes the fracture surfaces 
more crystalline. However, in spi te of the more pro
nounced crystalline nature of fracture no traces of de
formation were found in the fracture planes. This is a 
further proof of the nonshear nature of the residual de
forma tion found on fracture of beryllium single crystals 
in the temperature region 4.2-300o K. The aSSignment 
of indices to the fractured planes indicates that micro
cracks appear and propagate in the second -order pris
matic planes {1l20} , basal planes (0001) and second
order pyramidal planes {1l21} . 

3 . Discussion of Results 
A. Hign Strength of Bery llium Single 
Crystals of Given Orientation 

Comparison of the results given in Tables 1 and 2 
shows that in a wide range of temperatures the value of 
the maximum fracture stress of beryllium single crystals 
of the given orientation (ex = 90') exceeds by a factor 
of 10 the value of the compressive strength ab of berylli
um single crystals oriented favorably for basal slip( ex = 45 ). 
In this case the orientation dependence ( anisotropy) of 
the compressive strength is more important , since the 
temperature dependence of the maximum fracture stress 
is approximately the same for different orientations. 

The high value of the compressive strength of beryl
lium single crystals of the given orientation, particularly 
at low t~mperatures, is due to practically the whole of 
the prefracture deformation being elastic. There is no 
plastic deforma tion in the principal crystallographic 
planes and, therefore. the generation of fracture nuclei 
during loading is avoided . 

t Informa tion is available indicating a rise of cia on 
lowering the temperature in the region 0-1000·C [7]. 
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Fig. 5. Photomicrographs of particles obtained on fracture of beryllium single crystals. 
a) T = 4.2'K , ob = 532 kg/mm2, 0= 1.0-2. 0 !1; b) T = 300·K , ob = 210 kg/mm2, d 
= 100 )1 . (x 200) . 

These experimen ts confirm once again the un
favorable influence of plastic deformation on the strength 
of materials. As il1 the case of whiskers, macroscopic 
si r.gl," crystals are ve ry stron g under conditions ensuring 
large elas tic deformation befo re fracture. 

Although the compressive strength falls considerably 
at high temperatures (500-900·K), the value of ob never
theless remains much higher than the compressive 
strength of beryllium single crystals of other orientations. 
It is interesting that at these high temperatures beryllium 
single crystals have a high yield point corresponding to 

deformation by slip along pyramidal planes. 

In single crystals of the given orientation the elastic 
deformation is spread throughout the crystal. and com
pression throughout the crystal is more uniform. The 
ollly possible mechanism for the observed small residual 
change of the crystal shape is the process of block forma
tion which occurs at very high stresses immediately 
before fracture . This is indicated by the fracture of the 
\\'hole cr ys tal into particles of one to several microns in 
dim ensions. 

B. P yramidal and Basal Slip in Beryllium 
Single Crystals at High Temperatures 

The characteristic feature of the deformation of 
beryllium single crystals of the given orientation in the 
temperature range 500 -900·K is the instantaneous lo

calized shear along second -order pyramidal planes on 
fracture, in contrast to the fragmentation into small 
particles at low temperatures. Figure 6 shows a photo-

TA BLE 1. Plastici ty and Strength Parameters of Beryllium Single Crystals 
on Compression along the Hexagonal Axis 

Bc -2 
Be-5 
Be -7 
He -ll 
Bc-14 
Be-18 

h. 
mm 

· I 2.Hi 
· I 2.11 
· I 2.06 
. : 4.')6 
· i 4.05 
· i 4.05 

i fo• ! 0 IOb.kgl I9bokgl !I:Oe. 
I mm2 ·IT • K tmm2 

., mm2 i 0/0 

1.72 r 4.21 532 I 1.1 

i:~~ I 3~~ ~ig ! g:~ 
7.12 /' 500 124 I 112 I O.t 
5.13 700 90 I 6'l.9 [ 0.3 
5.16 ! 900 72 1 50.4 1 0.3 

0.6 4.745 
0.9 4.55 
1.0 3.5 

1 
4.31 27.3 3.1 
7.5 38.5 3.01 
9.2 45.0 2.39 

TABLE 2. Pri ncipal Elements of Plasticity as a Function of Orientation 

Orientation T, OK 0, 0, 
Nature of plastic deformation 

kg/mm2 kg/mm2 

~ 77 410 - (ElastiC compression; slip P.L(OOOl) 
300 210 - along (0001) and {loIO} 

~ and twinning along (1012} 
avoided by orientation 

P < 45· (0001) 1 
77 34 3.4 ~SliP along basal plane (0001) 

300 18 2.16 

p !I (OOO l) 1 
77 103 5.3 tiP along {1010} p~anes, 

300 64 3.7 twinning along {10l2}; 

~ slip along (0001) avoided 
by orientation 
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fig . 6. Beryllium single crystals deformed 
at 500'K and macrosheared along the second
order pyramidal plane (1124). c5 P = 4.3%, 

c5 tot = 27.3%, ob = 124 kg/mm 2
, )' = 60. 

(x 10). 

Fig. 7. Slip traces in a beryllium single crystal 
deformed at T = 700'K, c5 P = 5.70/0, 0b = 7S.4 
kg/mm2

• The plane of the photograph coincides 
with the first-order prismatic plane (l010). The 
inclined slip traces correspond to shear along the 
second -order pyramidal planes (1214) and (1212); 
horizontal traces represent slip along the basal 
plane (0001). (x 340). 

Fig. S. Fracture of beryllium single crystals at T = 500'K. c5 tot = 27.3%. 0b = 124 
kg/mm 2

• a) Longitudinal bending of (0001) layers with formation of cracks in the 
basal plane; (x 340). b) Principal elements of fracture: (1214), (1l20) , and (0001). 
(x 200). 

graph of a beryllium single crystal which was deformed 
at T = 500'K to fracture and which suffered a macro
shear of relative magnitude y = 60 along a second -order 
pyramidal plane. By plotting the stereographic projec
tion from the back -reflection Laue diffractogram it was 
found that the m acroshear on fracture occurred along 
one of the {1l24} planes. It is characteristic that the 
macroshear accounted for almost SO% of the total de
formation after fracture. A t still higher temperatures 
the fracture of single crystals was also preceded by simi-
1ar macroshear. 

The microscopic picture of slip in beryllium single 
crystals of the given orientation is of great intcrcst. 
Two types of slip traces were found on the polished sur
faces of samples tested at 500,700 and 900'K ; thcse 
were inclined and horizontal traces. The inclincd 
traces and some of the horizontal traces represe nted 
the emergence of pyramidal slip traces, mainly those 
due to slip along the second-order pyramidal planes 

{llM} in the direction [1l23) (Fig. 7). Shear along 
this plane predominated both in the initial stages of the 
plastic deformation and in the fracture of the single 
crystals, which usually occurred after macroshear along 
one of the {11M} planes. In addition, slip IVas ob
served along the second -order pyramid al plane { 1122} 
and the first -order pyramidal planes {lOll}. Other 
horizontal traces on both surfaces of the sample ob
viously belonged to a different slip system, since the 
density of the horizontal traces was greater than the 
density of pyramidal slip traces. In our opinion some of 
the horizontal slip traces are simply traces of basal slip. 
Although the contribution of basal slip to the total de
forma tioh of the beryllium single crystals of the given 
or~enta tion was negligibly small, the existence of such 
slip for this orientation was nonetheless extremely inter
esting. The direction of shear along the basal plane 
coincides with one of the diagonals of the plane (0001) . 

This was established by measuring the breaks in the inter-



320 GARBER, GINDIN, AND SllUBIN 

ference bands at intersections of the horizontal slip traces 
in t\~O mutually perpendicular faces of the sample [12]. 
It should be noted that the direction of shear in basal 
slip in the case of our orientation is [2110], in contrast 
to the usually observed direction [1120J in beryllium 
single crystals oriented :.It a: = 45°. 

We shall consider possible mechanisms for the ap

pearance of basal slip in beryllium single crystals when 
tangential stresses in the basal plane (0001) are zero 
because of the selected oriclltation of the crystals rela
tive to the compressive forces . 

Since the stresses generated on deformation of the 
cryst:.lls are considerable, elastic bending of the lattice 
is possible and consequently tangential stresses may appear 
in the basal plane (0001) which in turn gives rise to shear 
deform:.ltion. An estimate of the magnitude of the elastic 
bcnciing of the lattice sufficient fo.r the appearance of 
tangential stresses greater than the critical shearing 
stresses:): and producing basal slip, gi ves values of 
the bend ing angle less than 1°. 

This is not the only possible way in which shear can 
appear in the basal plane of beryllium single crystals of 
the given orientation. We shall assume that disloca-
tions moving in a pyramidal plane and causing shear in 
that plane are pinned at some obstacle; a stress concen
tration is produced around this obstacle. The compressive 
force at the obstacle will then be oriented at some angle 
to the b~sal plane [the angle between the planes (0001) 
and (ll24) amounts to 38°06 'J. Such orientation of the 
compressive forces with respect to the (0001) plane and 
the stress concentration in this plane may consequently 
give rise to tangential stresses which will cause shear. It 
should be noted that, in our case, shear in the basal plane 
destroys the continu ity of the crystal. Fracture on shear 
in the basal plane (0001) occurs along the planes of the 
second -order prism {ll20} and the second -order py
ramid {1124} , and, moreover , the (0001) layers are 
bent, forming cracks in the basal plane·· (Fig. 8). 

A considerable di vergence should be noted be
tween the present results and those of foreign workers 
[6,7). As mentioned above, the compressive strength 
of beryllium single crystals along the hexagonal axis has, 
according to Lee and Brick [6], a weak tem perature 
dependence in the range 20 -500°C. Moreover, the 
maximum fracture stresses of beryllium single crystals 
at 500'C are higher than at 300°C. 

In the present paper we have shown that the com
pressive strength decreases mono tonically with increas
ing temperature in the range 4.2-9000 K. The com-
pressi ve strength a b decreases almost by a· factor of 3 
between 300 and 9000 K, while Lee and Brick reported 
tha t the compressive strength changed by about 200/0 in 
the same range. This difference between the reported 
temperature dependences of the compressive strength 
can be explained by the different purities of the ma
terials. The weak variation of the compressive strength 
with increase of temperature is related to strong hardening 

caused by dispersion ageing in the process of high -tem
perature plastic deformation of the less pure beryllium. 

Conclusions 
1. Beryllium single crystals of 99.9"/0 purity oriented 

and stressed in such a way as to avoid the possibility of 
plastic deformation in the principal crystallographic 
planes exhibit exceptionally high compressive strengths, 
especially at low temperatures . 

2. A t high temperatures (500 -9000 K) beryllium 
single crystals of the given orientation exhibit plastici ty 
in the form of slip, mainly along the second-order py
ramidal planes {1124} along the direction [1123J. 
Pyramidal slip in beryllium single crystals has a high 
cri tical shear stress . 

3. Basal slip is also observed, and it may be the 
result of either elastic bending of the lattice due to high 
critical stresses of the pyramidal shear, or the result of 
stress concen tration at obstacles impeding the motion of 
dislocations in pyramidal planes. 
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:j:The calculation was carried out on the assumption that 
the law of critical tangentiai stresses is valid. 
•• We may also assume that slip along the planes {1124} 
is the result of penetration of a tetrahedron with the 
bounding planes (0001), (1214) , (2114) and (1124) along 
the hexagonal axis~. The penetration of such a wedge 
obviously produced a longitudinal bending of the( 0001) lay
ers by forces acting from within along the direction (1120). 
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