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AN INVESTIGATION OF THE FACTORS AFFECTING THE 
FRACTURE CHARACTERISTICS OF CRACKED TUNGSTEN CRYSTALS 

Paul Leland Key, II 

Inorganic Materials Research Division,Lawrence Radiation Laboratory, 
and Department of Materials Science and Engineering, College of Engineering, 

University of California, Berkeley, California 

December 1968 

ABSTRACT 

The fractUre of tungsten single crystals containing cracks of a 

known size and shape was investigated both analytically and experimentally. 

Analytically, the methods of linear elastic fracture mechanics have been 

applied to establish several possible criteria for the fracture of 

cracked crystals including both critical local stress and critical strain 

energy release rate criteria. Experimentally, small cracks (about 150J..l 

deep) were introduced into tungsten single crystals of various crystallo-

graphic orientations by a spark discharge technique. The tensile fracture 

behavior of these cracked crystals was then evaluated at room temperature 

for both unannealed crystals and for crystals annealed in the range ]2000 

to 2400°c. The fracture of many of the cracked crystals required a sharp 

crack to be nucleated from the spark induced crack prior to fracture. The 

fracture behavior of these crystals was controlled by the crack nUCleation 

processes. For other crystals, the spark crack could be directly propaga-

ted and a crack propagation criterion based on either a local or total 

strain energy release rate appeared to best describe the data. 

The fractUre behavior of cracked tungsten crystals was significantly 

affected by annealing. At room temperature, the fracture surface energy 

decreased, then increased as the annealing temperature was increased and 

the opposite effect was observed at liquid nitrogen temperature. 
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I. INTRODUCTION 

It is considered desirable to use single crystals in fundamental 

studies of mechanical processes in metals because of the complications that 

grain boundarfes and the mechanical restraint. between grains create in 

polycrystalline· aggregates. The process of plastic deformation has been 

extensively investigated using single crystals (1). This has not been 

the case with the brittle fracture process where most of the work has 

been on the fracture of cracked polycrystalline metals and where little 

attention has been given to the behavior of cracked single crystals. 

This emphasis on the fracture of polycrystalline metals results from 

the engineering origin of most fracture studies and not for a fundamental 

reason. In fact, there is a closer relationship between some brittle 

·,fracture proces:ses in single crystals and in polycrystals than there is 

for plastic deformation processes in these two systems. Specifically, 

brittle fracture is a local process occurring along a line (the fracture 

front); transgranular brittle fracture of a polycrystalline solid can 

be described as the sequential fracture of the component crystals by the 

propagation of this fracture front. Plastic deformation of a polycrystalline 

solid, on the other hand, is the collective response of all the crystals in 
\ 

the aggregate and represents an average of the plastic deformation occurring 

in the individual crystals. Fracture studies of cracked single crystals may 

thus add substantially to the understanding of fracture processes in 

polycrystals. 

The purpos~ of this investigation is to study the brittle fracture of 

single crystal" metallic specimens contai.ning cracks. The associated 

problem of cra(~k propagation across grain boundaries ,iill not be discussed, 
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fracture criteria to be studied. Fract.ure tests on cracked crystals were 

performed at both room and liquid nitrogen temperatures. Some tensile 

tests of unnotched specimens were also made at both temper~tures. 

2. Annealing Effects 

, Tungsten single crystals of [OOi] orientation were annealed at 1200, 

1800, and 2400o c. Cracks were introduced into these crystals on the (001) 

plane and the crystals were tested to failure at room temperature and at 

liquid nitrogen temperature. Tensile tests of annealed but uncracked 

specimens were also made. 

Post test evaluation of' the fractured' specimens included fractography 

by optical microscopy and by scanning electron niicroscopy(SEM). Dislocation 

.etch pitting techpiques were also employed to evaluate local plastic 

deformation and substructure. 

B. Specimen Preparation . 

. 1. Crystal Growth 

The single crystals used in this study were prepared by the electron 

beam floating zone process. The starting material was 3/16 inches diameter 

sintered tungsten rod (General Electric MK grade).' The procedure for· 

preparing single crystals was to make three zone refining passes at 

7 mm/min and a final crystal growing pass at 3 mm/min. The total pass 

length was about ten inches long. 

-6 
2 to 7xlO mmHg. 

The vacuum during these passes was 

For the initial crystals, the length of a pass was limited by the 

short life of the electron beam filament due to rapid metal buildup on 

the filament. To reduce this buildup, several rods were given initial, 

nonmolten passes in an attempt to reduce gaseous impurities which caused. 

. ., 

. ,. 
\.' 

.... 

".' 
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sputtering during molten passes. However, these outgassing passes did 

not significantly reduce sputtering and so they were discontinued~ Next, 

smaller filament wire diameters were tried; the original diameter of 

0~030 inches was reduced to 0.025 and to 0.020 inches. A smaller filament 

diameter has greater ohmic heating for a given current and thus produces 

a hotter filament which minimizes metal buildup. The filament must be 

large enough, however, to prevent it from drooping and thus destroying 

the floating zone. It was found that a 0.020 inch diameter filament had 

excessive droop but that a 0.025 inch diameter filament was adequate in 

this regard. Using 0.025 inch diameter filaments, the total length of 

rod refined per filament increased fran8 to 10 inches (for 0.030 inch 

diameter filaments) to 30 inches . 

. A total of thirty-five crystals were gro~ as shown in Fig. 1 

(crystal 9 is not shown since it was used for seeding; crystal 20 is not 

shown because it was not used in this investigation). Crystals 1 to 19 

were not seeded and had random as-grown orientations. Crystals 21 to 36 

were seeded to the orientations shown in Fig. 1 by using the random crystal 

of the nearest orientation as a seed crystal. A two circle goniometer 

seed holder was used for the orientation in the zone refining furnace. 

The impurity analyses of the starting material and the completed 

rods are shown in Table I. To minimize surface contamination, the 

chemical samples were prepared by first electropolishing all surfaces to 

remove a minimum of .002 inches. The samples were then cooled to 77°K 

and shattered on,a stainless steel anvil by a sharp hammer blow. The 

final analytical srullples were select(~d from the shattered pieces, thus 

eliminating possible contrunination in cutting the sample to size with a 
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cut-off wheel. Vacuum fusion analysis was used for H2 , N2 , and 02 while 

a combustion analysis was used for C.The minimum detectable limits of 

these elements with these methods are H2 (0.5ppm), N2 (1 ppm), 02 (lppm) 

and C (2 ppm) (28). Emission spectrographic analysis ,.as used for the 

Fe and Mo analysis; no other major impurities were detected by a semi

quantative spectrographic analysis. 

Figure 2 shows the ,dislocation etch pit array in as-grown crystals. 

The presence of a few low angle boundaries is indicated, although most 

x-ray Laue patterns exhibited sharp spots ~hat indicated little misorien

tation. The dislocation density was about 10
6

_107 lines/cm
2 

for as-grown 

crystals. Several etch pit techniques were evaluated including the 

Millner-Sass reagent (29), electrolytic etching in a solution of 2% by 

weight of NaOH (30) and immersion in a solution of 85.7gm of K
3
Fe(CN)6' 

22.2g of NaOH and 400 ml of distilled water (31). All these etchants 

have been shown to reveal dislocations in tungsten by Berlec (32) but the 

electrolytic etch in 2w/o NaOH solution was selected for the present 

investigation for convenience because this solution was also used for 

electropolishing. The etching conditions were 2 volts dc for three 

seconds using a stainless steel cathode. 

2. SpecimenFabrication 

A total of ninety-five single crystal specimens of the configuration 

shown in Fig. 3 were prepared from the thirty-five crystals available. 

The central square gage section was oriented such that the (001) cleavage 

plane was normal to one side of the gage section (Fig. 4). This oriented 

square gage section was chosen so that the stress distribution on cracks 

on the cleavage plane would be similar for specimens of various 



-9-

orientations; the resolved shear stress is always parallel to one side of 

the gage section. Additionally, the square cross section simplified 

trace analysis of crystallographic features such as twins and slip lines. 

The specimens were fabricated in a'series of steps. First, the 

crystals were cut into 2 inch lengths and both the overall and the gage 

section diameters were centerless·ground. Part of the end of the specimen 

was then electropolished to eliminate asterism in the x-ray patterns and 

back reflection Laue patterns were made perpendicular to the axis of the 

specimen. Using these x-ray patterns, the crystal was oriented in 

accordance with Fig. 4. A special clamp was attached to the specimen so 

that a flat surface on the clamp was parallel to the oriented side. This 

flat surface on the clamp was used as a reference surface for grinding 

the cross section with the appropriate orientation. After grinding, the 

square gage section was polished by hand with 400 and 600 grit silicon 

carbide papers and then electropolished to remove at least 0.002 inches 

from the gage section. Back reflection Laue spots from the polished gage 

section were sharp indicating that the region deformed during grinding 

had been removed. 

The electropolishing reagent used in this study was 2 percent by 

weight of NaOH in distilled water (24). The electropolishing conditions 

for the specimen geometry were established by e:x:perimentally determining 

the current-voltage relation shown in Fig. 5. The polishing conditions 

so established were 12 volts de for a slowly rotated specimen ( ...... i 

revolution/min) using a stainless steel cathode. The rate of metal 

removal from a cylindrical tungsten rod for these polishing conditions 

is shown in Fig. 6. Because of the variation in polishing rate along the 
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specimen length shown in Fig. 6, the specimens were reversed half way 

through the polishing cycle. 

3. Cracking 

The technique of Hull and Beardmore (21) was used for introducing 

small, sharp cracks into the single crystals. This technique involves 

the use of a tungsten wire ground to a sharp point as a tool in a 

commercial spark-machining 'unit (Servomet). By manipulation of the spark

machining high voltage controls, only one spark was allowed to pass 

between the tool and the specimen. The spark locally melted a small 

region, expelling some material and producing a cavity, as shown in Fig. 7. 

The residual stresses set up during solidification of the cavity (tension 

in the solidified material changing to compress,ion in the surrounding 

region) induce sharp cracks on (001) cleavage planes (Fig. 7). The shape 

of the crack on the cleavage plane is semielliptical, as seen in Fig. 7. 

By varying the intensity of the spark (increasing the capacitance used to 

supply the spark), the depth of the crack could be varied. Fig. 8 shows 

this variation in crack depth as measured on the fracture surface of 

tested specimens plotted as a function of the energy discharged in the 

spark. For the most of the cracks introduced in tungsten crystals in 

this study, a spark energy of 0.12 joules was used (Servomet setting 2), 

which produced cracks about 150~ in depth. 

The initial crystals were tested with only a single spark-induced 

crack in the gage section .. This crack was located on the side of the 

section normal to the ,(001) cleavage plane (see Fig. 4). The results of 

these init:Lal t.ests exhibited an experimental ~)catter which was attributed 

t.o either bending eL'feet" (see below) or to variations in the crack tip 
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geometry. The scatter was not completely removed by minimizing bending 

effects (see below) so that the number of cracks was increased from one 

to about ten per specimen, with cracks located on all four faces of the 

gage section. The purpose in increasing the number of cracks was to 

increase the probability of obtaining a crack with a sharp tip in each 

specimen. As shown below, this technique further reduced the experimental 

scatter.' The cracks were placed a minimum of 0.100 inches from other 

cracks and from the end of the gage section. This minimized interaction 

between the stress fields of the cracks and with the change in cross 

section. 

4. Annealing 

Specimens used for the evaluation of annealing were annealed in a 

helium atmosphere of 2 - 4 psig in a resistance furnace at temperatures 

of 1200, 1800, and 2400oc. The annealing cycle was one hour plus a five 

minute period to reach temperature and a five minute period to cool down. 

Temperatures were measured with an optical pyrometer. 

C. FractUre Testing 

The cracked tungsten single crystals were loaded to failure in 

tension in a 5000 kg capacity, Instron testing machine. The loading ratei 

was 0.02 cm/min for all tests. The loading apparatus is shown in Fig. 9 

and the specimen grips are shown in Fig. 10. 

Axial alignment is very important for tensile testing small diameter 

specimens; for the specimens used in this investigation an axial mis

alignment of 0.001 inch will produce a transverse stre~s gradient due to 

bending of 15% across the gage section. Large bending stress gradients 

would significantly change the stress environment of the spark induced 
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crack and thus should be minimized. The apparatus shown in Figs. 9 and 10 

was designed to reduce axial misalignment. The loading bar was connected 

to' the load cell through a universal joint and a spherical seat. The 

specimens were loaded by their ground shoulders; the grips were relieved 

to prevent bending. The bending moment compensator shown in Fig. 9 was 

replaced by a spherical seat for the initial crystals tested. However, 

the scatter in the initial data indicated that bending might still be 

occuring. An uncracked sample was instrumented with small strain gages on 

each of the four sides of the square gage section and loaded in tension 

to various loads. These tests indicated that stress gradients were 

sometimes developed which would be especially significant at the expected 

low stresses for fracture of cracked specimens. In addition, the direction 

and magnitude of the stress gradient could be varied by moving the parts 

of the loading apparatus. It was decided therefore, to modify the 

loading apparatus and test procedure. The bending moment compensator 

shewn in Fig. 9 replaced the lower spherical seat. By adjustment of the 

three screws on the bottom of the compensator, the stress gradient on the 

tensile specimen could be removed. 

To use this compensator, all the specimens had to be instrumented 

with strain gages. These gages .Tere attached to three of the four sides 

of the gage section (see Fig. 11). A fourth gage is unnecessary since 

the sum of the strains on opposite faces must be equal. Epoxy backed, 

constantan gages with an effective gage length of 1/32 inch were used. 

All gages used at liquid nitrogen temperature were temperature compensated 

for tungsten. DunlIllJr gages were bonded to a sheet of polycrystalline 

tungsten which was attached to tile loading apparatus near the specimen. 

.. 



'. 

-13-

The gages were monitored with an Offner, multiple channel, strip chart 

recorder. At liquid nitrogen temperature, the strain gages were coated 

with silicone grease to prevent noise resulting from local heating pro-

duced by the momentary thermal insulation of the gage by a bubble in the 

liquid nitrogen (33). 

The test procedure for room temperature tests consisted of loading 

the specimen to a stress of 500 to 1000 kg/cm2 and then stopping the cross-

head. The strain gradients were then adjusted to zero using the bending 

moment compensator. 
. 2 

The loading was then continued for another 1000 kg/cm 

or until the strain gages indicated a large strain gradient. The test 

would then be interrupted and the gradient removed. This procedure was 

continued to fracture of the specimen and resulted in reducing the 

gradient at fracture to less than about 10 percent. 

The test procedure for the low temperature tests differed from the 

room temperature procedure since the entire loading assembly was immersed 

in liquid nitrogen for the test preventing adjustments of the compensator. 

/ 2 
The specimens were preloaded to about 1000 kg/cm at room temperature 

and the strain gradient removed. Beardmore and Hull (34) have shown that 

this level of prestress at room temperature does not significantly affect~ 

~he fracture stress of tungsten at liquid nitrogen temperature. The load 

on the specimen was then reduced to 300 kg/cm2 to maintain alignment and 

the loading apparatus was immersed in liquid nitrogen. The load was 

maintained constant at 300 kg/cm
2 

during .the cooling of the loading 

apparatus by adjusting the crosshead position to compensate for thermal 

contractions. When the ni tl'ogen bath became quiescent and the thermal 

contractions ceased, the specimen was loaded to failure. Because the 



-14-

fracture stresses at 77°K are significantly lower than at room temperature, 

the single adjustment of the strain gradient before cooling to liquid 

nitrogen temperature was adequate to assure strain gradients were less 

than about 10-15 percent at fracture. The temperature of the liquid 

nitrogen bath was monitored with an iron-constantan thermocouple to assure 

that no significant pickup of liquid oxygen occurred. 

D. Evaluation 

The evaluation of the specimens included optical microscopy of all 

specimens of the fracture surface and of the gage section surfaces for 

evidence of slip bands or twins. These surfaces on selected samples were 

also viewed with a scanning electron microscope. Back reflection Laue 

x-ray patterns were taken of the fracture surface to determine if the 

plastic deformation accompanying brittle fracture in 'a metal would produce 

asterism. Dislocation etch pit arrays were evaluated on the fracture 

surface and on sections beneath the fracture surface exposed by polishing. 

Etch pit arrays were also viewed on the gage section surfaces and on 

cross sections of the samples away from the fracture plane. 
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III. OBSERVATIONS 

A. Mechanical Behavior 

Typical stress-strain behavior of the tungsten crystals is illus-

trated in Figs. 12 and 13 for uncracked crystals and in Figs. 14 and 15 

for cracked crystals. The behavior of the Uncracked crystals is similar 

to that obtained previously in studies of uncracked crystals (24, 26, 27). 

Two observations can be made on the uncracked crystals which may be per-

tinent to the behavior of cracked-crystals. First) although tungsten 

is elastically isotropic, it is strongly plastically anisotropic, es-

pecially at room temperature. Second, tungsten crystals exhibit substan-
I}. 

tial ductility at room temperature, although the ductility is considerably 

reduced at liquid nitrogen temperature. At room temperature, the uncracked 

crystals ha.d 10 to 20 percent elongation and specimen 34A [110] orientation 

necked completely down to a chisel edge parallel to a (110) direction. 

Thus, tungsten is not inherently brittle but only very sensitive to flaws 

as shown in Figs. 14 and 15~ . 

As shown in these figures, the cracked crystals exhibit little 

ductility even at room temperature. With the samples instrumented with 

strain gages, it was possible to observe plastic deformation during 

testing. Very little yielding Ivas observed with the samples tested at 

liquid nitrogen temperature. The apparent elastic modulus for tungsten 

calculated from the mean of the strain gage readings and the load level 

.at fractUre for these samples was within 5 percent of the reported value 

6 2 of 3.98 X 10' kg/cm (35). The deviation was usually on the high side 

of this value whereas yield.ing would result in a decreased apparent modulus. 

For the room temperature tests, some yielding \Vas observed for a.ll 
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specimens. The apparent modulus ranged from about 0.36><106 to 2.5><106 

kg/cm
2

.vlith the average value being about 1.5X106 kg/cm
2

", This average 

value of the apparent modulus corresponds to a plastic strain of about 

1. 6 time s the elastic strain. As seen in Fig. 15, fracture interrupts 

yielding of these crystals after this relatively small plastic strain. 

Thus, the macroscopic stress-strain behavior of the cracked crystals is 

still approximately linear. 

Figures 16, 17, and 18 summarize the results of the fracture tests 

of the cracked single crystals. In these figures, the parameter cr(rrb //2 

is plotted against ~, the angle between the tensile a"xis and the (001) 

plane of the crystal. In this parameter, cr is the fracture stress and b 

is the maximum penetration of the spark crack as measured on the fracture 

surface after testing. In all cases except one, fractUre of the crystal 

initiated at the spark crack indicating that the spark crack was larger 

and sharper than any naturally occurring defect. The quantity cr(rrb)1/2 

is shown because a fractUre mechanics analysis of 'the cracked crystals, 

which is discussed below, shows this to be an important parameter. The 

angle ~ is used since the crystals were expected to fracture parallel tb 

the (001) plane. The normal stress fractUre criterion mentioned above 

(Section I) and the fracture mechanics results discussed below (Section IV) 

indicate the ~(7Tb )1/2 should increase with ~ .. 

All the data obtained in this investigation are shown in Figs. 17 

and 18 where different symbols are used to indicate the several test 

procedures developed to reduce experimental scatter in the results. In 

Fig. 16, the results obtained using the final test proce~ure of strain 

gages and multiple spark cracks are shown separately. The remaining 

uncertainty of the data in Fig. 16 due to experimentally controlled 

.' 
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conditions (crack length and width, fracture stress, and bending) is 

estimated to be 10 percent or less. An uncertainty analysis of these 

data is presented below. The results shown in Fig. 16 will be the prin-

cipal ones used for discussion of a fracture criterion. 

The results of the fracture tests on (001) crystals after annealing 

at temperatures to 2400°c are shown in Figs. 19 and 20. In Fig. 19, the 

stress intensity factor, K
I

, ~hich is proportional to a(7Tb)1/2, is plotted 

as a function of the annealing temperature. The stress intensity factor 

is obtained from the total energy release in the specimen: 

[( 
E ' ] 1/2 

KI = --2)G 
I-v 

(1) 

"where G is the total strain energy release rate (Eq. (A::'9) in Appendix" 

r) and v and E ar'e Poisson's ratio and Young's modulus, respectively. 

6 2 
The values used for these parameters were 0~28 and 3.98xIO kg/cm" (35), 

respectively. The fracture surface energy," Yj, as obtained from: 

"I = 1/2 G f 
(2 ) 

is shown in Fig. 20. The values for unannealed crystals may be compared 

to the results of Hull et ale (22): 

2 
Test Temp. 'Yf(ergs/cm ) 

OK Hull, et ale (22) This investigation 

77 4,280 5,740 : 6,620 

298. 40,500 24,300 :28,100 

The values from Hull et ala have been recalculated using Eq. (2) so that 

a consistent "comparison can be made. Hull's tests were performed with 

smaller crystals (. 015X. Ol.~3 inches) with the crack in the short side so 

that the crack geometry differed from that used in this investigation. 
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Thus, the factors used to correct for the finite size of the specimen 

would be different vJith the smaller specimen requiring a larger correction. 

(Hull's original calculation neglected the correction for finite specimen 

size.) This probably accounts for the difference between the. liquid 

nitrogen temperature values. The difference in room temperature values 

is probably also due to a difference in test procedure. Hull used a 

smaller crack depth (0.008 cm as compared 

. 2 
in a larger fracture stress (4,800 kg/cm 

to 0.015 cm) which resulted 

, 2 
compared to 3,000 kg/cm ). 

This high fracture stress resulted in significantly more general yielding 

prior to fracture and, most likely, higher energy absorption during fracture .• 

The thermodynamic surface energy of tungsten has been reported as 

2900 ergs/cm
2 

at 2000 0 K (36) and 2300 ergs/cm
2 

at 3380 0 K (37). The 

fracture surface ,energies measured at liquid nitrogen temperature for 

unannealed crystals and for crystals annealed at 2400°c are thus 

clos.e to the thermodynamic surface energy especially in view of the 

expected increase in the thermodynamic surface energy with decreasing 

temperature. This indicates that these crystals are fracturing in 

essentially an ideal brittle fashion. 

All the specimens used for this annealing study were instrumented 

with strain gages and had multiple spark cracks. The uncertainty bands 

shown in Figs. 19 and 20 include the uncertainties in the stress and 

crack length as well as the uncertainty due to bending. The uncertainty 

due to bending was taken as: 

where .'~E is tile difference in strains at fracture on either side of the 
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gage section at which fracture initiates and E is the mean strain at 

fracture. This relation strictly applies to an elastic body and it 

overestimates the uncertainty if yielding occurs (for yielding, Eq. (3) 

must be multiplied by n, the strain hardening coefficient). Thus, this 

estimate should be accurate for the liquid nitrogen tests and should 

overestimate the uncertainty in the room temperature tests. 

B. Fractography 

1. Fracture Classification 

The fracture of all the cracked crystals could be classified as 

brittle for both the room temperature and liquid nitrogen tests. The 

fracture ductilities of specimeris from the corner orientations of the 

stereographic triangle are shown in Table II. The maximum elongation 

observed was 1.6 percent for a crystal near (012) orientation tested at 

room temperature. The usual fracture elongations were about 0.5 percent 

at room temperature and 0005 percent at 77°K. The resulting fracture 

surface was usually either planar (p) or appeared to consist of several 

planar sections (multi-planar, (MP)). Examples of the planar and mul ti

planar fracture surfaces are shown in Figs. 21 and 22 respectively. The 

crystallographic orientation of the fracture plane was determined by 

measuring the angles the plane made with the gage section. For the 

planar fractures, this was especially simple since the fracture surface. 

was usually normal to one side of the gage section as expected from the 

orientation selected for the gage section. The macroscopic fracture 

plane was determined to be near (001) but usually deviated from this 

exact orientation by 1 to 5 degrees. This deviation was such that the 

measured value of p was less than the theoretical value for fracture 
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on the (001) plane. A portion of this deviation may be attributable to 

errors in x-ray orientation deterrr.ination and in grinding the specimen 

cross section. However, this deviation also results from local variations 

in the planar nature of the surface. Specifically, micro-examination of 

the planar surface shows the surface to consist of many ridges and steps 

which cause the resulting average i3 to differ from the theoretical value. 

Subst'antiating this conclusion, is the observation that values of i3 

measured on the surface of fractured spark cracks, which are usually 

planar, are generally within 1 degree of the theoretical values. Thus, 

it is concluded that cleavage fracture on the (001) plane is of primary 

importance for the planar fractures as expected from the results of the 

fracture of uncracked crystals (38). However, in one specimen of [011] 

orientation tested at liquid nitrogen temperature, the spark crack 

appeared to initiate fracture on the (011) plane and this fracture 

extended across the entire specimen width and about 0.010 inches deep 

before turning onto the (001) plane. 

The MP surfaces were observed for crystals with a large angle 

between the tensile axis and the nearest (001) plane. For tests at 77°K, 

MP fractures occurred only for 13 2: 35 degrees while at room temperature, 

MP fractures occurred for i3 2: 27 degrees. The occurrence of the MP 

fracture at large 13 is explained by the reduction in normal stress across 

the nearest (001) plane and the corresponding increase in normal stress 

on the more distant,(OOl} planes. As an example of this, Fig. 22 shows 

a specimen of [on1 o:t'ientation in :which there aretwC) {OO~J planes with 

the same 13. The spark crack of the MP fracture shown in Fig. ,22 lies on 

the two (001) planes and J'racturewas tnitiated on both of these planes. 

A closer examination of MP fracture surfaces showed that these 
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surfaces consisted of only relatively small planar regions connected by 

transition regions that appeared as curved surfaces. This observation 

and the occurrence of an apparent (110) cleavage mentioned above tend 

,t.; to indicate that the surface energy in tungsten may not be strongly 

orientation dependent. 

In about ten specimens, the crystals fractured into two or more 

pieces. In these cases, it was found that one of the fracture surfaces, 

was always associated with the spark crack. It is believed that the 

other fractures occurred subsequent to the ,fracture initiated by the 

spark crack and were caused by a tensile stre ss wave produced by 

reflection of the compressive, unloading stress-wave which follows the 

primary fracture. Supporting this conclusion is the observation that 

these secondary fractures were frequently near one of the changes in 

cross section which could reflect the stress wave. Also, the specimens 

exhibiting secondary fractures were generally specimens with high 

fracture stresses and thus large stress waves. The secondary fractures 

were generally planar and were associated with fracture on the (001) 

plane. 

The annealed specimens fractured in a similar manner to the un-

" annealed specimens, also exhibiting little ductility. The fracture \ 

elongations of the annealed crystals are shown in Table II where it is 

seen that the annealing effect on the ductility is similar to the effect 

on surface energy shown in Fig. 20. In general, the crystals do not 

show ductilities in excess of 1 percent for the conditions of annealing 

and testing~used. An exception to this latter statement is the result 

obtained from one specimen which was annealed at IBoo°c after the spark 

crack has been introduced (the other specimens were annealed prior to 
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introducing the spark crack). This specimen showed a fracture elongation 

of 2.4 percent at room temperature whereas similar specimens annealed 

prior to cracking showed an elongation of only 0.064 percent. This striking 

difference in elongation could be due to two effects. First, it could 

be the effect of annealing on the spark crack resulting in relief of the 

stresses set up during the spark cracking process and a change in the 

dislocation configuration around the crack tip (by polygonization and 

annihilation). It could also be the result of testing a crystal with 

a blunted spark crack since only a single crack rather than multiple 

cracks were used in this specimen. In support of this latter conclusion 

is the observation that unannealed [001] crystals tested with a single 

rather than multiple spark cracks also had greater elongations at fracture 

(0.50 for single ,crack compared to 0.16 for multiple cracks). Additionally, 

examination of the spark crack on the fracture surface showed a non-

planar crack instead of the usual planar crack. Final resolution of this 

observation must await additional investigation. 

2. Observation Of Gage Section Surfaces 

The polished gage sections were examined for the presence of slip 

lines and twins in the optical microscope using a Normarski interference 

lens as necessary. As noted by Beardmore and Hull (24), tungsten does 

not readily show slip lines even in uncracked crystals after substantial 

elongations. In this study, no evidence of slip lines was observed on 

the gage section surfaces of the cracked crystals even near the fracture 

plane. However, most specimens did show narrow, straight bands near the 

fracture surface as shown in Fig. 23a. A scanning electron micrograph 

of these bands is shown in Fig. 23b which indicates that they are thin 

regions of surface offset. The bands were shown to be associated with 
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twinning rather than slip by grinding the surface flat, repolishing and 

etching. As seen in Fig. 24, the twin bands reappear after polishing 

and etching which would not occur for slip lines. 

The twin bands did not extend through the crystal so that observa

tion was limited to a single gage section surface precluding determination 

of the plane of twinning directly. However, the single-surface method of 

Bowles (39) was used in which the zone lines normal to each trace on all 

the crystals was plotted on a single stereogram. The intersection of 

these zone -lines clustered about poles of the {112} type for crystals 

tested at both liquid nitrogen temperature and room temperature. This 

twinning plane agrees with Schadler's (38) observations of twinning in 

uncracked tungsten crystals. The twins observed in this investigation 

were all locateq adjacent to the fracture surface; there were no twins 

in the regions away from the fracture surface. The frequency of twinning 

usually was greatest on the side of the gage section opposite the spark 

crack origin and on that portion of the two adjacent sides farthest from 

the spark crack. It is concluded, therefore, that the twins were actually 

produced by the stress field of the crack- as it propagated across the 

specimen. This situation has been considered analytically by Bilby and 

Bullough (40). One interesting observation was that these fracture 

induced twins seemed more prevalent at room temperature than at liquid 

nitrogen temperature. This contradicts the results of Schadler (38) 

who observed twinning only at liquid nitrogen temperature and below. A 

probable contributing factor to this difference in twinning frequency 

is that the fracture stresses that occurred at room temperature were 2 

to 3 times larger than the fracture stresses at liquid nitrogen tempera

ture. 
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The frequency- of twinning and the region of twinning occurrence 

were small so that no indication of twinning was observed on the load

deflection curves. 

3. Macrofractography 

Photomicrographs of typical fracture surfaces observed in this 

investigation are shown in Figs. 25-29. The surfaces consist of a 

semielliptical region produced by the spark cracking process surrounded 

by the fracture surface produced by reinitiation of this spark crack by 

tensile loading. There was usually a sharp demarcation between the 

spark crack and the surrounding fracture surface with c:nly a few instances. 

of any transition region associated with slow crack growth as observed 

by Hull et a1. (22) at room temperature and above. A small region which 

may be the result of slow crack growth is shown in Fig. 26a near the 

center of the spark crack front. The features of the primary fracture 

surface can be divided into two types; a rough·surface with many coarse 

features which usually exhibit a lineal pattern such as shown in Fig. 26a 

and a smooth surface wtth fine lineal features as shown in Fig. 25a. 

Frequently, the fracture surfaces consisted of a combination of these 

two features as in Figs. 25b and 26b. The smooth regions are considered 

to represent cleavage fracture and are a low. energy fracture surface. 

The rough regions are obviously a much higher energy fracture surface. 

In agreement with this, the amount of smooth cleavage surface on the 

entire fracture surface correlates with the fracture stress, with lower 

stresses observed for specimens with large areas of cleavage fracture. 

This correlation is especially graphic for the fracture surfaces of the 

almealed specimens shown in Figs. 28 and 29. The surface of the specimen 

annealed at 24oo°c and tested at 77°K (Fig. 28d) is almost entirely 

\,t, 
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cleavage as expected from its low fracture surface ene~gy (Fig. 20) 

whereas the comparable room temperature test (Fig. 29d) shows a large 

area of the rough surface and a correspondingly higher surface energy. 

The fracture surface energy of the specimens annealed at 1200 and 1800°c 

and tested at both room temperature and 77°K are seen in Fig. 20 to be 

very similar. Figures 28 and 29 show that the fracture surfaces of 

these specimens are also very similar. 

At room temperature, the roqgh fracture surface predominated while 

the area of cleavage increased for liquid nitrogen temperature tests as 
I 

seen in Figs. 25 and 26. The effect of multiple spark cracking was to 
i 

produce a fracture with greater amounts of cleavage; Fig. 26a is the 

fracture surface of a single crack specimen whereas Fig. 26b shows the 

appearance in a ~ultiple spark cracked specimen. 

The surfaces of secondary fracture were usually undulating but a 

very smooth, cleavage type both at room temperature and 77°K (Fig. 27a). 

Similar surfaces were observed in a specimen which fractured when it was 

inadvertently dropped on the laboratory floor (Fig. 27b) and in a 

specimen which fractured during adjustment of the bending moment compen-

sator. A: high strain rate was common to all these fractures which indi-

cates that the fracture characteristics of tungsten may be highly strain 

rate sensitive. Rose et ale (26) have found that the uncracked tensile 

properties of tungsten have a strong strain rate dependence. 

The rough region of the fracture surfaces show a definite lineal: 

structure. This lineal structure 'varies with crystal orientation as 

shown in Fig. 30. Examination of the surfaces shows this lineal structure 

to be associated with thin, planar facets at an angle to the macroscopic 

fracture surface. By tilting the specimen under a microscope light, 
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crystals exhibiting ~ fracture surface energy at 77°K about equal to the 

thermodynamic value" In general, it appears that the fracture is accom-

panied by little plastic deformation either at "room temperature or- 77°K. 

This view ;is supported by the lack of aster ism in x-ray back reflection 
, 

Laue spots obt~ined from the fracture surface. 

2. Substructure of Annealed Specimens 

Cross sections from the annealed crystals were electropolished and 

etched to :reveal the, substructure. The results are shown in Figs. 39 

and 40. AnnealiIigis ,·seen to reduce the dislocation density and produce 
-', 

many sub,grains. Q,uantitatively, all three annealing temperatures reduced 

the dislocatio~ density to 2 to 3XI06 lines/cm
2

• The higher annealing 

temperature, however ,produced more refined and smaller subgrain sizes 

as seen in Figs.' 39 and 40. 

, .. 
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IV. DISCUSSION 

A. Fracture Criteria 

The fracture of brittle solids is usually divided into two processes: 

crack nucleation and crack propagation. The mechanisms proposed for 

crack nucleation generally have a metallurgical origin such as the dislo

cation pileup' proposal of Zener (44), the slip band intersection model of 

Cottrell (45) and twin intersection models of Hull (46), Honda (47), and 

Hornbogen (48). Tlie mechanisms proposed for crack .propagation, on the 

other hand, are generally based on continuum mechanics such, as the energy 

criterion of Griffith or some modification thereof, or on the attainment 

of critical values of the stress or strain in the neighborhood of the 

crack front. The question of which step, crack nucleation or crack 

propagation controls fracture, has not been resolved (49). However, most 

current fracture work is based on the propagation of a pre-existing crack 

since the important t,echnological applications of fracture involve the 

consideration of the effect of flaws on the strength of a structure. In 

this investigation, cracks have been introduced into the tungsten crystals 

to serve as a fracture origin. It should be noted, however, that such 

artificial cracks may not duplicate the properties of a naturally occurring 

crack. In such a case, a crack must still be nucleated prior to propaga

tion. These cracks would most likely be associated with the artificial 

crack; that is, the new. crack would either result from extension and 

. sharpening of the artificial crack or by nucleation of a separate crack 

in the high stress field of the artificial crack. Both crack nucleation 

and crack propagation will be considered here . 



10 Crack Propagation 

A fracture criterion based on crack propagation assumes the presence 

in the brittle solid of a crack which has a sufficiently sharp tip to 

allow propagation without nucleation. In the Appendix, the propagation 

of a crack in a tungsten single crystal is analyzed. Three fracture 

criteria are presented; namely that 

(a) Fracture occurs when the tensile stress on the cleavage plane 

ahead of the crack reaches a critical value; or that 

(b) Fractur~ occurs when the rate of release of strain energy 

associated with propagation of a differential element of the 

crack front reaches a critical value; or that 

(c) Fracture occurs when the rate of release of the total strain 

energy accompanying propagation of the entire crack front 

reaches a critical value. 

As shown in the Appendix, these three criteria can be expr~ssed by a 

single equation of the form: 

242 
a (rrb)(A(k) cos ~ + B(k) sin 2~}= constant (4) 

where a is the applied stress at fracture, b is the maximum crack depth, 

~ is the angle between the tensile axis and the normal to the plane of 

the crack (assumed to be of the (OOl} type), and k depends on the shape 

of the crack as shown in Eq. (A-la). The functions A(k) and B(k) are given 

in the Appendix for these three fracture criteria. The first term of 

Eq. (4) arises from the normal stresses on the cleavage plane while the 

second term expresses the contribution of shear stresses on this plane. 

A fourth crack propagation criteria for a crack loaded by both ten

sion and" shear is the semi-empirical form given by Erdogan and Sih (50): 
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a .. K: Kj = constant 
lJ l 

where K. is the stress intensity factors for the i-th mode and a .. are 
l lJ 

material properties. This equation is a generalization of the equation 

expressing the total strain energy release rate for the propagation of a 

straight crack front in a mixed mode stress field (See Eg. A-6). 

Equation (4) is shown in Figs. 16-18 for a constant value of /I. 

equivalent to a semielliptical crack with ratio of minor to major 

diameter of 0.7, which was about the average observed for the spark in-

duced cracks. The single constant in Eq. (4) was evaluated by making 

the curve pass through the data obtained at t3 = O. Where data obtained 

by the three experimental procedures did not agree, the greatest weight 

was given to the data obtained with strain gaged specimens containing 

multiple spark cracks. EXamination of Figs. 16-18 does not show good 

agreement with any of the three fracture criteria based on propagation 

of an existing crack. These figures do show that the experimental values 

1/2 of a(7Tb) and the scatter in this parameter are significantly reduced by 

the introduction of multiple spark cracks. Also, the data in Fig. 18 

indicate that the reduction in bending by the use of strain gages did not 

significantly affect the results obtained from room temperature tests. 

These last two observations indicate that the nature of the pre-existing 

crack is more important than possible variations in the local stress state 

dile to bending. This strongly suggests that crack nucleation at the 

tip of the spark crack is controlling fracture rather than propagation of 

the existing crack. This is further discussed below. 

The data with the least scatter (multiple spark cracked, tested at 

liquid nitrogen temperature, Fig. 16 ) was further analyzed to determine 

the influence of experimental uncertainties. The results of this analysis 
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are shown in Figs. 41-43 in which the entire left hand side of Eq. (4) 

is plotted as a function of the angle 13. Equation (4) predicts that, in 

such a presentation, the data should be independent of 13. Also included 

in these figures are estimates of the effect of experimental,uncertainty 

including the uncertainties in the load at fracture, the area of the gage 

. section, the crack depth, and the local stress due to bending. The experi

mental uncertainties assumed were: 

6P=lkg 

M = 0.001 in. 2 

6b = 51l 

where P and A are the fractUre load and gage section area respectively. 

The bending uncertainty was taken from the strain gage data using Eq. (3). 

The results shown.in Figs. 41-43 indicate that the remaining scatter in 

the data of Fig. 16 is only partially due to experimental uncertainties. 

Also, these figures show that no preference can be given to any of the 

first three fracture,criteria if all the data are considered. If, however, 

the minimum values are assumed to represent the fracture of specimens in 

which the spark cracks were initially sharp enough for propagation, these 

figures and Fig. 16 indicate that either of the energy criteria are pre

ferable to the one based on local stress. Since these crystals fractured 

well below the yield stress, they behaved as classically brittle solids 

and thus a Griffith-like criteria is not unexpected. 

The application of the fourth crack propagation criterion (Eq. 5) to 

the data of Fig. 16 (fuultiple spark cracked, tested at liquid nitrogen) 

is shown in Fig. 44. These data do not appear to agree with Eq. (5). 

Instead, it indicates that the tensile stress (mode I deformation) is 

control1ing and thnt the shear stresses (modes II and III deformation) 
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have little effect on the fracture condition. This conclusion is in 

contradiction to recent results obtained on zinc (51), alpha iron (52), 

iron-3 wlo silicon (53), and plexiglas (50), but agrees well with the 

original results cited by Schmid and Boas (6). 

2. Crack Nucleation 

The objective of introducing cracks with the spark cracking process 

was to produce a reproducible crack which would have a sharp enough tip 

to initiate ,fracture without requiring crack nucleation. This objective 

was only partially achieved. The spark cracking process does produce an 

acceptably reproducible crack as far aG size and shape is concerned as 

illustrated in Fig. 45. However, the local configuration of the crack 

. tip does not appear to be reproducible. The significant decrease in 

fracture stress observed with multiple spark cracks indicates that the 

crack tip configuration must vary from crack to crack. The effect of these 

variations in the crack tip is shown in Fig. 46, where the upper crack is 

a single spark crack in a specimen whereas the lower view 1s typical of 

a fractured multiple spark crack. The single spark crack is 'surrounded 

by the lineal structure associated with fracture on twin planes whereas 

the multiple spark crack has produced a smooth, cleavage crack. The 

interface between the spark crack and the surrounding fracture surface 

in this latter case is very smooth. Many lineage features within the 

spark crack are seen to continue into the surrounding fracture surface. 

This continuous nature of the interface is probably the result of the 

spark having a very sharp tip_ On the other hand, the interface between 

the spark crack and the surrounding fracture surface of the single spark 

crack is sharply defined and appears discontinuous. This behavior would 

be expected for a '\lull" crack. Figure 47 shows an extreme case of a 



"dull" crack in which fracture initiated on a macroscopically different 

level than that of the spark crack. Figures 48 and 49 show additional 

examples of a continuous interface, low energy fracture and a discontinuous 

interface, high energy fracture, respectively. 

It thus appears that the variation in fracture properties shown in 

Figs. 16-18 is due primarily to small differences in the crack tip con-

figuration such as the shape of the crack tip. Similar observations 

have been made with polycrystalline fracture. For example, an investigation 

of the effect of crack tip radius on the fracture toughness of H-ll steel 

(54), has shown a very strong effect of this parameter and alsb substantiat 

scatter in the fracture results. 

In an attempt to further delineate these differences in the crack 

tips, sections were made through numerous cracks. These sections did 

not reveal any variations .in the crack tip geometry; all cracks appeared 

in section to have no resolvable crack tip. However, evidence of varia-

tions in crack tip geometry did appear at the ends of the spark cracks 

as observed on the gage section surfaces. Specifically, numerous cracks 

showed either a short deviation from the cleavage plane or a forking 

near the end of the crack. It may be that these deviations were due to the 

relaxation of restraint by the presence of the surface and thus not repre-

sentative of interior cracks. Hence, although the exact nature of the 

variations in the crack tip cannot be specified, the evidence for their ,.. 

existence as cited above is clear. 

However, because the nature of the dislocation array at the crack 

tip could not be determined by etch pitting due to the restricted plastic 

flow, the detailed mechanism of crack nucleation is not clear. As dis-

cussed above, both cleavage fractures and fractures on twin planes are 
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observed to be nucleated at "dull" spark cracks. In addition, Berry (55) 

has described a mechanism in which fracture on twin planes may result from 

joining cleavage fractures on different levels. Such a mechanism might 

be important if cleavage were initiated at various levels from a "dull" 

spark cracko (rt is not considered a likely mechanism for the twinning 

fractures which occur after a cleavage fracture has propagated from the 

spark crack, part-way through the specimen since a propagating cleavage 

crack generally reduces the level differences which would be required for 

the Berry mechanism.' ~ 

3. Summary of Part A 

The fracture of the cracked tungsten single crystals studied in 

this investigation involves both crack nucleation and crack propagation. 

The stress required for crack nucleation depends upon the nature of the 

spark induced crack and is greater than the stress required for propaga

tion of a sharp crack. Thus, the fracture of the crystals depended- upon 

the stress to nucleate a crack but this stress could not be predicted 

since the nature of the crack tip was ill-defined. How-ever, if the 

smallest fracture stresses are assumed to represent fracture of crystals 

containing initially sharp cracks not requiring crack nucleation, the 

data obtained at liquid nitrogen temperature indicate that a crack 

propagation criteria based on either a local or total energy release rate 

is preferable to ~ criterion based on a local stress. 
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B.Fracture Surface Energy 

1. Orientation Dependence 

Most body centered cubic metals are observed to cleave on {001} 

planes; although, as Gilman (56) has pointed out, one would expect fracture 

on the {110} planes in body centered cubic metals because these are the 

planes of greatest interatomic spacing. The cleavage observed in this 

investigation was primarily of the {001} type but one instance of cleavage 

on {Oll} has been noted and the multiplanar fracture surfaces did not show 

a strong preference for {001} planes. In addition, there were numerous 

examples of cleavage along twin-matrix interfaces although this may have 

been more akin to. intergranular fracture than trans granular cleavage. It· 

does appear that, as noted by Argon and Maloof (57), tungsten does not 

have a strong preference for cleavage on the (OOI} planes. Such a con

clusion is not unexpected since the surface energy is proportional to the 

elastic modulus in a first order theory of surface energy (58) and tung

sten is elastically isotropic. 

2. Annealing Effects 

The results of annealing on the fracture surface energy shown in 

Fig. 20 are quite significant. It is well known (59) that annealing of 

polycrystalline tungsten results in a decrease in room temperature duc

tility in contradiction to the usual effect of annealing. This effect 

has been attributed to a grain boundary embrittlement (60) due to impurity 

segregation. However, the fractures of these polycrystalline materials 

are almost entirely transgranular cleavage instead of an intergranular 

fracture to be expected from a grain boundary embrittlement mechanism. 

It has been suggested (60) that the cleavage fractures are initiated at 

the grain boundaries and that this nucleation is made easier by the 

... 
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embrittled boundary. The results of this investigation indicate that the 

room temperature embr~ttlement resulting from annealing may be due to the 

decreased room temperature fracture surface energy of the individual grains. 

Such an explanation provides a satisfactory reason for the· observed 

trans granular mode of fracture in the polycrystalline samples. It would 

be most interesting to see if polycrystalline annealed samples tested at 

liquid nitrogen temperature showed any increase in ductility in parallel 

with the increase in fra~ture surface energy shown in Fig. 20._ This in-
. . 

formation is not presently available to the author's knowledge. 

The most striking effect of annealing is :tJ1e observed opposite effects 

on the rodin temperature and the liquid nitrogen temperature tests. For 

the samples annealed at 1200 and 1800°c, the fracture properties at room 

temperature are 'the same as at liquid nitrogen temperature because of 

these opposing effects. The fracture surfaces of these specimens are 

also very similar (Figs. 28 and 29) confirming the equality of fractUre 

properties. As discussed above (Observations), the fracture surface energy 

of" bnannealed crystals .. tested at liquid nitrogen temperature was very close 
.,~. 

to the thermodynamic surface energy. The increase in unannealed fracture 

surface energy at roonftemperature is attributed to the effects of plastic 

deformation accompanying the fracture. Thus, the fracture surface energy, 

~fJ maybe expressed as 

(6 ) 

where ~ s is the thermodynamic surface energy ~nd ~p is the contribution 

due to plastic d.eformat ion. As defined by Eq. (6), ~ p may also include 

theene.l"~y absorption contributions of effects other than conventional 
,--' ' .'. 

plastic deformation such' as the formation of cleavage steps and twins 
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and fracture along twin boundaries. 

Since the thermodynamic surface energy should not be sensitive to 

annealing, it is believed that annealing must effect "I. Fronf Fig. 20, 
P 

it is seen that "I at liquid nitrogen temperature must increase and then 
p 

decrease with increasing annealing temperature and vice versa for "I at 
p 

room temperature. This rather unusual behavior was related to the plastic 

deformation occurring near the crack tip prior to crack propagation by 

polishing and etch pitting the fracture surfaces of the annealed specimens. 

The density of etch pits in the etch pit band which outlined the original 

spark crack and which is believed to be a result of plastic deformation 

occu:rring prior to crack propagation qualitatively agreed with the pre-

dieted behavior f,or'Y .In addition, the etch pit bands on specime;ns with 
.. . p. . 

./ 

the same fractUre properties w·ere similar. It is not believed that tw·innirig 

makes a significant contribution to "I for the annealed specimens since 
p 

the spark crack was initially propagated as a cleavage crack (Figs. 28 

and 29) for these specimens. The influence of cleavage steps on "I is 
p 

generally thought to be small (61). Hence, the prima:ry contribution to 

'Yp is believed to be due to usual plastic deformation processes. Hence, 

to understand the effect of annealing on "I , information is needed on 
~p 

annealing effects on these processes. 

As expected, annealing reduces the dislocation density and results 

in subgrain growth as shown in Figs. 39 and 40. The development of 

subgrains could lead to increased energy absorption due to the propagat ion 

of the crack front on Cleavage planes of small orientation differences 

which would result in transition steps. However, the annealed subgrain 

size was sufficiently large that it is not believed that this process 

was significant in the initial stages of crack propagation from the small 
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spark crack which is the step controlling~. The reduced dislocation 
p 

density could result in a lower density of micro-cleavage steps, but, as 

mentioned, such cleavage steps are not considered an important contribution 

to ~.. Information on annealing effects on the tensile properties of p 

tungsten crystals would be very useful but a detailed investigation of this 

area has not been done to the author I s knowledge. Beardmore and Hull (24) 

have reported that annealing atlBoO°c produced discontinuous yielding and 

straight sliP lines at room temperature; neither of which were observed with 

unannealed crystals. The change from homogeneous to inhomogeneous yielding 

indicates that annealing reduces the number of operable dislocation 

sources probably by hindering cross slip. Tetelman has formulated a model 

for ~p (62) in terms of the interaction between dislocations and the 

crack tip. This model predicts that ~ will decrease with a decrease in 
. p 

either temperature, or the density of dislocation sources, or an increase 

in crack velocity. The observed decrease in ~ and the presence of slip 
p 

lines and discontinuous yielding for specimens annealed at 18oo°c and 

tested at room temperature can thus all be explained by a decrease in 

the density of active sources. 

The above explanation appears quite plausible for the single annealing 

temperature and test temperature involved. However, a tungsten crystal 

annealed at 18oo°c and tested at room temperature in this investigation 

did not show either slip lines or discontinuous yielding thus contra-

dicting Beardmore and Hull (24). Instead the crystal behaved similarly 

to an unannealed crystal. Hence, because of this contradiction and the 

lack of data. at other annealing temperatures or test temperatures, the 

explanation of the effec1;o1' annealing on ~ must await additional 
p 

experimental results. 
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V. CONCLUDING REMARKS 

A. Conclusions 

The principal conclusions of this investigation are: 

(a) The spark cracking process introduces into tungsten crystals a 

crack of reproducible size and shape but with a variable crack tip 

configuration which effects the strength of the cracked crystal. 

(b) All cracked crystals fractured in a brittle fashion at both 

room temperature and liquid nitrogen temperature. 

(c) The fracture of tungsten crystals containing cracks which are 

not atomically sharp is controlled by processes which nucleate a sharp 

crack from the spark induced crack. 

(d) The propagation of sharp cracks in tungsten crystals could be best 

described by a crack propagation law based on either a local or total 

critical energy release rate. 

(e) The fracture surface morphology showed regions of cleavage 

fracture and regions in which fracture occurred.along twin-matrix 

interfaces. This morphology correlated with the fracture stress with 

a lower fracture stress being associated with a greater extent of 

cleavage. 

(f) The fractUre surface energy of tungsten as measured in this 

investigation was 6200 ergs/cm2 at liquid nitrogen temperature and 

. 2 . 
26,000 ergs/cm ·at room temperature. The liquid nitrOgen temperature 

value is close to the value of the thermodynamic surface energy. 

(g) Annealing tungsten single crystals in the range of 1200 to 24000 C 

significantly affects their fractUre properties. At room temperature, 

the fractUre surface energy decreased, then increased as the annealing 

. 

.. 
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temperature was increased; the opposite effect was observed at liquid 

nitrogen temperature. 

B. Recommendations for Future Work 

During the course of the present investigation, several areas for 

future study were noted including: 

(a) The orientation dependence of fracture of cracked crystals of 

zinc and iron-3w/o silicon alloy should be investigated using the spark 

cracking technique. Pilkington and Hull (63) have shown that spark 

induced cracks can be produced in the iron-silicon alloy by cooling the 

specimen to liquid nitrogen temperature which would probably be applicable 

to zinc as well. These two metallic systems have some advantages relative 

to tungsten. In zinc, there is only one cleavage plane (0001) so that a 

full range of tensile orientations from 0 to 90 degrees to the cleavage 

plane can be investigated. The high angles are especially interesting 

since shear contributions, if present, then predominate. In tungsten the 

largest orientation is 55 degrees. In silicon-iron, the array of 

dislocations around crack tips is much more extensive than in tungsten 

and it can be .. readily observed by dislocation etch pitting (64). Hence, 

the interaction-of plastic deformation and crack propagation would be 

much easier to elucidate in this system. 

(b) The effect of grain boundaries as a crack barrier can be studied 

using the spark cracking technique to introduce cracks into bicrystals 

of various orientations. 

(c) The spark cracking technique can be used to introduce a crack 

into a crystal under load and thus compare the stress required to 

maintain a running crack. with the stress to start a stopped crack. 
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(d) The effect of annealing on the fracture behavior of single 

crystals observed in this investigation clearly points out the need 

to investigate the effect of annealing on the single crystal properties 

of tungsten. In addition, information at low temperatures is needed on 

the effect of annealing on the mechanical behavior of polycrystalline 

tungsten. 
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TABLE I 

Impurity Analysis of Tungsten Sintered Rods and Crystals * 

Crystal No. H2 O2 N2 C Mo Fe 

5 (sintered rod) < 1 7 ~2 -4 N .D.<25 P<lO 

5(single crystal) < 1 2 -0 -8 N.D.<25 10 

36( sintered rod) <1 7: ~2 -2 N.D.<25 10 

36(sing1e crystal) < 1 :3 -1 -2 N.D.<25 30 

P - present * All values in ppm 

N.D. - not detectable 
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Table n. Ductility of cracked tungsten crystals 

'. Test Annealing Orientation Ef Temperature Temperature 
~oK2 ~oCL ~percent2 

(001) 298 0 0.16 

(on) 298 0 0·70 

(ill) 298 0 0.50 

(001) 298 1200 0.047 

(001) 298 1800 0.064 

(001) 298 2400 0.20 

(001) 77 0 .033 

(Oll) 77 0 .054 

(in) 77 0 .071 

(001) 77 1200 .044 

(001) 77 11:360 .048 

(001) 77 2400 .027 
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Al'PENDDC 

Fracture Mechanics Anal~is of Cracke9:-Single Crystals 

A. Stress Analysis 

To establish a model for analysing the tungsten single crystals, 

it is nated that. 

a. Tungsten is elastically isotropic.' 

b. The spark cracking process introduced a semielliptical, planar 

crack (see Fig. 7) on {lOO} cleava,ge planes. 

c. The cracked tungsten crystals fractured in the elastic range 

at liquid nitrogen temperature and with only a small amount 

of plastic deformation at room temperature (see Fig. 12 and 

Fig. 13). 

Thus, a cracked tungsten single crystal can be very closely represented 

as a homogeneous, isotropic elastic body containing a semiiHliptical 

surface flaw on a plane making an angle f3 with the tensile axis. The 

uniaxial tensile loading may be resolved into normal and shear stress 

components on the plane containing the crack. The square gage section 

was ground so that the cleavage plane is normal to one side of the gage 

. section. The resolved shear stress is parallel to this side. Two crack 

loadings are pos sible depending upon which side of the gage sect ion the 

crack is located. This model is shown in Fig. A~l. 

The required 'stress analysis is, th~refore, the three dimensional 

stress distribution about a semielliptical edge crack in a finite, 

elastic media loaded in both tension and shear. This formidable 

problem has not been solved and is beyond the scope of this investigation. 

Instead, an approximate solution will be constructed from available 

solutions. Kassir and Sih(l) have obtained the three dimensional stress 
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distribution around an interior elliptical crack imbedded in an infinte 

elast ic solid and -subjected to a general loading. They showed that the 

general stress field near the crack border consisted of the superposition 

of the three separate stress fields corresponding to the three modes of 

fracture; the opening mode (mode I), the edge-sliding mode (mode II) 

and the tearing mode (mode III). These modes are characterized by the 

movements of the crack surfaces relative to the direction of crack 

propagation (2). The stress field of each of the modes depends upon 

a stress intensity factor which expresses the dependenc e upon loading 

and the crack shape. From Kassir and Sih, 

where 

h(k) 

g(k) 

= 

k = 

K = 
0 

TfKo . 2 . 2 2 2' 1/4 
2E(k} cos 13 (sln' ¢ + A. cos ¢) (A-la) 

sin 213 
[h(k) cos(.\) Binet> - ;..g(k) sinru coset> l 

(sin2 ¢ +;..2 cos2 ¢)1/4 

(E(k) - v [K(k) 

( (I-v) E(k) + v. 

b 
a 

(1 ;..2)1/2-

2 a (Tfb)1/2 
Tf 

K(k) ; E(k) ] } ~l 

k 

[K(k) ~ - E(k) 
-2 

k --
]}-l 

and K(k) and E(k) are eliptic integrals of the first and second kind 

respectively. The angles 13, ill, and ¢ are defined in Figs. A-I and 

A-2. The parameter K is the stress intensity factor for a circular 
o 

crack of radius b. 
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These stress intens ity factors vary around the crack border with 

the maximum value occurring either at the end of the minor diameter (¢=900) 

or at the end of the major diameter (¢=OO) depending upon the direction 

of the shear stress (type 1 or type 2 crack). 

The stress intensity factors for the actual cracks in the single 

crystals will be est imated by considering the following corrections 

to the values of Kassir and Sih: 

a. Influence of the free surface, 

b. Effect of the finite specimen dimensions, 

c. Plasticity effects due to local and general yielding, (f.
y

) 
J. 

The f. factors are the appropriate corrections for the i-th fracture 
J. 

mode. 

The stress distribution around a semielliptical edge crack is not 

available but the influence of the free surface can be estimated from 

the work of Smith et. al •. (3) on the stress intensity factor for a semi-

circular edge crack. These authors showed numerically that the effect 

of the free surface was to increase the opening mode stress intensity 

factor (KI)by 3 percent at the interior (¢=900) and by 22 percent 

at the surface (¢=OO). Shear loadings were not considered so the 

free surface effect on KII and KIll was not predicted. However, for 

an edge crack in a semi-infinite solid, Sih (2) has shown that there is 
, 

no correction necessary for KIll. It will be assumed that this result 

also applies to the semiellipt ical edge crack. It is also believed 

too t the correction to Klr would be small although it has not been 

calculated. This conclusion is reached as follows. The edge crack 

can be obtained from the embedded crack by splitting the media along 

the midplane of the crack. Since this is a symmetry plane, the plane 
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of splitting contains only normal stresses and these normal stresses 

are symmetrical about the crack plane. These symmetrical normal 

stresses are not expected to significant ly affect KII which involves 

non-symmetrical deformation about the crack plane. 

The correction due to finite specimen dimensions can be estimated 

from several numerical and empirical results. The correction factor 

for all modes is expected to be identical (2) • For 1>=0°, the empirical 

result of Feddersen (4) for a center notched specimen can be used: 

f .d_ 
:L 

[sec 7fa ]1/2 
2w 

where a is the crack width and w is the gage section width. The ratio 

of crack width at </>=0° to specimen width is about 0.25 which gives a 

value for f. d = i.04. Forr/>=90o, the numerical result of Gross et a1. (5) :L . 

for a single edge notched specimen can be used. The ratio of crack depth 

• to specimen thickness is about 0.075 for which these numerical results 

d 
indicate that f. = 1.04 after removing the free surface correction 

:L 

factor. 

A final correction factor that needs to be considered is the 

correct ion due t o plasticity • At liquid nitrogen temperature, fracture 

generally occurred at low stresses r-elative to the yield stress (about 

1/5 or less) so that this correction would be 5 percent or less (6). 

At room temperature, the fracture stresses were generally about equal 

to the yield stress but extensive plastic flow did not occur because 

of the high work hardening rate of tungsten at most orientations. For 

this case, the existing plasticity corrections do not apply because there 

is no local plastic zone perturbing the elast ic solut ion. Instead, the 

yielding extends across the entire cross section. It is believed that 

the stresses around the crack tip would be similar to those predicted 
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on the bas is of elast icity since little gross yielding occurred. The 

effect of yield ing however, should be noted in the energy balance ac com-

panying fracture. 

The various correction factors are sumnarized i11 Table A-l. 

Using the estinated stress distribution, various fracture criterm 

can now be considered. There are essential~ two types of fracture 

criteria; local criteria and system criteria. The local criteria spe-

cify that fracture occurs when a parameter such as the stress, strain 

or displacement in a local· region around the crack tip exceeds 

a certain value • The system criteria state that fracture occurs when 

a parameter representing the entire specimen reaches a critical value. 

B. Local Tensile Stress 

The simplest and most physical criterion is that fracture occurs 

when the tensile stress on the plane ahead of the crack reaches a critical 

value approaching the cohesive bond forces (7,8). For the elliptical 

crack, the local tensile stress normal to the crack is given by (1): 

KI 
= 

(2rrr )1/2 
(A-2) 

where fI is the total correction factor for mode I. The maximum value 

of this tensile stress occurs at the end of the minor diameter (1)=900
) where 

K = 
I 

TI Ko 2 -mkj cos f3 (A-3 ) 

The fracture criteria is obtained by equating cr
33 

to a constant or: 

Ko 2 
-E-,C..-k ...... ) - cos f3 constant (A-4) 

which for a constant shape of ellipt ical crack (/' = constant) becomes 

)
l/? 2 

cr(ITb - cos f3 = constant (A-S) 
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C. Local Energy Criterion 

An alternate fractu:re criterion can be obtained by considering an 

energy balance analogous to the original work of Griffith. Specifically, 

fracture is assumed to occur when the rate of release of elastic strain 

energy accompanying crack extension is equal to or greater than the rate 

of energy absorbed in the production of the fracture surfaces and asso-

ciated inelastically deformed regions. Paris and Sih (2) have shown that 

the strain energy release rate for a straight crack can be obtained from 

the stress intensity factors: 

I_v2 
G = -E- (A-6) 

where G is the strain energy release rate. For a curved crack boundary, 

this relation applies only to a differential element of the boundary and 

thus produces a local value of the strain energy release rate, G
l 

• oc 

Substituting (A-l) into (A-6) and evaluating the expression at ¢ = 90 0 

where it has its maximum value, 

(A-7) 

and 

A fractUre criteria can be proposed by setting Gl equal to a constant. oc 

D. Specimen Energy Balance 

The total strain energy release rate for the crack may be obtained 

from the local value by integration. Consider a small extension of the 
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crack by the amount Or normal to the crack border. The total energy 

released is 

Ou - J G ords - c loc 

where ds is an element of the crack length. If oA is the total area of 

the crack extension, then 

ords 

for a half crack. Therefore, 

dC/> 
7T 

Ou 1 
G :::: OA -- IT 

oA 

(A-B) 

which is the total str~in energy release rate. Combining (A-I), (A-6) 

with (A-9). 

G == ( - 2 4 - 2 . 2 E fk) {[ 2 () 2 fI cos ~ + fII Sln 2~ g k sinoo 

+ (I-V) h2(k) cos 2w]" [K(k) _ K(k);E(k) 
k 

+ t.. 2[ (I-v) g2(k) sin 200 + h2 (k) COS
2oo ] [K(k) - E(k) ] 

k
2 

+ y h(k) g(k) sin 2m} ) 

1 + t... 
(A-9) 

In performing the indicated integration, the correction factors were 

treated as constants with respect to the angle 1> since analytical ex-

pressions for these factors are not available. Average values of the 

factors were calculated numerically and are shown in Table A-I. A free-

ture criteria is obtained from Eq. (A-9) by setting G equal to a: consta.nt. 
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Table A-l Stress distribut~on correction factors 
~. 

Factor 1> = 0° 1> = 90° 

f s 
I 1.22 1.03 

fII 
s 1.0 1.0 

fIll 
s 1.0 1.0 

d 
f I ' 

d 
fII ' fIII 

d 1.04 1.04 

Y 
fI ' 

Y 
fII ' 

Y 
fIll (a) 1.05 1.05 

Y 
fI ' 

Y 
fII ' 

Y 
fIIr (b) 1.0 1.0 

fI (a) 1.33 1.12 

fI -(b) 1.27 1.07 

f II, fIll (a) 1.09 1.09 

f II, fIll (b) 1.04 1.04 
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Appendix - Figure Captions 

Fig. A-I Analytical model of cracked single crystals 

(a.) Definition of the angle !3 

(b) Fracture surface with type 1 and type 2 cracks 

Fig. A-2 Coordinate system for stress analysis 

( a') Definition of the angle ill 

',<, 

(b) Definition of the angle ¢ 
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(a) 

P 2 on = A cos {3 

TYPE I CRACK 

"T = : sin {3 cos{3 

'--- TYPE 2 CRACK 

(b) 

XBL 6812-6237 

Fig. A-l 
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(0) 

(b) 

XI3L 6812-6238 

Fig. A-2 



Fig. 1 

Fig. 2 

Fig. 3 

Fig. 4 

Fig. 5 

Fig. 6 

Fig. 7 

Fig. 8 

Fig. 9 

Fig. 10 

Fig. 11 

Fig. 12 

Fig. 13 
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FIGUP.E CAPI'IONS 

Orientation of the single crystals tested. 

(a) Etch pit density in a cross section of an as-grown crystal. 

Electrolytically etched 3 seconds at 2 volts dc in 2 wlo NaOH 

solut ion. (b) Increa sed magnification of (a). 

Fracture specimen design. Dimensions shown are after removal 

of about 0.002 inches by electropolishing. 

Orientation of the gage section. 

Current-voltage characteristic for electropolishing tungsten 

rods in 2 w/o NaOH solution. 

Rate of'metal removal by electropolishing tungsten rods in 

2 w/o NaOH solution. 

(a) Scanning electron micrograph of a spark cavity on the 

surface of a tungsten single crystal (Specimen 17A). Specimen 

tilted 45 0 about horizontal axis through cavity. (b) Spark 

induced crack on a fracture surface (Specimen 22D). 

Depth of spark induced cracks as a function of the energy 

discharged in the spark. 

Tensile loading apparatus. 

Specimen grips for applying tension to the specimen shoulders. 

(a) Fracture specimen with three strain gages applied. 

(b) Increased magnification of a strain gage on a fracture 

specime~-

Tensile behavior of uncracked tungsten crystals tested at 

liquid nitrogen temperature. 

Tensile behavior of uncracked tungsten crystals tested at room 

t. emp€ ra t ure • 



Fig. 14 

Fig. 15 

Fig. 16 

Fig. 17 

Fig. 18 

Tensile behavior of' cracked tungsten crystals tested at liquid 

nitrogen temperature. 

Tensile behavior of cracked tungsten crystals tested at room 

temperature. 

Orientation dependence of the fracture properties of cracked 

tungsten crystals tested at liquid nitrogen temperature. Data 

from multiple-cracked, strain-gaged specimens only. 

Orientation dependence of the fracture properties of cracked 

tungsten crystals tested at liquid nitrogen temperature. Data 

from all specimens tested. 

Orientation dependence of the fracture properties of cracked 

tungsten crystals tested at room temperature. Data from all 

specimens tested. 

Fig. 19 Effect of annealing on the critical mode I stress intensity 

factor of [OOIT tungsten crystals. 

Fig. 20. Effect of annealing on the fracture surface energy of [ 001J 

tungsten crystals. 

Fig. 21. 

Fig. 22 

Planar frapture profiles of cracked tungsten crystals of 

various orientations tested at liquid nitrogen temperature. 

Theoretical fracture surface angles for (001) cleavage are: 

(a) Specimen 33A, ~ =0°, (b) Specimen 1-2, ~ = 17.5°, 

(c) Specimen lIB, ~ = 25°, Cd) Specimen 5C, ~ = 31.5°. 

Scanning electron micrograph of a multi -planar fracture surface 

of an [OllJ tungsten crystal (Specimen 29D) tested at room 

temperature. 



Fig. 23 

Fig. 24 

Fig. 25 

Fig. 26 

Fig. 27 

Fig. 28 
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Twins on the gage section surface of an [Oli] tungsten crystal 

(Specimen 29A) tested at rOom temperature. (a) Optical 

micrograph. (b) Scanning electron micrograph. 

Twins on the gage section surface of an [OOlJ tungsten crystal 

(Specimen 28A) tested at rOOm temperature. (a) As tested. 

(b) Ground, electropolished and etched. 

Typical fracture surfaces of cracked tungsten crystals [OOlJ 

fractured at liquid nitrogen temperature. (a) Nearly 100 

percent cleavage (Specimen 3lA). (b) A mixture of cleavage 

and twin associated fracture. (Specimen 22C). 

Typical fracture surfaces of cracked tungsten crystals [OOlJ 

fractured at room temperature. (a) Nearly 100 percent t"lin 

asso~iated fractUre (Specimen 22D). (b) A.mixture of 

cleavage and twin associated fracture. (Specimen 24D). 

Fracture surfaces of specimens fractured at high strain rate 

conditions. (a) Specimen fractured when accidentally dropped 

on the laboratory floor (Specimen 3B).(b) Specimen fractured 

during adjustment of bending moment compensator (Specimen 31B). 

(c) A secondary fracture surface (Specimen 18B). 

Effect of annealing on the liquid pitrogen temperature fracture 

surface appearance. Annealing temperatures) (a) O°C, 

Specimen 22C; (b) 1200°C, Specimen 23C; (c) 1800°c, Specimen 

23A; (d) 2400°c, Specimen 36D..,", 



Fig. 29 

.. 

Fig. 30 

Fig. 31 

Fig. 32 

Fig. 33 

Fig. 34 

Fig. 35 

Fig. 36 

Fig. 37 

Fig. 38 
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Effect of annealing on the room temperature fracture surface 

appearance. Annealing temperatures: (a) OOC, Specimen 24D, 

(b) 12000 C, Specimen 32A; (c) 1800°C, Specimen 32D; (d) 2400°c, 

Specimen 32"C. 

Fracture surface markings associated with twinning on tungsten 

crystals fractured at room temperature. (a) Specimen 22D, 

~ = 0°; (b) Specimen 19B, ~ = 12°; (c) Specimen llC, ~ = 25°; 

(d) Specimen 10C, ~ = 34° • 

. Correlation of twin associated fracture surface markings with 

twins on the gage section surface. Specimen 22C [OOlJ tested 

at liquid nitrogen temperature. 

Correlation of tw'in associated fracture surface markings with 

twins on the gage section surface. Specimen 22A [001] tested 

at room temperature. 

Structure of a typical fracture surface. Specimen 24n [001] 

tested at room temperature. 

Gradual transition between different levels on a cleavage 

surface. Specimen 17A tested at liquid nitrogen temperature. 

Abrupt and gradual level changes on a liquid nitrogen 

temperature cleavage fracture surface. Specimen 35Ctested 

at liquid nitrogen temperature. 

River liIles on a cleavage fracture surface. Specimen 5Ctested 

at liquid nitrogen temperature. 

Abrupt level changes on a room temperature cleavage fracture 

surface. Specimen 29D tested at room temperature. 

Dislocation etch pit array on a fracture surface. Surface 

electropolished to remove about 20f..1, then electrolytically 

etched in 2 wlo NaOf4 



Fig. 39 

Fig. 40 

Fig. 41 

Fig. 42 

Fig. 43 

Fig. 44 

Fig. 45 

(a) 

(b) 
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As fractured surface, Specimen 31D tested at room temperature; 

Same as (a) but polished and etched; 

(0) As fractured surface, Specimen 22C tested at liquid nitro

gen temperature; (d) Same as (c) but polished and etched. 

Effect of annealing on the substructure of tungsten crystals. 

Annealing temperatures: (a) O°C, Specimen 33A; (b) 1200°C, 

Specimen 23C; (c) 1800°C,Specimen 23A; (d) 2400°C, Specimen 

36D. 

Effect of annealing on the substructure of tungsten crystals. 

Annealing temperatures: (a) O°C, Specimen 32D; (b) l200°C, 

Specimen 32A; (c) 1800°c, Specimen 32B; (d) 2400°c, Specimen 

32C. 

Crack propagation constant according to a critical local stress 

criterion. Multiple spark cracked tungsten crystals tested 

at liquid nitrogen temperature. 

Crack propagation constant according to a critical local 

strain energy release rate criterion. Multiple spark cracked 

tungsten crystals tested at liquid nitrogen temperature. 

Crack propagation constant according to a critical total strain 

energy release rate criterion. Multiple spark cracked tungsten 

crystals tested·at liquid nitrogen temperature. 

Influence of shear mode stress intensity factors (Krr or Krrr) 

on the normal mode stress intensity factor (Kr ). Multiple 

spark cracked tungsten crystals tested at liquid nitrogen 

temperature. 

Reproducibility of crack size and shape as produced by spark 

cracking. (a) Specimen 32C, annealed at 2400 C, tested at 



Fig. 46 

Fig. 47 

Fig. 48 

Fig. 49 
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room temperature; (b) Specimen 23A) annealed at l8oo°c, 

tested at liquid nitrogen temperature; (c) Specimen 36D) 

annealed at 24oo°c, tested at liquid nitrogen temperature. 

Effect of crack tip configuration. (a) Discontinuous inter

face producing twin associated fracture. Specimen 22D tested 

at room temperature; (b) Continuous interface producing cleavage 

fracture. Specimen 24D tested at room temperature. 

Discontinuous .crack tip interface producing cleavage. Specimen 

29D tested at room temperature •. 

Continuous crack tip interface producing cleavage. Specimen l7A 

tested at liquid nitrogen temperature. 

Discontinuous crack tip interface. Specimen l4B tested at room 

temperature. 
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(a) 

(b) XBB 6812-7307 

Fig. 2 
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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa
tion .contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 



_.-
D ~ .. ," ~ 

TECHNICAL INFORMATION DIVISION 
LAWRENCE RADIATION LABORATORY 

UNIVERSITY OF CALIFORNIA 
BERKELEY, CALIFORNIA 94720 

(-l"'"~~i 

D 

,;~'~, 




