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ABSTRACT

(Distribution Limitation Statement No. 2)

The usual approach to thermal shock fracture of crystalline material is the
classic quenching of an initially hot crystal by subjecting it to a rapid
cooling of its surroundings. A new approach can be obtained by the deposition
of internal energy directly into the crystal by electron bombardment in an
intense pulsed beam. If the sample thickness is chosen properly with respect
to the range of the incident electrons in the material, a quite urnifor= deposi-
tion takes place r'nimizing the formation of shock waves. If the amount of
energy deposited is sufficient, thermal shock fracture of the crystal occu-s.

A series of experimental investigations has been msde by using high-speed
photographic techniques. The results show values for crack initiation time

and for crack tip propagation velocities consistent with thermal shock fracture.
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CECTION I

INTRODUCTION

The fracture of solids upon the passage of shock waves has revealed an
important new source of information about the fracture mechanisms and dynamic
properties of these 30lids. A shock wave passing through a solid can progGuce
fracture phenomena that can differ considerably from those produced under
quasistatic loading. As is mentioned by Kolsky and Rader (Ref. 1), shock wvave
fracture differs from fracture produced under quasistatic loading in three

important ways.

(1) Under quasistatic loading, the fracture develops from the single
weakest point or flaw, and one consequently measures the tensile strength of
the weakest flaw. In fracture produced by shock waves, the failure can nucleate

at several points almest simultareously as the shock wave passes.

(2) In brittle materlials (such as silicon) the fracture almcst invariably
is nucleated at surface flaws under quasistatic loading so that the bulk
tensile strength is closely related to the surface condition of the sample.
The passage of traveling shock waves through the sample allows (by proper
choice of sample shape) one to eliminate the role of the surface on the fracture

phenomena.

(3) The tensile strengths of many sclids depend markedly on the time of
application of the stress and the duration of the stress pulse. Much is known
about the detailed fracture behavior from the quasistatic loading times, but,

for example, little is known about the rate effects on the tensile strength.

In the past few years considerable effort has been expended in studving
the failure of materials under shock loading. Among these are the works of
Rinehart and Pearson (Ref 2), Schardin (Ref. 3), Berry (Ref. 4), sxd others
(Ref. 5).

Fracture can be caused by the formation of a tensile wave when the normal
shock compression wave interarts with and is reflected from a free surface.
Schematically this is shown in figure 1. The compression wave is reflected
at the free surface to form a tensile wave. As this tensile wave then piugresses

back through the sample it interacts'with defects, which have lowered the local
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The use of an electron beam te deposit energv intemmeally allows cmne to

tudy thz ther=al shock fracture of small samples under closeiy controlled
"quenching" conditions. The penetrating characteristics of high iuntensity
puised electron bears allow cme to study the thermal shock fail:rc ¢ smalil
sazples as well as the thermoelastic shock wave failure of thicr. r sampies.
To study the therzal shock failure of single crystal silicon, one must work
with thin s zples of silicon such that the range of electrons is long with
resyect to t.2 thickness of the sample. In this case, the deposited energy will
be relztively uniform over the thickness of the sample in the directicn parallel
to> the electron beam. 1f, in addition, the lateral dimensicns of the sample

are cheosen so that the flux of the beam across the sample is relativelv unifcrr,
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Figure 2. Behavior of a Thermal Shock Pulse
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the deposition of electron energy will be relatively vniform throughout the
sample. This report presents the use of this technique to study crack forma-

tion and propagation in single crystal silicon.

In this repert we would like tc present the first of a series of studies--
experimental and theoretical--into the thermal shock fracture of single crystal
silicon. To obtain accurate measurements of the time scales involved in the
thermal shock fracture of silicon, we have observed the fracture of a large
nunber cf samples in a pulsed electron beam and have recorded these thermal
chock fractures photographically. Section II desrribes the experimental
techniques used; while Section III describes some of the results obtained.

This study is the first part of an intensive investigation into fracture
mechanisms. The experiments described in this paper are part of tiae experimental
approach aimed at forming a testing ground for the theoretical investigation

being performed concurren<ly.
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SECTION II

EXPERIMENTAL TECHNIQUE

The most obvicus approach when seeking the details cf a mechanical event of
microsecond time duration is that of high-speed photography. Because little is
known about the actual order of events of a themmal shock fracture in a pulsed
electron beam, the photographic approach seemed even more applicable because of
the wealth of information to be obtained. Several important characteristics of
the fracture such as fracture initiation time, crack-tip propagation velocity,
and shock formaticn characteristics could be measured quantitatively from the
film. This information along with the qualitative understanding gained from
viewing the film gives one a better understanding of the mechanics of the

fracture,

The experimerntal arrangement is shown in figure 3. The source of the
pulsed electron beam is a commercially available machine, the Febetron 705.%
The beam energy fluence is 20 cal/cm? at our working point with the electron
energy spectrum having three predominant peaks at 2.2, 1.0, and 0.7 Mev. The
electron beam energy is delivered with a full width at half-maximum of 50 nano-
seconds. The beam delivered has an energy density that is wniform {(within 10

percent) cver a 2-cm diameter area at our working point.

The camera used for the principal part of this study was the Model 183
framing camera.** This camera vies a helium-driven rotating mirror that places
the image, in turn, in 25 separate lens systems. This camera is capable of
framing rates up to 4.2 million frames per second and delivers a sequence of
25 frames on conventional 35-mm film. The fact that the Model 189 is not 2
continucus-writing camera governs the event-triggering sequence. As seen in
the schematic diagram of the experimental arrangement, figure 3, the camera
triggers the lighting system and a delay trigger amplifier, which in tum
triggers the electron beam. Consequently the complete event is initiated when
the turbine (mirror) of tha camera has reached the rroper speed for the framing
rate desired. This method of event triggering gives a precise recoid of the

photographic expoaure time and lapse time between exposures.

*Field Emission Corporation.
**Beckman and Whitley,
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A second cam~ra has been used as a check and to achieve a bettcr time
resolution. This camera is an image converter camera,* which can deliver
three photographs with exposure times as short as 5 nanoseconds with delays
between exposures as short as 50 nanoseconds. The photographs taken with this
camera supplement the information obtained with the Model 189 by increasing the

time resolution.

The silicon crystals used were n~type single crystals with polished surfaces.
The resistivity of the silicon used was 40 ohm—cm. After cutting to an approxi-
mate thickness of 0.5 mm, the surfaces were lapped and polished to remove the
gross damage incurred in sawing and to provide an optical surface on the
crystallographic plane of interest. The edges of the crystals were ieft rough

so that many cracks eventually nucleated near these defect concentrations.

The light source was an xenon-filled flash tube that was pulsed with a
silicon-controlled-rectifier (SCR) gated circuit. This light source consisted
of two flash tubes** that delivexzed a light pulse of 13 megalumens with a full
width at half maxinum of 40 microseconds and a rise time to 90 percent of peak

output of 12 microseconds.

By placing the crystal sample in the electron beam in an orientation such
that the camera views the specular reflection of the light source, one can take
advantage of the optical lever technique to detect small changes in the surface
smoothness of the crystalline sample. This orientation has the advantage of
«-lowing the use of lower speed films to record the event ir a manner similar
to back-lit shadow photography. In the majority of the photographs, the film
used was Kodak Plus-X Panchromatic with an effective ASA film speed of 500,
while in some cases a special recording film Kodak 2485 could be pushed to
effective film speeds of apprcximately ASA 12,00C to record events when the
reflecting surface was not polished. The resolution was approximately 26 lines/
mm with Plus-X and dropped to approximately 16 lines/mm at the highest speed
rating for Kodak 248S5.

The recording framing rate found to be more desirable and most informative
was a rate of two frames per microsecond. At this framing rate, the exposure

time is 181 nanoseconds with a lapse time between frames of 319 nanoseconds

*TRW Instruments, Model 1D.
**GCeneral Electric, FT 220.
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giving, for 25 exposures, a total writing time of approximately 12.5 micro-
seconds. By timing the electron deposition to cccur sbout 2 pysec after the
carera starts writing, one is left with about 10 usec of recording time to
watch the initiation of cracks and their propagation across the crystal. It
was found that within 10 usec all of the cracks had been formed and the crystal
had begun to disintegrate.

The samples were suspended in the electron beam from a nylon mount. Nylon
vas chosen as the mounting material because it fluoresces strongly during the
electron pulse, thereby giving an optical time mark for the energy depositicn.
The source of this strong fluorescence is a combination of Cerenkov radiation
from the electron beam and stimulated emission from the electron absorption.
This electrofluorescence has becen discussed in detail elsewhere (Ref. 6). By
observing this light emission in the photographs, one is able to measure to a
reasonable degree of accuracy the time of energy deposition. This time is
then considered thie reference time for all later measurements. By using
available data on the decay of the fluorescence, one can achieve an even more
precise measurement of the times involved. This_, however, is beyond the scope
of the present work because of the lack of precision of other measurements,

most notably the crack length measurements.

e s bt mamihe s Sontai]
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SECTION III

RESULTS

The most crucial test of the electron deposition technique for studying
thermal shock phenomena is whether the deposition is sufficiently uniform over
the sample volume to ensure that no shock waves are formed. If strong compres-
sional shock waves are formed by the deposition of the electrons, all study of
thermal shock fracture will be masked by propagating stress pulse. By using an
electron deposition code cailed ELTRAN, the deposition has been calculated to
be uniform within +12 percent over the 0.5-mm thickness of the silicon samples
used. The restrictions to the validity of this calculation in this application
occur because the technique underestimates long-range scattering and straggling

losses and neglects the effects of space-charge buildup.

The result of a typical electron deposition calculation is shown in figure
4. One can see that the energy is quite uniform over the thickness of the
sample and readily differs from the calculation of the energy deposition in a
thick sample of silicon as shown schematically in figure 5. It is clear that
the calculated initial conditions differ in the proper manner to give the
difference between thermzl shock aud ordinary shock fractuve as discussed.
One would, however, expect some wave-like motion in the direction perpendicular
to the electron beam (radial) because the uniformity of the flux is somewhat
less than ideal. This conjecture is partially verified in the results to be
discussed below. Further experiments that define more accurately the correla-
tion between the state of thermal shock and ordinary shock have been completed.
These will be published at a later date.

If strong shocks are formed in the crystal, one can make an estimate of
the time of crack initiation. The sound velocity in single crystal silicon is
on the order of 10 mm/usec so that a sound wave can traverse the thickness of
the crystalline sample many times each microsecond and acoustic disturbances
normal to the beam axis can traverse the sample at least twice per microsecond.
Consequently, if the fracture is stress induced by a longitudinally traveling
shock wave, one would expect to see fracture initiation at extremely early

times. This is not generally the result according to our observations. In

10
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most examples cf themmal shock fracture observed, the fracture initiated at

times near 2 tc 3 microseconds after the depositior occurred.

A series of photogrephic recordings was made for ezch of approximately
150 samples tested. From this series, a wealth of observational informstior
about the fracture of single crystal silicon from thermoelastic pulses was
obtained. Care must he teken not to draw excessively detailed conclusions
from the photographic results. As in figure 6 the photecgraphs show the inter-
section of the fracture and an exterior surface of the three-dimensional
sample. One can measure only the proiection of the propagating crack on the
observed surface. However, it is clear that one can get limiting values for
quantities such as the crack tip propagation velocity and crack initiation
time. A further limitation is the finite resolution of the optical svstem
involved. Thus the times meac_red from data similar to that shown in figure 6
are the times of appearance of the crack image on the photographic emulsion at
the resolution limit. The time measurements differ consequently frox reality

by the time required for the crack to grow from nucleation tc the discerabie
limit.

As in all high-speed photography wirk rotating wirror camerac, a shift of
the location of image on the film plane is seen. This shift is caused by the
finite moment arm between the reflection plane and the axis of rotation. This

effect is veadily calculable from geometrical considerations, but this calculs

tion is unnecessary for the scope of this work because the magnification is

unaffected by the field shift.

-

Figures 7 and 8 show two more examples of the data recorded. The orienta-
tion of each crystal is given on the figure. 1In figure 8 an interesting crack
is seen tc propagate irregularly frum its nucleation center on the right edae
of the crystal. Along this crack a sm3ll chip is seen to spall from the main
crystal and oscillate as it moves away from the main crystal. This is seen as

a rapid change in the brightness of that chip.

Measurements of crack length have been made from these phetographs. Two
methods of measurement have been used. In the first, an isodensity mapping of
the photographic emulsion is made and measurements are taken from this mapping.
This method of measurement is obviously more accurate, but it is extremelw
expensive to produce isodensity mappings. A second, more economical method

of measurement was made by using a traveling micrcaeter eye~piece and low-nower
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Figure 8. Framing Camera Sequence of Silicon Fracture

(Sample orientation is (1ll1}.

Times are measured from cnergy deposition time,

Note oscillating chip in lower right corner.)
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microscope to measure the cracks on the crigiral recrrding film. This method

is potentially as accurate as the first and much more convenient.

The reproducibility of the fracture initiation time and the crack-tip
propagation velocity was quite uniform over the series of samples studied.
Examples of the crack length versus time for a typical sample are shown in
figure 9. As can be seen, the initial crack openirg velocity is approximately
1.5 mm/isec as a measured lower limit because of the temporal resolution. This
value can be lcw vy as much as an order of magnitude because of the time resolu-
tion. The value obtained, however, probably exceeds the true crack propagation
velocity because of the geometrical proiections involved. The fact that these
velocities are quite uniform and in the proper range of values seems to support
the theoretical crack propagation velocity, which should be approximately 0.3

cm/usec (Ref. 7).

From the examples shown in figure 9 an apparently confusing situation
arises in which the cracks seem to shorten and then lengthen again. This
comes from the transmission of acoustic-like pulses through the radial dimen-
sions of the crystal causing the crack to open and close siightly. This
phenomenon is observed in almost all of the samples tested. A plausible
explanation of this opening and closing can be wade . locking at the transit
times for accustic disturbances in samples of these dimensions. The acoustic
velocity in the silicon is approximately 1 om/_se. at norma! pressure, conse-
quently, in samples of 0.5-cm mean radial diameter, the periodic reinforcement
of radially traveling compressive waves will occur appro: imately every 1 micro-
second because the reinforcements will alternately be compressive and then
tensile. The typical periodicity of these oscillations observed is approxi-
mately as shown schematically in figure 10. One notices a gradual change in
the period after a few oscillations. This change may be caused by the relaxa-
tion of the crystal bulk anc its effect on the accustic velocitv. A more
detailed listing of some cf the data ovtained in this series o1 .xperiments is

contained in the appendix,

A series of the photograph sequences has beer assembled into mction picture
form and is available from the authore This method of observing the cata
provides a new qualitative understanding of the processes involved in tuermal

shock fracture.

17
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The observations of thermal shock fracture reported here differ from those
reported by Oswald et al. (Ref. 8) in that our samples were quite small compared
to the bea diaceter and were thin compared to the range of electrens in silicon
so that, as menticned earlier, the deposition was quite nezrly uniform. In
the experirents of Oswald et al., the eventual fracture of the single crystul
siiicon was caused by the reinforcement of radially moving stress pulses in a
large sample. Oswald's samples were thicx enough to stop a major portion of
the beam and were relatively large so that the lateral nonuniformity of the

electron beaz plaved an important role in the fracture.

The measurezents .eported here are the uvasis for more extensive work
presently in progress. This work is aimed toward a clearer definition of the

di fferences between thermal shock axd ordinary shock.




AFWL-TR-70-34

APPENDIX

A PARTIAL TABULATION OF CRACK LENGTH DATA

Sample No. 99

Size: 4.9 % 4.97 x 0.5 mm

Framing rate: 1 frame/usec

Orientation: (100)

Sample No, 102

Size: 4.9 x 4.94 x 0.5 mm

Framing rate: 1 frame/usec

Orientation: (109)

Sample No. 107

Size: 4,7 x 4.8 x 0.5 tm
Framing rate:

Orientation: (100)

Sample No. 130

Size: 4.5 x 4.7 x 0,5 mm
Framing rate:

Orientation: (111)

2 frames/usec

2 frames/usec

Corrected crack lengths* (mm)

Electron beam at toz

t +
o]
{usec) A
4 2.2
5 4.04
6 4,04
7 4.04
S 4.04
20 4.04
t +
(o]
(usec) A
5 0.98
6 2.29
7 2.51
8 2.63
9 2.66
10 2.66
20 2.66
t +
(o}

(usec) A
4,0 0.9
4.5 2.54
5.0 2.93
5.5 2.93
8.0 2.99
£ +

(o]

(usec) A
1.0 0.75%*
1.5 1.29
2.0 1.66
9.5 1.73

oo

0.73
3.08
3.39
4.75
4.95
4.95

-]

0.67
0.77
1.07
1.e7
1.07
1.05

*Corrected for apparent shortening of imsge due to perspective.

**Previously damaged.

21
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Corrected crack lengths* (mm)

Sample No. 131 Electron beam at t:
Size: 4.86 x 4.8 x 0.5 mm to+
Framing rate: 2 frames/usec (usec) A L
2.0 1.29 0.18
: 1
Orientation (111 2.5 1.54 0.79
3.0 1.54 0.81
3.5 1.54 1.14
9.5 1.54 1.14
Sample No, 133 .t
Size: 4.85 x 4.85 x 0.43 mm lusec) A B ¢
. _ 3.0 0.48 1.1 0.0
Framing rate: 2 frames/usec 3.5 0. 89 112 0.0
. 4.0 0.73 1.13 0.0
Orientation: (111) 4.5 0.74 1.14 0.15
5.0 0.72 1.15 0.16
5.5 0.71 1.16 0.4
6.0 0.86 1.14 0.38
6.5 6.92 1.22 0.51
8.0 0.93 1.22 0.51
Sample No. 140 tt+
Size: 2.67 x 3.06 x 0.5 mm iHEEEl B £ £
Framing rate: 2 frames/usec i'g 8'27
. 2.0 0.6 0.0 0.54
Orientation: (111) 2.5 0.68 0.0 0.9
3.0 0.72 0.09 0.7
3.5 0.59 0.12 1.23
4.0 0.56 0.0 1.22
4,5 0.55 0.24 1.1
5.0 0.63 0.0 1.31
5.5 0.63 0.19 1.3
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*Corrected for apparent shortening of image due to perspective.
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*Corrected for apparent shortening of image due to perspective.




AFWL-TR-70-34

REFERENCES

Kolsky, H., Rader, D., Fracture: An Advancad Treatise, Vol I, H. Liebowitz,
Ed., Academic Pr2ss, New York, 1968.

Rinehart, J. §.,, Pearson, J., Behavior of Metals under Impulsive Loads,
Dover, New York, 1965.

Schardine, H., Fracture, B. L. Averbach, D. K. Felbeck, G. T. Hahn, D. A.
Thomas, Eds., Wiley, New York, 1959.

Berry, J. P., Fracture Processes in Polymeric Solids, B. Rosen, Ed., Wiley,
New York, 1964.

Fracture: An Advanced Treatise, Vols I through VII, H. Liebowitz, Ed.,

and references contained therein, Academic Press, New York, 1968.

Payton, D. M., III, Straw, D. C., "Electrofluorescence of Polyme.ic Solids,"
Bull. Amer. Phys. Soc. Ser II, 14, 1969.

Hanson, M. E., Sanford, A. R., Dynamic Tensile Fracture, New Mexicc Insti-
tute of Mining and Techmnology, Report T-965, 1969,

Oswald, R. B., Jr.. Schallhorn, D. R., Eisen, H. A., "Laser Interferometric
Determination of the Dynamic Response of Solids," 1EEE Trausactiouns on
Nuclear Science NS-15, 1968,

24




UNCLASSIFIiED

Secrnity Ciassification

«Ev WwOARDS

LIiINK A L' 8

wiNx &

oL €

- L1-2 % 3 »-

L L I 3 "=

Thermal shock

Fracture

Silicon

Electron

Thermoelastic response
High-speed phctography

JINCLASSIFIED

Sec:rty Classification




SV W

—_— ANOLSSIELRD

SOCUMENT CONTROL DATA - R4 0D

Lo ity S M s T gEuan o T*s s +7 SR - wnt G e e P e " TE G ] SYET Te sawg” R . renllend

S® L ma T NG 8T « r  sprepew o P

Alr Force Gespons Ladbcratory (GLET)
Kirtland Air Force 3ase, Sew Mexico 87117

o eEv e 34 _w te ' _ g $8 ‘g*iim

! WELASSIFLED

W3 e

» ageoer » ~_ ¢

THERMAL SHOCK FRACTURE GF SISCLE CKYSTAL S:ILICON

SEICWP = 4r L E* Tope 48 wPIrs and soefyeve dutere

ScSQar Zavg

June 197G

~- C3%aa W 3% el ‘E‘Ts-.; PN
i

30

S COuTBAL™ DB SVan™ wd

b
¥
5 *aQ.eC* w0

o THEC Al TIWE SLP I " I O e

AFL-TR-20-31

< Lad Dir Funds, 3o. 6143SS

[

W PTG GREJB T W T T Bewe TR e WP GRS
s ampu

approval of AFML (MILET), Kirtlasd AFS, WM,
the tedwology discwssed in the repurt.

7 SriTaeuTom 3racowa~- This document Is sdb ject (0 special expori coatrols aad each
transaittal to foreiga goweraasmts or foreige satiomals may be maje caly wizk prior

37117, hstrikbastion is linfted decacse of

tt SuSPLEstnTaly vnOTLS

i
!

" PPORICC UL W . TSee BT 4 e

AR (EET)
Xirtiaad AFB, 3 87117

'3 ABsYEeacC”

fracture.

(Distribution Limitation Statemest Xo. 2)

*The usual approech tu thernal shock fracture of crystailime material iz the classic
quenching of an initially hot ~rystal by subjectisg it to 2 rapid coolisg of its
surroundings. A new spproach can be obtaised by the decceiticm of fatersal imergy
directly inio the crystal by electron basbazdmest in 22 intease pulsed beam.
saaple thickness is chosen properiy with respect to the range of the iccide=t elec-
trons in the material, a quite miform deposi:ion takes place, minimizircy the forsma-
tion of shock waves. If the sownt of erergy deposited is sufficient, therma'® shock
fracture of the crystal occurs. A series cf experinentsl .nvestizati vs pas been
by using high-speed chotographic technigques. The resulzs show vaiuves “or crack
initiation time and for crack tip prooagatior welocities comsisten: ..--
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