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ABTACT

Steel spheres 3/32 inches in diameter were accelerated to velocities

in the range of 0.1 to 2.5 km/sec. and impacted normally upon ordinary

plate glass targets 4 inches sqpare and 3/64, 1/16, 1/8, 1/4 and 1/2

inches thick. Tungsten spheres 1/16 inches in diameter were also

impacted in the same manner as the steel spheres at velocities from 2.0

to 2.5 km/'sec. into 1/4- and 1/2-inch thick glass. Steel BB shot 1/4

inch in diameter were impacted in the same manner as previously decribed

into the 3/64-inch thickness at the 0.1 km/sec. velocity range.

It was found that the kinetic energy lost by the pellet during per-

foration of the target was a function of the impact velocity to the see-

ond power. Therefore, parabolas could be used to approximate these

curves.

The plot of the minimum velocity of perforation as a function of

target thickness was found to be a straight line relationship.

The manner in which the energy dissipates in the glass was quail-

tatively explainqd.I

.i
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Horsley used long-time-ioading machinez, which applied the load in

the form of a steel ball to the surface of a plate of glass. He found

that the strength of all types of glass, up to the limits of his meas-

urements, increased with the rate of loading. Rate of loading is

defined as the increase of the load per unit time as applied to the .ur-

face of the glass.

Stanwortn,2 while corroborating the long-known fact that glass

fracture occurs perpendicular to the tensile stress, also pointed out

that the glass endured much higher stress when a small ball was pressed

against the surface of a plate glasb than when a large ball was u-ed.

The existing theory during stanworth's time, as expounded by Griffith,'

explained this fracture qualitatively but quantitatively could not pre-

dcUt the breaking stress with greater accuracy than a factor of 10 to

100.

According to the Griffith crack theory, the mechanism of fracture

is regarded as follows: First, there is an elongation of the sample so

that an element of length is increased by a small amount This increase

in length being distributed in a statistical way among many bonds, it is

Imagined that the small increase in length is then relatively suddenly

concentrated in the bond producing fracture. The elongation supposedly

1. Horsley, "Static Fatigue Studiei of Glass," Thesis, Dept. of Physics,
Urnversity of Utah, Salt Lake City (l957).

2. Stunwo'-th, J. E , "Physical Properties of Glass," Clarendon Press

3. Griffith, A. A.,, "Philosoph. Trans. Royal Soc.," 21--a, 812-183,
192 (1921).
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t:•ke. plla- by s-Iow orientation of' atoms, involving a, activation energy

:'or each u.,it of eio~.gation.

It wu.ý the work of' Charles:4 which hinted that the Griffith theory .

wa, inadejuate. Charles used mild steel projectile•i and impacted them at

high veioc-tie; into •mall pyrex gla..s cy).inderj. His reaults ii,dicated

that the ez.ergy required to fracture a brittle object at high velocity

impact wa. .onomiderably less than that required to fracture the object at

.ow velotcity impact. Later work by Cha'les5 using a fixed-frep glass rod

w4hich wau •truck with a hammer indicated that the transfer of the kinetic

en rgy of' impact to the rod was greatly dependent on the time during

which the hammer and the rod remained in contact. He found that the maxi-

mum energy transfer occurred when the impact time was 0.8 of the natural

:',e uenc.y of vibration ;or the pyrex rod. Study of the rate of crack

propagation by Kolsky6 combined with the investigation of glass structure

through X-ray techniques by Grjotheim7 indicated that perhaps the

Griffith theory, although useful for statistic and slow velocity impact

tejts, was quite inadequate for the purposes of rapid impact. Grjotheim's

w..ork proved conclusively that glass has an irregular, continuous molecular

.;,ructure and is not f'ormed-of small crystals auwffitg be inferred from

the Griff'ith theory.

14. Charle•.,, R. J., "High Velocity Impact in Comminution," Min. En!. 8

(19 56).

. Ibid.

6. Koloky, H., "Fracture and Cavitation in Glassy Materials," Clarendon

Pres, Oxford Prets, Oxford (1953).

7. Gr•Jotheim, K., "Use of X-ray Methods for Investigation4 of Glass

Structure," Glas.. Industry, April, (1958).



It was ?oncelet who, by the use of a Born system of forces and the

individual particle theory, showed that the fracture of glass is a rate

proceac.

Since the mechanism of glass fracture is a function of time, then we

mIght expect the kinetic energy dissipated by the fracture of the glass

to be a function of impact time. If small steel pellets were Whot

through thin glass targets, and the velocity of the pellet varied from

that required to just perforate the glass to some considerably higher

velocity approaching the crack propagation rate, the time dependence of

the fracturing process shoula be obser'wed, in the form of kinetic energy

the pellet icat compared with the impact velocity. It was the purpose

of this report to discover the relationship between the kinetic energy

the pellet lost during perforationi of the target as a function of target

thickness, ,and pellet impact velocity.

8. Ponceletj, 1. F., *Yodern Concepts of Fracture and Flow," Glass
Industry., 38,P No- 10, Oct- (1957).
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EXPERIMENAL TECHNI -UES

Figure A .'hows the ge:.eras. arrangement of the eiuipment used. The

pellet, usually a steel sphere of approximately 3/3; inch diameter, -ias

accelerated by a gun powder charge contained in a 220 Swift cartridge.

A sabot9 held the pellet until they both left the gun, whereupon the

sabot was stopped by the blast shield. The velocity of the pellet was

controlled by varying the type and the amount of the gun powder contained

in the cartridge.

Figure 1 shows the schematic arrangement of the e4uipment used in

conducting this test. The "spider"'10 placed approximately 900 volts

across the Mylar foils. This voltage caused a temporary arc to occur

wherever the insulator of the Mylar was damaged. The arc burned the

adjacent conducting material and thereby prevented another arc at this

particular location of the foil. After all of the damaged sections of

the foil had been effectively removed by arcing, the spider was turned

off.

The velocity of the pellet was measured by two methods. The first

method used employed two Berkeley counting units. The pulse formed by

the arcing Mylar when the pellet passed through it started ana then

stopped the first counting unit as the pellet passed through the first

and second foils, respectively. The time displayed by the counter was

used to calculate the impact velocity. Perforation of the third and

9. Partridge, W. S., Vanfleet, H. B., ard Whited, C. R., Technical

Report No. OSR-9, Contract No. AF 18(600) 1217.

10. See Appendix 2.

11. Ibid.
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foA-th foils resulted in a time display by the second counter. This

interval was used to compute the exit velocity of the pellet.

7he second method used to measure the velocity of the pellet

employed a Tektronix two-channel oscilloscope. The pulse from the first

foil started the horizontal trace on Channel A. The second pulse tem-

porarily deflected the cathode ray beam vertically off scale. The second

set of foils produced a similar trace through Channel B. The velocity

was computed by examining the distance from the start of the trace to the

break caused by the pellet. The distance was a known function of time as

determined by the horizontal sweep setting. The information displayed by

the oscilloscope was recorded by a Dumont Type 302 camera.

When the pellet pexforated the timing foils, the target, or the sec-

ond blast shield, it lost kinetic en-:rgy. Therefore, in order that only

the kinetic energy lost during perforation of the target was measured, it

was necessary to compensate for the energy lost to the shield and foils.

It was found that for the velocity ranges considered, subtraction of 20

microseconds from the time indicated by the counting units corrected for

the energy lost during perforation of the foils. This was shown by

skooting through the foils with no target present and varying the velocity

of the pellet from the minimum to the maximum as determined by the actual

shots when targets were used. Subtraction of an additional 20 microsec-

onds compensated for the energy loss incurred by perforation of the sec-

ond blast shield, which was one sheet of paper from an "Efficiency" Legal

Pad No. 364L. The purpose of the second blast shield was to stop the

fractured pieces of glass from perforating the second set of timing

foils. Perforation of the second set of timing foils by the glass, it

was thought, would adversely affect the counting time.*



The highest velocities were obtained by evacuation of the air in the

barrel of the gun by using a Duo Seal vacuum pump.



R•EULTS

A sumary of kinetic energy lost during perforation as a function of

the pellet impact velocity is given by the plots of Figs. 2 through 6,

which correspond to the tabulation of Tables 1 through 5, respectively.

The curves were assumed to be of tbe form y = Axe, where y was the

kinetic energy in joules lost during perforation and x was the impact

velocity in kilometers per second. A summary of Figs. 2 through 6 is

given by Fig. 7. The calculated equations for the curves were as

follows:

Thickness of Glass
(inches) Calculated Parabola

3/64 y = 9.20 x2

2

1/8 y = 20.602

!/4 y 16 . x2

1/2 y = 18.7 X2

The best curve fit was obtained by eye. There was not any obvious

relationship between the constant for the parabola and the thickness of

the target.

The minimum energy of perforation as a function of target thickness

is given by the plot of Fig. 8. Approximately five shots were used to

determine the minimum energy of perforation for each target thickness.

The steel pellet was greatly deformed at the higher velocities and

for the 1/2-inch and 1/4-inch targets. Tungsten pellets were shot

through the 1/2-inch and 1/4-inch targets at the same velocities. The

outside of the tungsten sphere tended to crumble. The kinetic energy

-9-
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Jv0 lc Plate Giass

shot i•ct ex1t Vi 2 V 2 Vn2-V 2
NO. k...ac)c in ex in _ex X.E.(.oule,)
2 2.17 1.79 4.71 3.19 1.52 41.7
2 2.26 .8a2 5.15 3-30 1.85 51.0
3 1.66 1.5 2.77 2.30 0.47 10.9
4 1.79 1.47 3.19 2.16 1.03 p8.8
5 1.75 1.45 3.06 2.10 0.96 56.4
6 1..43 1.33 2.04 1.78 o.26 7.2
7 1.41 1.30 1.98 1.70 0.19 5.2
8 1.47 1.35 2.16 1.83 0.33 9.1
9 1.39 1.08 1.03 1.18 0.75 20.6

10 1.31 1.11 1.73 1.24 0.49 13.5
11 1.02 --- 1.04 --- 1.04 28.6
14 1.08 --- 1.18 --- 1.18 32.4
15 1.85 1.66 3.42 2.78 0.64 17.6
16 1.56 1.39 2.34 1.93 0.41 11.3
I1 2.27 1.85 5.15 3.42 1.73 47.5
18 1.72 1.31 2.96 1.73 1.23 3.8
19 2.32 1.88 -o40 .55 1.85 51.0
20 2.00 1.64 4.00 2.69 1.31 36.0
21 1.42 1.35 2.03 1.82 0.21 5.76
22 , 2.01 1.61 4.11 2.6o 1.51 41.5
23 0.071 0.00 0.005 --- 0.035 0 95
24 0.086 --- 0.051 --- 0.051 1.40
25 0.102? --- 0.072 --- 0.072 1.97
26 0 068 --- 0.031 --- O.0ii 0.87
27 0.048 --- 0.015 --- 0.015 0.o4
28 0.057 0.0Y22 --- 0.022 0.06

Note: Shots 23 to 28 were taken using a steel BB
1/8" diameter, -wt. 0. 34-- gin. All othershots "'or Table 1 were taken with 3/2"
diameter steel sphere, wt. 0.052 gmn.
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"gr'•T.t. _•

'1/6-Inch Plate Glass

Shot Vipact Vexit V 2V 2_ V 2 V in2 V e 2 E.Jue,
No. (km(/sec) ex ex K.E.(Joules)

1 •.50 1.92 6.25 3.70 2.55 70.0

1._2 1.19 1.76 1.42 0.34 9.45

108 .25 4.34 i.56 2.78 76.5

41.72 1.39 f.96 1.93 1.03 28.2

5 0.85 0.61 0.72 0.38 0.34 9.3

6 1.25 o.64 1.56 o.41 2.15 3,-.6

7 1.07 0.67 1.16 0.45 0.70 19.2

8 0.58 0.35 0.34 0.13 0.21 5.8

9 0.42 .... 0.19 ---- 0.19 5.2

Note: All shots were taken with a steel sphere
3/32" in diameter and wt. of 0.052 gin.
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TAB&L 3

1/ 8 -Inch Plage Glass

Svizpact 

ve t V 2 v 2 v 2 v 2No. ik/ec) V in - ex 2 in 2ex K.E.o s
1 2.66 1.02 6.9o 1.04 5.86 1.o
2 1.96 0.b9 3.85 0.8o 3.05 83.5
3 1.92 0.86 3-70 0.75 2.92 80.5
4 1.66 o.86 2.78 0.75 1.93 53.08 1.69 0.85 2.86 0.72 2.14 59.09 2.25 0.56 1.56 0.35 1.24 :4.2

10 .409 0.55 1.18 0.- 0.87 23.9
4 0.87 .0.75 ---- 0.75 20.8

15 0.87 0.54 0.75 0.29 o.46 12.8*16 0.66 0.55 0.44 0.31 0.135 37.01 8 0.70 .... 0.48 --- 0.48 3
19 0.86 0.47 0.74 0.23 0.52 14.2
20 1.56 0.87 2.24 0.75 1.50 4,.o
21 1.47 1.89 2.15 0.80 1.35 37.2
22 2.00 1.11 4.O0 1.24 3.76 200.3

Note: All shots were taken with a steel sphere 3/32"
in diameter and wt. of 0.052 gn.



TABLE 4

1/4-Inch Plate Glass

Shot Vimpact Vext V 2 V 2V 2
No. s/•ec) (kmsec) in ex in ex K.E.(Joules)

1 1.85 1.51 3.43 2.30 1.13 31.0
2 1.85 1.66 3.4; 2.75 1.68 44.0
3 1.92 1.47 .70 2.15 1.55 42.5

15 1.47 1.09 2.15 a.18 0.97 26.8

18 0.78 ---- C.57 0.57 15.7
19 0.58 ---- C.33 0.30 9-1

20 1.66 0.73 2.76 0.54 2.22 6i.o

21 2.50 0.96 6.25 0.92 3.98 100.9

22 1.66 0.62 2.76 0.39 1.77 L8.6

23 1.61 0.89 2.60 0.80 1.34 36.8
24 1.92 0.74 3.70 0.54 2.26 62-0

Note: Shots were taken -with a 3/ 22" diameter steel
sphere of --t. 0.052 gin., except for shots 20
to 24, which were taken -with a V116" diameter
tungsten sphere of wt. 0.070 gi,..
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TAMLES

1/2-Inch Plate Glass

shot ViV2t Vext2V2
No* (s/sec) in ex il-l ex K.E. (Jouies)

1 2.27 .... 5.15 5.15 io6.o
2 2.38 ---- 5.66 ---- 5.66 117.0
3 2.27 ---- 5.15 5.15 1o6.o

4 Test

5 2.00 4.00 ---- 4.00 82.0

6 2.08 4.34 4... 4.34 89.0

7 1.70 2.90 ---- 2.90 62.o

Note: Jhot No. 2 Just perforated the glass. All
recorded shots were taken wit' 1/16" tungsten
sphere of wt. 0.070 gin.
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Surmary of Fig. 2 through 6
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lost as a function of impact velocity for the tungsten was essentia'Cly

the same as for the steel sphere; therefore, the deformatio- ' a func-

tion of impact velocity was not determined. The pictures on page 24

illustrate the effect of impact velocity and target thickness upon steel

pellet deformation.

Since glass fracture usually occurs perpendicular to the tensile

stress, observation of the fracture pattern will reveal the pattern of

the most severe tensile stress. Zxamination of the targets revealed

that the fracture in glass could be attributed to several phenomena

resulting from the transfer of energy from the pellets to the target.

These phenomena were: (1) The creation of modes of vibration peculiar
12

to thin rectangular plates and membranes, (2) the reflection of a com-

pression wave from a boundary, 1 3 (3) the radial distribution of cracks

around the impact center, (4) the spallation of the rear surface of

the target,15 ani-I (5) the large fracture concentration, at various vel-

ocities of impact, occurring between the front and rear surfaces.16

It seemed that regardless of the impact velocity cr energy of the

pellet, the fracture due to the second and third modes of vibration

existed in the glass target.1I, Since more complicated fracture patterns

occurred at the higher impact energies, due to the increased importance

-2. Timoshenko, "Vibration Problems i.:-. E.ngineering:" Van Nostra-nd C.
I.c., New York (L9-8).

13. 0. cit.., Stianwortkh.

14 O. ci_.t., Kolsky.

15. OP. cit., Sta~nwc-rth.

'16. a. cit., Chaxleý.

,7. O.itTimoshe. ko.

0 . m •• • • • •• •• • w. • m m
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Fig. 9. Modes cf vibration oi tiin rect'->y. te.

Sof othor phe e observation of the fra.tu-e due to the u mode-

If vibrat•on vas most emphatically demonst:ted near the perforation

velocities for tbe glass. J.is is illustrated by the mi rror photograph E

on pages 25 and 26. The ipact surface olf tho to1o-et is on the left

side.

Tension fracture at an edge resultizg .'*-om reflection of the co=-

pression vave from a boundary was ailso ell illustrated when the vel-

ocity of ipact is low bat somevbat above that zequired for erfoat4:or.,

as shomn by the photographs on pages 27 and 28.

It wa found that 4hen the ratio of the impt velocity to th3 veŽ-

ocity of sound in glass vas 1/2 or larger, the m.mber of radial frA'ictUei

ocurrlig near the inpact center Sreatly increased in number and alli-

Sibed in size and the glass had the appearance of a fine poWler .ear tc

the 1£act center. Also in this velocity region, eqpccially for the

thicker targets,, 1/4 and 1/2 inch, it was obsexved that a l.e st.-is

aamentratiom occurred between the surfaces of the glass, resulting in a

41ac-Amp hole witbin the glass. These p are illustrated !y

i the on pg 29 and by Figure 10 on Page 30.

'I
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Fig. B. Steel pellets shot into 1/8-inch plate glass at velocities of
2.5, 1.8,o 1.2j, 0.6, and 0.0 km/sec.., as read from left to rigbt.

Fig. C. Steel pellets shot into Y6r-inch plate glass at velocities of'
2.5,, 1-8, 1.2, o.6,. a-i 0.0 km/sec., as read from left to right.
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Fig. F. L/16-inch plate V. 0.42 km/see.
impact

Fig. G. _64k-i-.ch -.:.te V~ .7k.~c
i1-pact k.jic
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Fig6. /C-inch puate v 0.87 ko/ec.

F1g. I. IIA/aG-a gt. T lect -1.07 ka/mm.
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Fig. K. 3/64-inch plate Vimpact =1.02 k-sec.

ILLUSTRATION OF EDGE TENSIGN FRACTURE
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Fig. L. '/2-inch plate V 2.27 kq/alec.
imat

Pig. M. 11/2-inch Plate v 2.38 kmi/sec.
invact
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Fig. 10. IMustration of stress disc formed by internal stress
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Ch1MCLUSIONS

SThe energy iequired for perforation as a function of pellet impact

velocity was found to approximate a straight line relationship. It was

found that the energy Lhe pellet lost during perforation as a function of

impact velocity could be approximated by a parabolic relationship. It

was also found that the calculated parabola for the 1/8-inch glass indi-

cated a greater energy loss than the 1/4- and 1/2-inch glass for any

impact velocity. The amount of energy required for deformation of tae

pellet and the relationship between target thickness and energy loss during

perforation could be calculated and thereby eliminate some of the uncer-

tainty in the evaluation of energy distribution, but until further, more

refined measurements are made, the quantitative influence of resonant

vibration, spallation and other methods of fracture upon the energy loss

cannot be determined.

1



APPENMDI II



TABLE 1

3/64-Inch P.&ate Olass

Load A Striking A• Exit
Shot Load Amount Time Time
No. We (sjiGsec (s).

1 2400 3V 230 280

2 2400 3V 220 275

3 2400 2.5V J00 330

4 ) 400 2.5V 280 340

5 2400 3 285 345

6 2400 3 350 375

7 2400 2 255 385

8 2400 2 345 370

9 4064 360 480

10 4064 3 380 450

13 W64 1.5 490 ---

14 4o6 1 5 460 ---

16 2400 w 260 320

17 2400 3 320 360

18 2400 3V 290 380

19 2400 3V 215 265

20 2400 3 250 305

21 2400 3 351 370

22 2400 3 229 290

Note: 3V means that the volume of the charge was 3 cm3

and that the barrel was evacuated before firing.



TABLE 2

1/16-Inch Plate Glass

Load A Striking A Exit
Shot Load Amount Time Time
No-e (" __ (gsec.). (sec..

2 44o 3V 270 580

2 2400 3 2400 400

3 2400 3V 200 26o

4 24oo 2 290 360

5 2400 1.5 590 810

6 2400 1.5 400 780

7 4064 2.5 465 740

8 4064 1.5 850 1400

9 4064 1.5 1150 ---



TABLE

1/8-Inch Plate Glast

Load A Striking A Exit
Shot Load Amount Time Time

No. Typ (cm 3 ) (psec.) (psec.)

1 2400 1V I90 490

2 2400 3V 255 560

3 2400 2.5V 26o 580

2400 2.5V 500 580

5 24Cc 3 280 450

6 2400 3 ......

7 2400 2.5 295 ---

8 2400 2.5 --- 590

9 2400 2 400 890

10 2400 2 460 900

1I1 4064 2.5 480 ---

15 4064 2 574 925

16 4064 2 750 900

17 4064 1.5 720 ---

19 2400 1.5 580 1040

20 2400 3V 320 575

21 2400 3V 240 561

22 2400 3V 250 450



TABLE 4

1i4-Inch Plate Glass

Load A Strikling A Exit
Shot Load Auount Time TimeN~o. ime iCL. t) se. _(jsc_.)

. 4064 3 ng ng
2 4064 160 ng

3 4064 2.5 270 330

15 2400 340 460

1864 1.5 870

19 4064 1.5 660

4 2400 2.5 270 36o

5 2400 2.5 26o 340

6 4064 2 495 ---

7 4064 2 550 ---

8 40o6 2 56o ---

TABLE 5

1/2-Inch Plate Glass

Load A Striking A Exit
Shot Load Amount Time Time

1 2400 3V 220 ---

2 2400 3V 210 ---

3 2400 3V 220 --

4 2'4O 2.5V 250

6 2"ý.0o 2.5V 240 ---

7 24:00 3 294 ---

Note: Shot No. 2 just penetrated the glass.
A-_ shots were made with tungsten.
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