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ABSTRACT

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 b inches sjuare 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 dexscribed
into the 3/6k-inch thickress at the 0.1 km/sec. velocity range.

It vas found that the kinetic energy lost by the pellet during per-
foration of the target was a function of the impact velocity to the sec-
ond power. Therefore, parabolas could be used to approximate these
curves.

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

target tihickness was found to be & straight line relationship.

The manner in which the energy dissipates in the glass was quaii-
tatively explaincd.
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INTRODUCTION

Borsleyl used long-time-loading machnine, which applied the load in
the form of a steel ball to the surface of z plate of glass. He found
that the strength of all types of glass, up tc the limits of his meas-
urements, increased with the rate of lcading. Rate of lcading is
defined as the increase of the load per unit time zs applied Lo the .ur-
face of the glass.

Stanworth,2 while corroborsting the long-known fact that glass
fracture occurs perpendicular to the tensilie stress, also pointed out
that the glass endured much higher stress when a small ball was pressed
against the surface of a plate glass than when a large ball was u.ed.
The existing theory during stanworth's time, as expounded by {."z':‘l.f‘f.’mth,'j
explained this fracture gquaiitatively but guantitatively could rot pre-
dict 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 umount This increase
in iength being distributed in a statistical way among many bonds, it i=s
imagined that the small increase in length is then relatively suddenly

concentrated in the bond producing fracture. The elongation supposediy

1. Horsley, "Static Fatigue Studies oI Glass,” Thesis, Dept. of Physics,
University of Utah, Salt Lake City (195%).

2. Steawo-th, J. E , "Fhysical Properties of Glass," Clarendon Press
(1350).

3. Griffith, A. A., "Philosoph. Trans. Roya: Soc.," c21-a, 182-183,
192 {(1921).




tukel place by slow orlentution of atoms, involving u.. activation energy

Yor each unit of elionguation.

| It wus the work of Charles“ vhich hinted that the Griffith theory = -
wiu lugdegquute. Charles used mild steel projectiles and impacted them at

high veloc®ties into .mall pyrex glaus cylinders. Mis results ludicated

thut the energy required to fracture u brittle object at high velocity

impact was considerably less than that required to fracture the object ut

.ow velocity impact. Later work by Charles5

using a fixed-frer glass rod
vhich wus otruck with a hammer indicated that the transfer of the kinetic
enorgy 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 trunsfer occurred when the impact time was 0.8 of the natural
rre uency of vibration ior the pyrex rod. Study of the rute of cruck
propagution by Kolaky6 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
tests, wus quite inadequate for the purposes of rapid impact. GrJotheim's
work proved conclusively that glass has aun irregular, continuous molecular

soructure and is not formed of small crystals as might be inferred from

the Griffith theory.

e R it ¢

4. Charles, R. J., "High Velocity Impact in Comminution,” Min. Eng. 8
(1956).

y. Ibid.

6. ¥olsky, H., "Fracture and Cavitation in Glassy Materials," Clarendon
Press, Oxford Press, Oxford (1953).

7. Grjotheim, K., "Use of X-ray Methods for Investigations of Glass
Structure," Glas: Industry, April, (1958).
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It was Ponceleta who, by the use of a Born system of forces and the
individual particle theory, showed that the fracture of glass is a rate
procesc.

Since the mechanism of glass fracture is a function of time, then we
night expect the kinetic energy dissipated by tiie fracture of the glass
to be a function of impact time. If small steel pellets were shot
through thin glass targets, and the velocity of the pellet varied from
that regquired to Just perforate the glass to some consideratly higher
velocity approaching the crack propagstion rate, the time dependence of
the fracturing process shoula be observed in the form of kinetic energy
the pellet lcast compared with the impact velocity. It was the purpose
of this report to discover the relationship between the ainetic energy

the reliet lcst during perforatioan of the target as a function of target

thickness, and pellet impact velocity.

8. Poncelet, E. F., “Fodern Concepts of Fracture and Flow," Glass
Industry, 38, No. 10, Oct. (1957).
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EXPERIMENTAL TECHNIUES

Figure A chows the ge.eral arrangement of the e juipment used. The
pellet, usually a steel sphere of approximately 3/3< inch diameter, was
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 biast 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 ejuipment used in
conducting this test. The "spider"lo placed approximately 900 volts
across the Mylarll 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 foll. After all of the damaged sections of
the fcil 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 and then
stopred the first counting unit as the pellet passed through the first

and second folls, respectively. The time displayed by the ccunter was

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

9. Partridge, W. S., Vanfleet, H. B., and Whited, C. R., Technical
Report No. OSR-9, Contract No. AF 18(600) 1217.

10. See Appendix 2.

11. 1Ibid.
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Fig. A.

Perspective of testing equipnment
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fourin {oiis resulted in a time display by the second counter. This
interval wns used to compute the exit velocity of the pellet.

The cecond method used to measure the velocity of the pelliet
employed a Tektronix two-channel oscilloscope. The pulse from the Iirst
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 folls produced a similar trace through Channel B. The velocity
wvas computed by examining the distance fram 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 3(2 camera.

When the pellet perforated the timing foils, the target, or the sec-
ond blast shield, it lost kinetic energy. f1lherefore, in order that only
the kinetic energy lost during perforation of the target was measured, it
was necessary to compensate for the energy lost tc the shieid and folls.
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 fcils. This was shown by
srooting through the folls with no target present and varying the velocity
of the pellet from the minimum to the maximum as determined by the asctual
shots when targets were used. Subtraction of an additional 20 microsec~
onds compensated for the energy loss incurred by perforation of the sec-
cnd 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 pleces of gilass {rom perforating the second set of timing
foils. Perforation of the second set of timing folls by the glass, it

was thought, would adversely affect the counting time.
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The highest velocities were obtained by evacuation of the air in the

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




RESULTS

e R

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

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

e,

which correspond to the tabulation of Tables 1 through 5, respectively.
The curves vere as;umed to be of the form y = Axe, wvhere 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

follovs:

Thickness of Glass

(inches) Calculated Parabola
3/ 64 y = 9.20 x2
1/16 y = 13.75¢
| 1/8 y = 20.60x°
§ 1/b y = 16.5 x°
é 1/2 y = 18.7 x°
;

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 minimm energy of perforation &8s 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

e
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Kinetic energy lost during perforation (Joules)

3/64-inch plate glass

I ]

1.0 2.0
Impact velocity (km/sec)

Fig. 2
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Kinetic energy lost during perforation (Joules)

110
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1/16-inch plate glass

I

1.0

2.0
Impact velocity {km/sec)

Fig. 3




Kinetic energy lost during perforation (Joules)
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i/8-1:ch p.ate glass
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Kinetic energy lost during perforation (Joules)
4
\N

1/4~inch plate glass

| |

i.0 2.0
Impact velocity (km/sec)

Fig. 5
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3/8%-Iuch Piate Giass

v v
jai;:_ { gw:: ) Q::g}dazc ) vin2 vex2 vin2 'Vex2 K.E.(Joules)
1 2.17 1.79 4.71 3.19 1.52 41.7
2 2.26 1.8 5.15 3.30 1.85 51.0
3 1.66 1.5 2.7T 2.30 0.47 10.9
i 1.79 1.47 3.19 2.16 1.03 >8.8
5 1.75 1.45 3.06 2.10 0.96 26.4
6 1.43 1.33 2.04 1.78 0.26 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
1 1.0 —— 1.04 -—- 1.04 28.6
14 1.08 ——— 1.18 -—- 1.18 52.4
15 1.85 1.66 .52 2.78 0.64 17.6
16 1.56 1.9 2.34 1.93 0.41 1.3
i7 2.27 1.85 5.15 .42 1.753 47.%
18 1.72 1.3 2.96 1.73 1.23 -3.8
19 2.3 1.88 S.40 =+ 55 1.85 51.0
20 2.00 1.6k 4.00 2.6 1.33 36.0
21 1.4z 1.35 2.03 1.82 0.21 5.76
22 2.01 1.61 4.11 2.60 1.51 L1.5
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  --- 0.0%1 0.87
27 0.018 - 0.015 --- 0.015 0.0k
28 0.057 -—— 0.022  -.- 0.022 0.06

Note: Shots 23 to 28 were taken using a steel BB
1/8" dlameter, wt. 0.734: gn. All other
shots for Teble 1 were taker with :/ 2"
diameter steel sphere, wt. 0. 052 gm.
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TARTE

1/16-Inch Plate Glass

-

Shot vimpact vexit v 2 v 2 oy 2
No. (ku/sec) (km/ sec) i ex ex K.E.(Jjoules}
1 c.50 1.92 6.25 %.70 2.55 70.0
¢ 1.2 1.19 1.76 1.42 0. 34 9.45
<.08 1.25 L. 3k 1.56 2.78 76.5
L i.72 1.35 2.96 1.93 1.05% 28.2
5 0.85 0.4 0.72 0.38 0.3k 9.3
6 1.25 0.64 1.56 0.4 1.15 3¢.6
7 1.07 0.67 1.16 0.45 G.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

Nocte: All shots were taken with a steel sphere
3/32" in diameter and wt. of 0.052 gm.
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1 2.66
2 1.96
3 1.92
b 1.66
8 1.69
9 1.25
10 1.09
14 0.87
15 0.87
16 0.66
18 0.70
19 0.86
20 1.56
21 1.47
22 2.00

v
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TABLE

1/8-Inch Plage Glass

3

Q;/xi s:c) Vin':2 Vex Vin® Vex® K.E.(Joules)
1.02 6.90 1.04 5.86 158.0
0.9 3.85 0.80 3.05 83.5
0.86 3.70 0.75 2.92 80.5
0.86 2.7  0.75 1.93 52.0
0.85 2.66 0.72 2.14 59.0
0.56 1.56  0.33 1.24 .2
C.55 1.18 0.51 0.87 23.9
—— 0.75  ---- 0.75 20.8
0.5k 0.75  0.29 0.46 12.8
0.55 O.4h 0.3 0.135 37.0
—— 0.48 ———— 0.48 i3.2
o7 0.74  0.23 0.52 1k.2
0.87 2.2 0.75 1.50 4.0
1.%9 2.15 0.8 1.35 37.1
1.1 koo 1.2k 3.76 100.3

Fote: All shots were taken with a steel sphere 3/32"

in diameter and wt. of 0.052 gm.




l/l 4=Inch Plate Glass

o

TABLE &

Shot  'tmpact Yexts V.2 V.2 Vv .2v.2
No. (an/sec) (km/ sec) in ex in =ex K.E.(joules)
1 1.85 1.51 .43 2.30 1.13 31.0
2 1.85 1.66 3.4 2.75 1.68 k4.0
1.92 1.47 .70 2.15 1.55 42,5
15 1.47 1.09 2.15 1.18 0.97 26.8
18 0.78 ———— 0.57 - 0.57 5.7
19 0.58 - .33 ---- 0.30 9.1
20 1.66 0.73 2.76 0.54 2.22 61.0
21 2.50 0.96 €.25  0.92 3.98 100.9
22 1.66 0.62 2.76 0.39 1.77 L8.6
23 1.61 0.5% 2.60 0.80 1.3% 6.8
2k 1.92 G.T4 3.70 0.5k 2.26 62.0
Note: Shots were taken with a 3/-2" diameter steel

sphere of wt. 0.052 gnm., except for shots 20
to 24, which were taken with a /16" diameter
tungsten sphere of wt. 0.070 gr..




TABLE =

1/2-Inch Piate Glass

\'4 v
Shot impact exit
No. (¥m/sec) (km/ sec) vin2 vex2 vine-vex2
1l 2.27 -om- 5.15 -——— 5.15
2 2.38 cm——— 5.66  ~--- 5.66
3 2.27 ——— 5.15 ———— 5.15
b Test
5 2.00 - 4.00  ---- L.00
6 2.08 — O T 434
T 1.70 —— 2.90 ———- 2.90
Note: Jhol No. 2 just perforated the glass.

K.E.(joules)

106.0
117.0
106.0

8.0

89.0
€2.0

All
recorded shots were taken wit:h 1/16" tungsten
sphere of wt. 0.070C gm.




Kinetic energy lost during perforation (joules)
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lost as a function of impact velocity for the tungsten was essentially
the same as for the steel sphere; therefore, the deformatior : a func-
tion of impact velocity was not determined. The pictures on page 2k
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. Ixamination 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

1

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

pression wave fram a boundary,13 (3) the radial distribution of cracks

Lo,
around the impact center,l (k) the spallation of the rear surface of

15 ana (5) the large fracture concentration, at various vel-

ocities of impact, occurring between the front and rear surfaces.l6

the target,

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.l‘ Since more complicated fracture patterns

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

2. T™moshenko, "Vibration Prob.ems in Ergineering." Van Nostrand C..,
I.c., New York (19.8).

cit., Stanwortkh.
cit., Kolsky.

cit., Stanverth.

. Cito) Ch&rle.:.

SO

. cit., Timoshenko.
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Pig. 9. Modes cf vibration of thin rectupuic Hloteo.

of othcr phencmera, observation of the Iracvture due $o the louer mode.
of vibration was most emphaticaliy demonstrated near the perforatioc:
velocities for the glass. This is 1llustrated by the mirror photogruphs
or pages 25 and 26. The impact surfa‘cé of the tarpet is on the left
side.

Tension fracture at an edge resulting :-om reflection of the con-
pression wave from a8 boundary was also well illustrated when the vel-
ocity of impact is low tut scmevhat above that reguired for perforation,
8s showmn hy the photographs on pages 27 and 28.

It was found thet vhen the ratio of the impact velocity to ths vel-
g ocity of scurd in glass was 1/2 or larger, the number of radisl fractures
occurring near the impact center greatliy increased in sumber and dimi:-
ished in size and the giass had the appearance of a fisze powlsr ..ear ic
thé impact center. Alsc in this velocity reglon, =sspecially For thz
thicker targets, 1/% and 1/2 inch, it was observed that a large st.ocas
concentration occurred between the surfaces of the glass, resulting ic 2
d{ac-shaped hole within the glass. These phencmena are iliustrated by
the photogrephs on page 29 and by Figure 10 on page 30.
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Fig. B. Steel pellets shot into 1/8-inch plate glass at velocities of
2.5, 1.8, 1.2, 0.6, and 0.0 km/sec., as read from left to right.

Fig. C. Steel pellets shot into 3/6r-inch plate glass at velocities of
2.5, 1.8, 1.2, 0.6, azi 0.0 km/sec., as read from left to right.
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Fig. F. 1/16-inch plate V,

impact = 0.42 km/ sec.

TTIUSTRATIONS OF 104ER MODES OF VIBRATION FRACTURE
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Fig. K. 3/6bL-inch plate vmpﬂct = 1.02 km/sec.

ILIUSTRATION OF EDGE TENSION FRACTURE
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CONCLUSIONS

The energy required for perforation as a function of pellet impact

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

found that the energy the 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/k~ and 1/2-inch glass for any

impact velocity. The amourt 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.
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TABLE 1
3/64-Inch P.ate Glass

Load A Striking A Exit

e R RS T
oo ﬁ:ﬁ?ﬁim Wzﬁm&mﬂﬁﬁ A e

Shot Load Amount Time Time
No. Type  (emd) (usec.) (usec.)
1 2400 Vv 230 280
2 2400 v 220 275
3 2400 2.5V 00 330
i 2500 2.5V 280 340
5 2400 3 285 345
6 2400 3 250 375
7 200 2 255 385
8 2400 2 345 370
{ 9  Lo6 360 480
10 Lobk4 3 380 450
13 ko6l 1.5 490 ---
14 5064 15 460 -
16 2400 ¥ 260 320
17 2400 v 320 360
: 18 2400 g4 290 380
4 19 2500 N 215 265
20 2400 3 250 305
21 2400 3 35 370
22 2h00 3 249 290

Note: 3V means that the volume of the charge was 3 cm3
and that the barrel was evacuated before firing.




Shot
No.

4

O & -~ O W

2400

TABLE 2

i/16-Inch Plate Glass

Load A Striking A Exit
Amount Time Time
(em3) (usec.) (psec.)

v 270 580
3 2400 400
v 200 260
2 290 360

1.5 590 810

1.5 400 780

2.5 465 ThO

1.5 850 1400

1.5 1150 -




Shot
No.

[ g

re

10

15
16
17
19
20
21

22

TABLE

4

A

1/8-Inch Plate Glass

Load A Striking O Exit
Load Amount Time Time
Type (cm3) (usec.) (ksec.)
2400 B\ 190 490
2400 3v 255 560
200 2.5V 260 530
2k00 2.5V 300 580
2h0 3 280 450
2L00 3 - ---
2400 2.5 295 ---
2400 2.5 --- 590
2400 2 Loo 890
24500 2 L6C 900
Lok 2.5 480 ———-
Lo6k 2 574 925
Lo6k 2 750 900
LO6k 1.5 720 ---
2400 1.5 580 1040
2k00 v 320 575
2400 v 240 561
2400 )\ 250 450



TABLE &
:/4-Inch Plate Glass

Load A Striking A Exit

Shot Load Amount Time Time
Ho. Type _(_5.___31)_ {usec.) (usec.)
" LO6L 3 ng ng
2 4064 60 ng
3 +06k 2.5 270 330
15 2400 3 340 460
18 06k 1.5 870 ~--
19 4064 1.5 660 ——-
h 2500 2.5 270 360
> 2400 2.5 260 340
6 Lobk 2 495 ———
7 4064 2 £50 _—
8 406k 2 560 ---
TABLE 5

1/2-Inch Plate Glass

Load 4 Striking O Bxit

Shot  Load  Amount Time Time
_No.  Type (cm”) {usec. ) (usec. )
1 2400 3V 220 -

2 2500 v 210 -~
3 2400 v 220 --

4 2500 2.5V 250 —-
6 200 2.5V 2ko -—
7 2k00 3 29k -

Note: Shot No. 2 just penetrated the glass.
AZl shots were made with tungsten.
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Aluminum

Mylar Insulator

—{  |e— 0.001 inches

MYLAR FOIL

# Mylar foil is made by the Kational Metalizing Corp.
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