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The Midwest Research Institute has conducted research under three
successive contracts to the Ordnance Department on the resistance of light
personncl armor metcrials to penutration by nunition fragments. The general
objcctives of this work have been to determine the effects of each of the
principal variables associated with penctration and to determine, if possible,
vhat physicel properties of light armor materials have the greatest influ-
¢nec on their resistance to penctration,

The work accomplishcd under the first two contractg waes concerncd
with the type of failure induced by overmatching fragment gimuletors, i.c.,
thosc having a diamcter greater than the thickness of the armor, as this
was considered the most eeverc condition to which the armor would be exposcd.
It was then desired to complete the picture by showing the abilitics of
armor matcrials to resist ponctration by undermatching fragments, which may
be morc representative of average combat conditions, considering that most
of the fragments produccd by random-fragmentation types of munitions are
of rflatixuly small size, Consequently, the rescarch conducted under the
prosent _contract has_been primarily concerned with armor behavior under
mp@fﬂ.-bx..un;l;w.ﬁ.clmwm&nt, simulators. The scope of the work has
included the study of corollary conditions usuelly associated with under-
ratching fregments, viz., small fragment size, higher critical velocities
(tallistic limits), and high striking velecitics. In addition to these

conditions, somc of the_cffects of variations in fraguent hardncss have
becn studicd,

It was found that the formula previously developed for predicting
the pcrfornance of ccrtain armor materials under impg,i_h; overmatching
fragacnts does not hold f r,undurmatchln\ conditi ssible
excention of nylon. The reason for this limitation is that several varia-
blecs, including the naturce and form of the armor matcrials, have appreciable

effects on the resistance to impact by undermatching fragmunts. These
crfects tend to overshadow that of the simple shear type of failure generally
cncountered with overmatching fragments.

In vicew of this situation, it was dccided that further investi-
gation of thu c¢ffvcts of physical propertics should take precedence over
the propoced investigation of variatiens in perimeter shape. The results
of the lattir would appear to te of little value, since they would apply
to overmatching conditions only. Conscquently, it was felt that the
results would not be worth the time and cost of completing construction
of the special items of cquipment required for this phasc of the program.

The data obtained under this contract, together with that
obtaincd previously, arc nov sufficicnt to give good indicatyz;xxmgdrding
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the combination of physical propcrtics dcsired H ith armor

matcrials and to cnabic the proparation of a personncl armor csign manual
to be started.
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1I. DESCRIPTION OF EQUIPMENT

At the beginning of the work on this contract it became obvious
that the magnetic screens used for residual velocity measurement under the
preceding contract would be inadequate for the extremely small fragment
simulators to be investigated. The small masses involved would not pro-
duce an adequate signal as the fragment passed between the pole pleces
of each coil assembly. Up to that time other methods of measuring residual
velocity had seemed impractical because of cap troubles, i.e., the cap or
chips punched out of the armor plate would produce spurious time interval
signals when other types of screens were used; This difficulty had pre-
cluded the use of other types of screens because the small space available
in the originsl firing box had not allowed enough freedom in the placement
of the screens. Consequently, the base line distance could not be changed
appreciably, nor could the screens be moved sidewise as necessary to inter-
cept the frasment but avoid the cap under various conditions of armor
This difficulty had teen eggravated by the comparatively
large onu-plece caps generally resulting from plate perforation by large

diameter fragments,

In order to avoid, if possible, the construction of a new firing

box, further refincments were made in the magnetic screen arrangement., A

new screen assembly was designed to have increased sensitivity, extended
frecucncy response and higher signal-to-noise ratio, The construction of
this screen is shown in Fig. 89. Come comparative residual velocity

measurements were made with the oild and new magnetic screens, using
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1/b~in. diamcter fragment simulators which were considerably heavier than
the 3/32-in. diameter simulators contemplated for undermatching studies,
The results indicated that the old screens would introduce appreciable
errors, cspecially in the higher velocity range, if used with fragment
sinulators smaller than about 50 grains.

During the initial experiments with the 3/32-in. diemeter frag-
ments, it became apparent that the new magnetic screen would not provide
the rcequired accuracy at the higher residual velocities encountered. In
addition to this, the increased divergence encountered with the small
fragments, cspecially at high obliquities and low striking velocities,
made it nccessary to have a more spacious firing box. Consequently, a

new box vas constructed which had sufficicent room for placing the screen

in various locations, The construction of this box is shown in the
photographs, Figs. 90 and 91, The increascd room made it comparatively
easy to avoid cap impingement on the final scrcen, and so cnabled us to
usc a contact or short-circuiting type of screen at that station. This
type had an additionel advantage in that the voltage of the signal
generated was sufficient to operate the chronographs dircctly, thereby
avoiding possible c¢rrors from the inconsistent triggering cxperienced
with the coil-amplificr-thyratron combination,

The arrengement finslly adopted for the measuvemcut of residual

velocitdics conolsta of a finu capper wire mounted lomediately pehind the

armor_platc and 8 screen.located st a convenient distance, verying from

tuo 40 cdghtfowt, heyand the wire. The hreaking of tue wire starts the

Mo D W E 5 T ROE S T A Rz t 7
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chranaoranh and the ehort-circuitine of the screen stops it. The screen

consists. of-alternatu-shiits.of-waxcd. . paper-and.alunioum f.il clamped in

2 framc, as shown in Fig, 91,

The mcasurcment of striking velocity was accomplished by the
breaking of two fine copper wircs located in the fragment guide. This
mcthod wes the same as that uscd in provious work, with the exception of
a fow refincments to permit accurate measarcment of the velocity of very
small fragment simulators. The method used to correct the residual velocity
Jur she citocts of wire breakage and air drag was as follows:

Chronograph measurcments of striking and residual velocity were
qeer vith ro ermoe material in place. A picce of heavy paper, 0,008 in.
Thlor, was usod in plach of “he urmor saorle to scop pleces of wire,
wnili,; and wburned oo der froom short-tirenlting the residual veloclity

rewn., Th: weleclity e pzuertis woere cepLated 3w stveral values of
residuai velociny base lure. The Uffescne? notween striking and residusl
volocity was plottud as a funcifen of oase }iae distance for cach size of
fragment involved, The corrrc .iua factcr for the ambincd effects of
wirce breakage and air drag was then taken from this .jraph. The rcsults
ottained in this way .cro aver.ee values because of varying amounts of
tumbling.

The fragment simulatvors woere vight circular cylinders made from
drill rod (SAE 1095 steul). Most of th: fragments were uscd in their

unhardcned state measuring frem 90 to 95 Rockwell B, In an effort to

prevent "mushrooming" of the roscs, come of the fragments were hardened
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and Jdrazwn to approximatcly 45 Rockwell C. Others, which hal been hardencd
to approximately 60 Rockwell C and not drawn, were unsatisfactory because
of thelr tendency to shatter, either on impact or before leaving the guide,

The fragment cimulators were propelled by a Ramset Tool using a
special barrel having a smaller borce and greater length than standerd,

This tool is an improved version of the Tempo Tool used in previous work.
The smaller fragments required new guides which were similar to the pre-
vious ones except for the arrangeuent of gas escape slots and the two-plece
construction which permits the gulde to be opencd for easy cleaning and
rcriovel of occasional Jammed fragments.,

A refincment was added to the equipment in the form of a pancl
of lights and switches for quickly checking the wires and screcns for
continuity and short circuits. This panel, which is visible at the top
of the firing box in Figs. 90 and 91, proved to be a valuable time-saver.

A schenatic diagram of the test circuit is given in Fig. 88.
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III. DISCUSSION

A. Performance Prediction Mcthod

During previous rescarch on the rcsistance of body armor meterialc
to fragment penetration, it was noted that the performance of a given
matcrial could be predictcd with rcasonable accuracy by a formula which
involved plate thickness, fragment mass, and shear perimeter. This rela-
tion had been found to hold over the range of conditions in which over-
matchirg fragments had been used, that is, fragments the diameter of which
exceeded the plate thickness. During the course of work on the prescnt
contract, it was found that this rclationship does not hold for metching
and undermatching conditions with the possible exception of nylon. Thils
rclaticnship had been developed for overmatching conditions in which the
principal mcde of failure was shear. It 1s not surprising that the
rclationship does not hold for undermatching conditions wherein the
failure of the armor material is influcnced to a much greater degree by
other mechenisms than shear,

It was notud that the curves shown in Figs. 75 and 79 correspond
qultc closcly to the performance cquation previously derived. However,
since the only variable which was changed in making this comparison was
the mass of the fragment, it cannot be said conclusively that nylon will

conform to this equation under all conditicns,

B. Comparison of Matcrials at Normal Impact

The performances of Hadficld stoel, doron, and 24ST aluminum
alloy nave been plotted on the basis of cqual weight per square foot in
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RESTRICTED

RESTRICTED




RESTE

ICTED

Figs. 1 and 2. The curves for Hadficld stecl and doron were adjusted
slightly from the cxperimcntal curves to put them on the same weight basis
es the EﬁéT.

It will be observed from Fig. 1 that the order of merit of these
meterials at high impact velocities is the reversc of that at low velocitics.
This effect is apparently in agreement with the resulte obtained at Aberdecn
Proving Ground using G2 fragment simulators. The main factors involved in
this apparcnt paradox arc probably the ductility and work-hardening effcct
of Hadfield steel which work to the best edvantage in the low velocity
region near the ballistic limit, Low velocity impacts allow time for a
large arca of the material immediastely surrounding the point of impact to
detrude or deform. The apparent result of this effect is to prolong the
time of impact ard extract a greater amount of encrgy from the fragment,

The fundamental impact cquation can be expressed as

g /\v = /! Fdt
o

Since F is limited by the strength of the material, any increase in t
will increasc Zﬁ; v. Consequently, the amount of energy cxtracted will
also increase,

Observation of Hadficld steecl plates penctratcd at high impact
vclocities shows that only 2 small arca of material is involved. This is
belicved to be due to the fact that the effect of the inertia of the
material immediately surrounding the point of impact becomes appreciable

at the higher impact velocities. The effect of high velocities would be

M | D W E § T R &E § E A R C H I N S T I T U T E
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to causc very high acceliration of the plate waterisl at the point of
impact. Bccause of +he high acccleration, the force imposed on the plate
would excccd its breaking strength in a very short time after impact.
Thus the incrtie of the material immediatcly surrounding the point of
impact prevents this material from being detruded to any great cxtent.
Therefore, we would conclude that the time of impact is comparatively
short at high velocities and that the amount of energy extracted from a
fragment is comparatively small, assuming that the anount of fragment
deformation is approximatcly the same for low and high vclocities. Visual
oboervatione indicate that the amount of fragment df termation upon impact
with Hadfiold steel did not vary greatly over the range of conditions
studicd,

In the casc of the 245T aluminum alloy, fragment deformation in-
creased appreciably st higher impact velocitics., Conscquently, the amount
of encrgy extractid by the 2EST could be cxpected to increase in the high
velocity range, other factors being equal. The 24ST, being & fairly rigid
materiél because of its thickness, docs not exhibit a high degree of
ductility even at the lower striking velocities. 1Except for the effects
of increascd fragment deformation at high velocities, the 24ST does not
exhibit much change in mode of failure over the range of striking velocities.
Thus, it is not surprising that the performance curves of 24ST and Hadfield
stecl cross cach other. A possible explanation for the fact that the
perlormance curve of doron lics betwecen those of Hadfield steel and 2LST
ir the high velncity rangc may be found in the fact that the fragments

suffer relatively little deformation upon impact with doron,

M 1D W E § T R E § E A R ¢ ¥ I N S




RESTRICTED

The foregoing discussion offers at least a partial explanation
for the different orders ol merit of these armor materials according to
the metliod of test. A summary report1 on tests of armor materials conducted
et Aberdeen Proving Ground indicates that the order of merit of some
moterials depends upen the type of test to which they are subjected. The
Tirct type of test discussed in this report was the so-éalled rectangular
arrancenent of boxes around 2 20 mm HE shell or a controlled fragmentation
shell, In this test the plate of material to be tested was 8 inches away
from ihe center of the burst and was consequently exposed to fairly high
impact velcocities of the order of 2800 to 3200 feet per second, The second
type of test involved %he determination of ballistic limit under impact by
G2 fragment simulators. In this case the striking velocity was rele.ively
low, being approximately 800 ft/sec for 24ST aluminum, 1400 :™ /-~ =¢ -
doron, and 1660 ft/sec for Hadfield steel.

The preceding conclusions agrec very well with the resvi.. e, .

by Fig. 1. Since the preperties of Hadfield steel are best realiz

low striking velocitir= = -.uld be expected that this mricial we
show superior re =:.~ . .o yoctration under these cond -

the energy . “. T ragment decreases with -

for Hedfiele - . - . r. weeu. “g rmue fou
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The spread botween the individual curves in this case is lcss than the
experimental error encounterced in the tests,

A comparison of nylon with other armor matcrials is given in -
Fips. 3 end 4 on the basis of equal weight pcr'unit arca, The apparently

poor. performance of. nylon.in.this investigation is attributed to the small

R, ac discusscd in Scction III F, entitled "Effccts
of Physical Propérties of Materials", The especially poor performance of {;
nylon wider high impact velocities is further accentuated by the melting
of the thrcads that was noticed under thesc conditions. '
Undcr the conditions of Fig. 4, the performance of 75ST is
slightly better than that of 24ST. Howcver, no definite con:lusions

should be drawn from this because the amount of difference is comparable

to the oxperimental error,

A comparison of nylon with doron is given in Figs. 86 and 87.

As mcntioncd above, the conditions used were such as to minimize the

effectivencss of nylon as an armor meterial,

4 C. Effccts of Incidence Angle

As in previous reports, the term "incidence engle" refers to the
angle belween the path of an approaching fragment and the perpendicular
to the plane of the armor material, In the final report on the previous
contract it was stated that the performance prediction method could be
modificd to take into account the effect of angle of incidence of 1/4-—

in. diamcter fragments against aluminum alloys and Hadfield stecl. In

C H I N S
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the case of the former, the armor thickness was considered to be increased
from that at 0° according to the secant of the angle of incidence, and

the shear perimeter was also increased because of the elliptical rather
than circular perforation.

These fuctors cannot be applied to most of the conditions studied
under the present contract, for the reason that the small fragments tend
to yav during impact at oblique angles. Figure 7 shows that the curve
for penetration of 0.102 in. 24ST by the 3/16-in. long fragments at 45°
is considerably below the 0, 15 and 30° curves. Observation of the
penetrations showed that the short fragments yawed considerably more
during penetration at an incidence angle of 45° than at the smaller
angles. This "broadsiding” tendency is believed responsible for the
fact that considerably more energy was extracted from the fragment at
45° incidence angle. As would be expected, this effect is more pronounced
with the short fragment, which has & small longitudinal moment of inertia,
than with the long fragment.

In Fig. 8, which describes the behavior of 0.102 in. 24ST under
inpact by the long fragment, it is seen that only the low-velocity portion
of' the 45° curve is spread away from the 0, 15 and 30° curves. This is
attributed to the assumption that the longer duration of impact at low
striking velocities allows some yawing‘to occur, even though the long
fragment has a ccmperatively large longitudinal moment of inertia., Con-
versely, it is assumed that the short duration of impact at high striking
velocities, together with the large moment of inertia, does not permit

appreciable yawing to occur,

M 1 D W E § T R E S E A & < H I N S

 RESTRICTED




RESTRICTED

Trends similar to the Soregoing can be observed in Figs. 6 and
S through 12.

Figures 14 and 15 show that the performance of Hadfield steel
at, 15° angle of incidence is slightly inferior to that at 0°, Although

this trend is opposite to the general trend shown by other materials, it
substantiates the results of previous work with larger fragments conducted

by otler iavestigators as well as by the Midwest Research Institute,

D. Effects of Fragment Mass and Plate Thickness

Figures 20 through 26 show the effect of varying the mass or
length of the fragment, and Figs. 27 through 29 show the effect of varying
the plate thickness., As mentioned previously, it was found that these
curves do not follow the relationship between fragment mass, plate thick-
ness and shear perimeter which is applicable to overmatching fragments.
Although time did not permit a search for another relationship which may
apply to the undermatching conditions, this will be investigated in

connection with the preparation of the armor design manual,

E. TFraguent Deformation and Hardness

The greater portion of the experimental results were obtained
with unhurdened steel fragment simulators measuring from Rg 90 to 95,
Practically no deformation of the fragment nose was perceptible aftér
impact writh unimpregnated nylon duck and relatively little with 280
aluminum, However, a moderate amount of "upsetting” of the fragment

nosc occurred upon impacsi with doron, the amount heing greater at high

M1 b W E § T R E 5 E A R C H I N 8

S * RESTRICTED




RESTRICTED

impact velocities. 2UST and 755T aluminum alloys induced a large amount
of "upcetting” and "mushrooming" of the fragment noses, the amount also
being greater at high impact velocities. Observation of partial penetra-
tions indicated that the deformation of the {ragment nose started immediately
after the fragment struck the plate and that the deformation increased as
the fragment nose progressed through the plate. This action accounts, at
least in part, for the increased diameter of the hole at the exit side

of the hard aluminum platez., Hadfield steel induced a large amount of
"mushrooning” of the fragment nose at all striking velocities, and the
amount of "upsetting" was greater at high velocities. There was some
indication that the "mushroomed" edge was sheared off during penetration
at intermcdiate and possibly at high velocities, also.

In gencral, the amount of fragment deformation experienced with
the 3/32-in, diameter frapments against metallic materials was quite
severe. No appreciable deformation had been encountered with the 1/4-in,
and 1/2-in, diameter frugments used in previous work, even though the
fragment hardness was approximately the same in all cases. The impact
velocitics of the small fragments were, in general, much higher than those
of the lerger frzgments, but this does not scem to account entirely for
the difference in dcformation. There sre indications that othev factors,
possitly fTragment mass and time of impact, have a markcd influence on
frogment deformation, A few of the 2.47 grain frasments which had been
hardened to approximately 60 RC were successfully fired at Hadfield steol

without shattering. In some cases, the noscs of these fragments were
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upsel appreciably, and color shadings progressing from dark blue to straw

color were visible behind the nose, indicating that the tcmperature rcached
during impact had prebably been high enough to soften the mose and thus
contributz to the deformation, However, the data were not sufficient to
varrant definite conclusions,

Because of the difficultics expericnced with shattering of the
fully hardened fragments, some of the 13.55 grain fragments were drawn
to & hardncss of about 45 RC. These were fired at 0,035 in. Hadfield
gteel at normal impact and the results are given in Fig. 85. Although
the fragrment deformatior was appreciably less than with unhardened frag-
menis, ne positive trend is apparent from Fig. 85. It was expected that
the curve of results from the hordened fragments would lie above that
for the unhardencd ones, ¢specially at the high velocity ehd of the curve.
Apparcntly, other factors are involved which we cannot explain at this
time. Consequently, it ic planned to investigate further the question

of fragment deformation and hardncss during the preparation of the design

manual,

F. Effucts of Phyzical Propcrties of Materials

With the exception of some of the aluminum alloys, the armor

nmaterials tested under this contract were received from Aberdcen Proving

Ground, The nylon uscd in this work was 2 x 2 basket weave weighing 13

ounces per square yard. No plastic impregnation or other spacial trcatment

was eppiied to it., The doron received had no markings or other indications

2s to vhich type it was, The shects used were 21 ply, average thickness
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0.155 in. and averege weight 22.5 ounces per square foot. The Jadficld
steel uscd was 0.035 in, thick with the hardness varying from 70 to 90
RB.

Observation of Figs. 1 through I ghows that the high veloac'ty
performance of nylon is inferior to that of most of the other materiels
considered., A reason for this may bec the threed melting effect associated
with concentrating the impact cnergy in a very small area. This effect
increases as the striking velocity is increascd as observed by examina-
tions of the fractures. Another property of nylon which has an adverse
effert on its resistance to high-velocity impact 1s its softness. Because
of the combination of softness and low melting point, there is no tendency

to dcform the nose of the fragment. Thercefore, there is no opportunity

,,,,,, _to arsorb the impact enerpgy over a wider arca, Consequently, it appears

that nylon can be used to best advantege only when cxposed to low velocity

fragrents. " A_composite armor using a combination of nylon and a sujtable

mctal should have the nylon placed nearest the body if the construction

will pcrmit maintaining 8 proper spece between the nylon end the body.2
Throughout the work on this contract, an attempt was wmade to
dctermine which physical properties have the greatest effect on resistance
to armecr penetration, There appears to be no simple gquantitative compari-
son hetwecen critlcal velcecities and the common criteria such as tensile
strongth, shear strength, etc, It has been noted that, when the leading

body armor materials arc compared on an equal weight basis, their over-

~

2 ACC MD Report No. 208, "The Effect of a Non-Perforating Missile on
the Animal Body Protected by Nylon Armor" by Tillett, Banfield
& Herget,
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all performances are nearly cqual. Also, under most conaitions, it appears
that & superior physicael property in any one material is offset by an
{nfcrior property which is inhercnt to the naturc of the same material.
No presently known material combines the most dcsirable preperties of
all the materials tested.
Although the quantitative effects of the desirable properties

re yet unknown, the qualitative effects of various properties have become
fairly clear. During the work with undermatching fragments on nylon duck,
the condition exicted where the frogment diameter was small enough to
approach the diameter of one strand of the nylon. On all of these shots

a cross effect was noted around the point of penetration. This was caused
by the straining or pulling of one or two strands in both directions of
the weave, This concentration of load on a small number of strands is
probably responsible for the poor performance of nylon under these condi-
tions, WVork on previous contracts with large diameter flat-noced {ragments
at normal impact showed nylon to have a much higher critical velocity than
the other materials tested, viz., 24ST, 75ST, or Hadfield steel. This

supericrity of nylon did not hold true when the fragment nose shape was

chupnzed Lram flat to conical or when the incidence angle was increased
The foregoing observations indicate that _spy woven or fabric

mi:terial should have rip-stop weave, spot impregnation or a& similar device

to distribute the load over a larger area. Impregnated materials, such as

doron, should have sufficient bond between fibers to equalize the load ani

S b bW E 8 1 R £ £ &8 A R C W 1 N S

 RESTRICTED




RESTRICTED

prevent. spreading them apert under impact by sharp-nosed fragments. A

high melting point for any material is desirable to prevent the thread

meltinz encouptered with nvlon under high-velocity impact. Any effective

armor material should be of sufficient hardness to deform the fragment

and therehy ahsark the imnact energy over as lerge An.area as possible.

SIS i S . Ductility or stretch, as evi-

denced by Hadfield steel, and to a moderate extent by nylon, allows the
material to detrude under impact. This condition increases the time
interval of penetration, thereby allowing the material to absorb a greater
amount of energy during penetration, Flexibility would have a similar
effect to ductility in that it weuld result in a greater length of time
during which penetration would occur., Flexibility would also allow the
censtruction of one-piece armor suits or the use of larger plates in

constructing body armor.3’u

3 WAL Memorandum Report WAL 710/280, "Compariscn of Resistance
Characteristics of Flyer's Protective Armor, M), and Experimental

Armor Vest, T39, and the Effect of Component Plate Size", by
J. F, Sullivan,

4 ACC D Report No. 228, "The Effect of & Non-Perforating Missile on the
Animnl Body Protected by Steel Armer", by Tillett, Banfield & Herget.
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IV. CONCLUSIONS

A. On the basis of the experimental work described in
this repoit it is concluded that the physical properties desired in
an efficient body armor material include the following:

1. Ductility or stretch of metals or fabrics.

2. Sufficient hardness to deform fragment roses.

3. Flexibility, to prolong time of impact.

4. High melting point.

5. In the case of fibrous materials, a means for
achieving equal radisl distribution of forces around the
point of impact.

6. In the case of fibrous materials, a means for
preventing the separation of fibers under impact by
sharp-nosed fragments.

B. The order of merit of most of the materials considered
depends on the conditions under which they are tested. The order may
be reversed by varying the impact velocity or fragment size.

C. The performance prediction method developed for
overmatching fragments does not hold for undermatching fragments or

for Hadfield steel under the conditions described in this report.
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APPEIDIX A

Index to Curves
Performance Curves; Figs. 1 through 87
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INDEX TO CURVES (Concluded)

Figure
v, Basic Experimental Data
A. QhSTAluminum oo-uao-o-ca..couo30‘53

B-QSOAluminum .o-oco-.--oco.oou53"61

N

Ce T5ST ALUMANUI o ¢ o o o o s o o s o o+ o o o o 62
D. Hadfield Steel noo--oto.coooaoou67-7u

-HylonDuck............-.....-75"80

-3

F- DOTOD s o @ ® e » 5 & 8 82 s s e b & & 3 ¢ s & @ 81 - &

VI. Effects of Fragment Hardness . « « « o « o o o o s » « « 85
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