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SUMMARY

Under the present contract, the basic method for predicting the
performance of light personnel armor previously developed under
Contract N>, W23-072-ORD-2123 has been extended to include other variables
wvhich enter the problem of armor design. The major portion of the work
under the previous contract was limited to the study of flat-nosed fragments
fired perpendicularly at plates using comparatively low striking velocities.
This study has been extended to include the effects of various fragment nose
shapes, angles of incidence, higher velocities and smaller fragments.

It was found that the previously developed forimla for predicting
light armor performance renains valid over the extended range of conditions
for most of the materials studied. It is shown that the original formuls
can be modified to enable a designer to account for the effect of angle of
incidence for metallic materials. Except ir the case of fibrous materials,
the effect of nose shape was found to be comparatively small for the range
of shapes studied; hence, no shape factor was included in the formula.
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During the course of the preceding contract, the Midwest Research
Institute developed a method for the evaluation of the resistance of certain
materials to pehetration by fragments having various masses and striking
velocities. The final report for that contract presented data taken with
cylindrical, flat-nosed fragments of 1/2-inch diameter which were projected
perpendicularly against the armor materials.

One objective of the work under the present contract has been to
explore an extended range of conditions to determine what limitations might
be presented by this method of evaluation. Accordingly, studies have been
nmade of the effects of: 1) various angles of incidence of the approaching
fragment; 2) different fragment nose shapes; 3) different fragment perimeters;
and L) higher striking velocities.

It is 8 purposc of this recport to present data which will extend
the scope of the previously developed semi-empirical assecsment method and
to indicate the comparative reactions of different materials to various

conditions of penetratien.

I1I. DEGCRIPTION QF EQUIPMENT

The equiprnent uzed for obtuining the data of this report is, with
a few exceptions, the same as that uscd in the previous contract. For a

complete description, including photographs and wiring diasrn:s, reference

should be rade ms TIhAY im"ar mraée‘::b‘. wvmoang
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\aﬁur‘fﬁe measurement of residual velocity, and special Tempo Tool barrels for

Y

higher striking velocities.

The laboratory location has greatly improved worxing conditions
for both personnel and instruments. All the original safety features remain
the same.

The new design of residual velocity pick-up provides a higher

siznal-to-noise ratio to ensble velocity measurements of small fragments to
be made at the wide divergence angles resulting from oblique impact. The

ﬁ signal-to-noise ratio was iuproved by providing a transverse nagnetic field

S J o

for the screens as contrasted to the axial field formerly used, The new

arrangecent minimizes screen coupling. Pole pieces having a width of

3 1/2 inches in the plane of the scrcen are provided. They are separated
by an air gap of 3 inches, thus providing & sufficiently large screen area
to accommdate the divergence angles resulting from most 3f the oblique
impact conditions.

The pulses derived from the recidual velocity magnetic screcns are
ad=itted to two amplifiers (:ce Appendix B) vhosc outputs are connected to
the ctart and stop inputs, respestively, of the counter chronograph. These
amplifiecre are identical and arc fairly simple in their design. The require-
aents are for high grain and relatively narrow band width. The tube lince-up
consists of a 6AUS pentode input, followed ty a 12AUT twin triode cascade

anplifier vhich feeds into the grid of s 2DZ1 thyratron. The output pulse

from the thyratron cathode is used t2 o X“\“{-‘!‘Mph.
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Lo \&&bﬂ;{ - DESCRIPTION AND APPLICATION OF EVALUATION METHOD

A thorough descripticn of the semi-empirical assessment method for
the performance of armor materials is to be found in the final report of
Contract llo. W23-072-ORD-2123, Briefly, it consists of the following rela-
tionship for metals:

P h
1 W

where M = mass of ctriking fragment

P

perineter of fragment

thiclness of plate

o
L]

10 x 10"‘ slugs

-
—
L]

o
o]
1

.v inches

[ 4
&
L]

0.1 inches

WO \ SENCASPEERRRI ¢ ALELPRIRE  SEdRChdiaiy,  Eardn i AR gl B ek

a - Lh x _Il X R: R
£ M Py mo
vhere ! = macs of striking fragment
P = perizeter of fragaent

rnuzber of layers of fabric

ol
]

"= 10 x 10°% slugs

~3
(o]
[}

1.0 inches
ngy = 10 layers
It should be noted that the " 2" relationship for fabric has been somewhat

revised to account for the variation of fragnent perineter.
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w When using the evaluation method to determine the relative per-

formance of various materials, one should avoid drawing general conclusions
covering a wide range of "a" values. The "@" ourves for various materials
are sufficiently different in shape to indicate that the relative merits of
the naterials nmay even become reversed when the plate thickness, fragment
perimeter or wass is changed sufficiently, Consequently, when making com-
parisonc between materials under a given set of conditions, the recommended
procedure is to detcrminc the appropriate value of &t for eazh material from
the values of plate thickness, fragment perimeter, and mass. (Whe:r consider-
ing oblique impact, thc values of plate thiclkmess and fragment perimeter
should be modificd as outlined in Section IV-C.) Then a curve having the
requircd value of g can be chosen from the fanily of "a" curves given in
thiz repart for the aaterial in guestion. In cases of non-integral values
of A, the dezired curves can be constructed bv interpolation. 1If the =:a-
terial is one tix resistance of which 13 markelly affected by nnsc shape,
tris effect can be estimated by referenceto a curve of data taken under
cinilar conditions. Then the "a” curve, after being adjlusted for nose
stape, should nredict the performance of the material under the stated con-

ditions with a rcasonabdble degree of accuracy.
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Iv, DISCUSSION

A. Performance Curves and "u " Relations

-~

Figurss 5¢ through 167 in Appendix A represent all the data ob-
tained during t..e term of this contract. Experinmental points are indicated
by plus .arks and their average loci by solid lines. T.e dashed curves are
values Of « corresponding to the experiiental data in each case. The
values of . are taken from the families of "Q" curves shown in Figures 1
through 4.

These fa:.ilies of " 2" curves have been derived as suggested in
te previous contract with the exception that they are based on data taken
fro= the niddle of the range of " .1" values covered in the present investi-
gation. Ti.is modification provides better agrecrent for data having high

avalues witiout detrizental effect on tliose of low <1 values.

Hadfield Cteel aac not conformed in general with the "a@" wethod
of evaluation. Further investigation -ay reveal some such relatienship
within specified li::its. Figures 60 and (1 suggest tuis pcasibility wherein
the liriting condition veuld be constant Irag.ent peri..eter. At tiue present
ti e, no couparison can dbe -rado betueen the e tive perforiance of 4if-
ferent thicknescses of Hadfield Steel. T.e reason iz tiat the two thick-
nesces investigated, f.e., .036-inch and .4“-inch, were supplied ir dif-
ferent lcgrees of iardness. The average lardnes:s o7 tie .030-inch shwet,

az seasured 2 the Rockvell B scale vas 52 and ¢lat of tie .O87-inch: sheet

t D ow o[ % 1 T &t T &t A r oL R 2 T B | S {
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: o B. Comparative Curves for Various Materials

v ="

l Figure 5 compares 250, 24ST, and 75ST aluninum alloys with nylon

duck having a weight per ply of 13 ounces per square yard. The curves are
. taken from their respective "A" families and have values of & which give
approximately equal weight per unit area.

The curves of Figure 6, which are taken directly from experimental
i data, are included for purposes of comparison with Figure 5. For additional
. comparison, the experimental curve of .O48-inch Hadfield Steel has been

included. Figures 6 through 9 each contain curves for different armor ma-

! terials when subjected to the same conditions of impact. Because of the
variables involved, these curves were taken directly from experimental data.

They furnish some neasurcment of the relative merits of the different ma-

o

terials under specific conditions. It will be noted from Figures 6 and 7

that the behaviors of the metallic materisls do not differ grecatly onc from
another under some of the conditions shown., It is difficult to draw accuratc
conclusions regarding the rclative critical velocities of the metallic
matcrials in cases where these velocities werc nearly cqual to cach other.
The reason for this is that critical velocity varies considerably from one
tost to another, using specimens of a given material. By rutual agrecncent
with the sponsor, it was dccided that the extensive cffort required to get
accurate determinatien of critical velocitics was not warranted in this

investigation.
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Figurc 6 indicates that nylon duck has a comparatively high criti-
cal velocity when exposed to normal impact by flat-nosed fragments. However,
this critical velocity was greatly reduced by oblique impact of flat-nosed
fragments and still further reduced by conical-nosed fragments. These trends
are obscrved in Figures 11, 12, 31 and 32.

Figures 8 and 9 indicate that the performance of 250 aluminum alloy
is appreciably inferior to that of 24ST under 45° impact by cither flat- or
conical-nosed fragments. Figures 6 and 7 indicate that 250 has approximately
the same perforrance as that of 24ST under normal impact by either flat- or
conical-nosed fragments. These comparisons may apply only for an*q'"value
of approximately 2.3. When the value of & is increascd to 7.0, Figures 100
and 133 show by comparison that the performance of 250 is greatly inferior to

that of 24ST under normal impact by flat-nosed fragments.

C. Incldence Angle

Angle of incidence as defined in this report is the angle formed
between the path of an approaching fragment and the perpendicular to the
plane of the armor material.

Figures 10 through 39 1llustrate the effects on fragnents of cer-
tain nose shapcs produced by varying the incidence anglc of the armor ma-
tcrials. The nosc shapes studicd were flat, horizontal, and conical (90°

apex angle).

N S T 1 T U T E

10-8 HHTH el kimdemny iy

L L BN

.....................




(1071 RESFRITIEITEPIL]]

To predict the approximate effect of varying the angle of inci-
dence for metals, allowance must be made for the effective change in plate
thickness and perimeter of the cap punched out during impact. The new
values of thickness and perimeter thus obtained can then be substituted in
the "a" equation and a suitable value obtained for a .

In tue case of aluminum, it 1is observed that the mode of fallure
remains that of a simple shear over the entire elliptical perimeter. The
new perimeter, therefore, is that of the ellipse produced by the oblique
angle of penetration. The new effective plate thickness 1s measured through
the holé ‘in a direction parallel to the approach of the bullet. Thiz may be
determined by multiplying the actual plate thickness "h" by the secant of
the angle of incidence.

In the case of Hadfield Steel, it is noted that the manner of
failure is somewhat different. Under norral impact, the fragment produces
a uniform type of failure around the entire perimeter of the cap punched out
of the plate, At incidence angles of 15° and more, the nature of failure is
wiforn: around part of the perineter while the balance fails in a conmbined
tcaring and bending action.

In the studies to date, this latter action occurs cver approxi-
mately one-fourth or one-fifti. of the elliptical perincter., The apparent
case of this type of failure is occasionally indicated when the portion of
the cap initially punched out of the platc swings around, as if on a hinge,

with sufficient velocity to dent the reverse side of the plate. If it may

s 7 Uu T ¢
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be assuned the energy absorbed in the latter portion of the failure is small
compared to that absorbed by the initial and uniforn type failure, then a
factor is apparent which nay be used to modify the elliptical perimeter.
Thus far, it appears to be 3/4 to 4/5.

The modified plate thickness is obtained as in the case of aluni-
nwt by multiplying the actual plate thickness by the secant of the angle of
incidence.

For aluainun, the modificd ‘X values have been coiputed and their
corresponding curves appear a&s dashed lines on each related graph. In the
case of Hadfield Steel, this has not been done because of the liuitations

11} "

for "q" evaluation discussed in Section IV-A of this report.

Figures 40 through 59 co.pare for a given naterial the respective
perforrances of fragients having diiferent nose slhapes, viz., Tlat, hemi-
spherical, and conical. Corparisons are civen at incidence angles of 0°
and 45°.

It does not appear lcasible to attenmpt to draw detailed conclu-
sions regarding the relative effects of the various noce chapes because of
the inconcistent behavior noted in Figures 43 throug!. 5C. It it believed
that these inconcistencies are due to two factors: (1) the variation in
perfor.ance of different speciiens of a Given uaterial under supposedly
identical i.pact conditions; and, (1) tre errcrs involveld in .easuring
both striliing and residual velocities. The velocity-measuring errors are

due primarily
! b w E § T R E S E A R C ™ I N & T 1 T U T E
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o, to the short base lines used. In the case of striking velocity, a short
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base line ic necessitated by tle need for guiding the fragment up to the
plate. In the case of residual velocity measurement, the short base line
is necessitated by the wide angles of divergence encountered under oblique
impact conditions.

Curves which are believed to represent the approximate extremes

of combined errors and materiel variations are shown in Figures 47 and Lo,

E. Fabric
Curves 10, 11, 12, 31 and 32 show that the performance of nylon
duck 1s not appreciably affected by varying the incidence angle. However,
when a large nunber of plies is used, certain nose shapes have a pronounced
effect, Figures 4l and 42 show that when there is a large nunber of plies
the conical nose fragment penetrates much more readily than the flat nose
fragment; however, when a small number of plies is used, the difference in

nose shape has a negligible cffect, as illustrated in Figure 40.

F., Multiple Laminations of Metal

b The investigation of the performance of multiple laminations of
zotal was linited to the study of four contiguous layers of .032-inch

L 2457-3 aluninum alloy. The results of the study indicate that, for tie

i conditionc tested, the performance of the laminated material is slightly

1 inferior to that of an equivalent thiclkness of solid naterial. A comparison

of the two can be obtained by referring to Figures 157 and 137.
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The dashed curve on Figure 167 was determined by applying the
evaluation method successively to four separate plies. The method was to
take a given striking velocity and, using a value of ¢L equsl to 1.18 (ob-

tained by interpolation from the " 4" curves given in Figure 3), determine

the residual velocity of the fragment as it leaves the first ply. This
residual velocity was then considered to be the striking velocity for the
! second ply. By using the same value of 4 again, the residual velocity of
F the second ply was deternined. This procedure was repeated for the third
and fourth plies. The entire procedure was then repeated for other values
2 of initial striking velocity. The curve was then constructed by plotting

residual velocity versus striking velocity. It will be noted that the

cvaluation method applied above to multiple laminations is the same as that
described in the final report of Contract No. W23-072-0RD-2123, with the
exception that the mass of the penetrating fragment was considered to be
constant throughout.

In the previous contract, the mass of the fragrent when striking
each successive layer was considered to be increased by tle mass of the cap
torn frou the preceding layer. This was based on the acsw:iption that the
cap was brolen away from the surrounding uaterial before the full extent of
pernancnt deformation had becn rcached. The study of tinme of impact made
with tie six-channel oscillograph, together with obscrvations of partial
penetration of laminatcd platcs; indicates that all or a large portion of

the perianent deformation occurs before the fracture is complete.
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;"? This indicates that, in the case of laminated constructions consisting of
contiguous layers of stiff materials, the force of penetration begins to be
transmitted to successive layers before the failwre of the first layer is
complete., Thus, 1t would seem logical to consider the mass of the penetrat-
ing fragment as being constant throughout the penetration process.
Upon reviewing the data of the previous contract, it was found

that closer agreement between experiuental curves and those predicted by the
evaluation method could be obtained when the mass of the penetrating frag-

ment was considered constant.

G, Metal and Fabr.c

Figures 164 through 166 indicate $hat the "AQ" relation can be used

to predict the perforrance of composite materials with a fair degree of ac-
curacy. For these figures, the "A" curves were constructed in a manner
sinilar to that described in Section F, In this case, it is probable that
the mass of the penetrating fragment should be considered toc be increased by
the mass of the aluninunm cap before it contacts the succeeding layers of

nylon for the reason that fracture of the aluminum is probadbly completed

before the succeeding layers of nylon are fully lcaded., However, it was |
felt that thc position of the "a" curve would not be appreciably affected |
by the small mass of the .O0h-inch cap and, for the sake of simplicity, the

fraguent mags was considered constant.
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ff} It will be noted from Figure 25 that the penetration resistance of

the composite armor at 45° incidence angle is appreciably greater than at 0°

o in the lower velocity range. Tigure 10 shows that a construction consisting
.o
i of four plies of nylon does not exhibit any appreciable difference in pene-

tration resistance between 0° and 45°. The same is true of thin sheets of
aluninum alloy. Accordingly, if no other factors were present, it would be

expected that a combination of thin aluminum and a few plies of nylon at 45°

DR DO

would show practically no improvement in resistance over that at 0°. Obser-

vation of plate fractures at 45° indicates that there is a tendency to turn

.—rrrrr T
o S T

the fraguent during penetration, especially at low velocities. It is pos-

sible that the fragient is turned as it leaves the aluminum plate so that it

‘i’ presents a more nearly broadside surface to the nylon, thereby oringing
nore threads into action.
The foregoing nay explain why a combination of nylon and aluminum
exhibits better performance at 45° than would be expected by taking the 45°

curves of nylon and aluminum into account separately.
V. CONCLUSIONS

The following general conclusions can be drawn from the curves

presented in this report:

1. The critical dccign condition for each of tie :

f aluzinun alloys studicd ic that of normal irpact by
=3 flat-nosed fragqents.
; M 1 D W E S I R E Ot E A ® T K I N S T 1 Y u Y E
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2. Of the various conditions studled, those which are
critical for nylon duck are normal impact by conical-
nosed fragments and 45° impact by flat-nosed fragments.
3. The critical condition for Hadfield Steel is ob-
lique impact at spproximstely 15°.

4. Solid :luminun apparently has a slightly greater

penetration resistance than an eguivalent thickness

of laminated aluminum under normal impact by 1/k-inch

diameter, flat-nosed fragments.

- 5. Aluninum alloys and nylon duck conform to the "a"
relation, at least for the range of conditicns studied.

(Y This relation permits one to construct a fanily of
curves for a8 given material from one asic curve deter-
mined experimentally. This fanily of curves can then
be used to predict the performance of various thick-
nesses or numbers of layers of a given material for
normal impact by flat-nosed, cylindrical fragments of

different nmasses and diameters over a range of striking

A 'F“'*'T..":f"‘,‘:"_# w7 _-.‘\'I LA AR RS ™\ N

velocities, Hadficld Ctesl) does not appear to confornm
to this relation.
i 4. For conditions of oblique izpact by flat-nosed

frag-ents, the performance of alu:inum alloys can be

predicted with reasonadle accuracy fro-. a fa=ily of

X 1 D W E $ I R E T Et a L B NS T 8T uTr
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"Q" curves by modifying the values of plate thickness
and fragment perimeters to correspond to the angle in
question,

7o For most of the conditions studied, the penetra-
tion resistance of aluminum alloys and Hadfield Steel
is not affected by fragments of various nose shapes in
a sufficiently cansistent manner to permit the formu-
lation of a rule to predict the performance accurately.
8, Ccmparing the tested meterizls on the basis of
cqual weight per unit area, only one of these materials,
viz,, 250 aluminun alloy, has shown consistently in-
ferior performance over most of the range of test cons
ditionc. MNylon duck shows a rerariably superior cri-
tical velocity under impact by flat-nosed, fragnents.
The other materials, viz., Hadfield Steel, 24ST, and
755T aluminum nllays, are roughly cqual in over-all

rerfornance.

9. It may be porsible to utilize the advantages of

4 coze materisls under certuin conditions proviicd that
i sore sjccial types of armor canstrucrion or other rrans
can be found to avoid exposing tie materiasl {n questian

to other conditions for which it is not wll suited.

Exarples of these situations follow:

L] B o] . b ST, ! H y 4
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a. The characteristic. of nylon, whereby this
material exhnibits a high eritical velocity under normal
impact by flat-nosed fragments, indicates that it may
possibly be used as the interior naterial in composite
armor, provided that a form of constructlion can be
found which will circunvent the disadvantage of exces-
sive detrusion under impact. However, the advantage
of high critical velocity would not te realized under
impact by conical-nosed fragments unless the cap from
the outside material {(presumably metal) is sufficiently
flat to make the cap and fragoent act as a flat-nosed
fragment vhen the cap contacts the nylon.

b. The reduced resistence of Hadficld Stcel under
15° and 30° i{=pact ray concecivably be improved if it
can be backed up with a zaterial which will force the
steel to fail unifor=ly around the entire perimeter of
the cap. lHowever, it is probable that a suitable
zaterial, that 45, one having adequate stiffness for
this purpose, would be too heavy to use in conjunction

with Hadfield Stecl.
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Figure
VI. Basic Data
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("®" curves superimposed for data of flat-nosed
fragments at 0° incidence angle)

B L Hadficld .(st‘eel. L L] . L4 L L] . . L] L[] L . [ L] . [ L L] 77- 91

C.QSOAIUBimm..-................. %“'1&
("a" curves superimposed for data of flat-nosed
fragnents at 0° and 45° incidence angles)

D. QhST Al\min‘m e ® ® 6 e o @ e s & & e o & o v 2 s+ @ 101-150
("a" curves superinmposed for data of flat-nosed
fragnents at 0° and 45° incidence anglec)

E. TﬁST Al‘d.‘:.\inlm e ¢ 6 & * o o a4 B 8 s s & s 6 O o o ¢ 151"163
("4A" curres superinposed for data of flat-nosed
fragoents at 0° and 45° incidence angles)

F. mmtﬂ‘l Cmstl'\lctions e o 8 4 o o &6 @ s s s 6 s @ leh-ls‘r
("&" curves superimposed for data of flat-nused
fragments at 0° incidence angle)
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