
PHOTOGRAPH THIS SHEET 

LEVEL INVENTORY 

*JH> 716 
&ENTIFICATION 

/& 

DOCUMENT IDENTIFICATION 

31 *&*  llVf 
I TblM document ha» b*«n app.w, 
I fc* public r«]«KT«« and tak? M§ 
1 attribution la unlimited. 

DISTRIBUTION STATEMENT 

ACCESSION FOR 
NT1S GRAA1 

DTIC TAB 

UNANNOUNCED 

JUSTIFICATION 

BY 
DISTRIBUTION / 
AVAILABILITY CODES 
DIST 

AzL 

AVAIL AND/OR SPECIAL 

DATE ACCESSIONED 

DISTRIBUTION STAMP 

UNANNOUNCED 
DATE RETURNED 

85   8      2    077 

DATE RECEIVED IN DTIC REGISTERED OR CERTIFIED NO. 

PHOTOGRAPH THIS SHEET AND RETURN TO DTIC DD AC 

DTIC FORM 70A 
*""* DEC 13 /WM 

DOCUMENT PROCESSING SHEET PREVIOUS EDITION MAY BE USEO UNTIL 
STOCK IS EXHAUSTED. 

i • •' ■: ■ : I'lfi'i'i 



"*■■"*«*•* 

r. 
00 
00 

SI- 
LT) 
cn 

<n 

&? ■ # ■.-■■■ < >*%T^ 
I 

Q 
\V 3A' 

oi 

L» 

5? 
s 

■4 

*1 

E 

U'-*-' 

a* i 
u 

Xif-tf' / A-: ? 

■ ,'j i ! -  ,   IN itV;:i i ■  v    . \' • i i '■ <li 'in i i 

-••••---■I 



THIS DOCUMENT IS BEST 
QUALITY AVAILABLE. THE COPY 

FURNISHED TO DTIC CONTAINED 

A SIGNIFICANT NUMBER OF 

PAGES WHICH DO NOT 

REPRODUCE LEGIBLYo 



II ./ T 

life*** 
NOTE: »This   form ia 

Chief cf Ord 
or  individua 

i                      planatory st< 

COPIES 
I   1 PffFPtRFn               0 

to be executed ro show proposed 
nance  /or  prior approval of all c 
la whose official  intereat  in thi 
itements on  the back Ok   thia  forn 

FORM  N£. J0JD^E-JU2 L^ 

WATERTOWN 

diatribtition, «no* forwarded in triplica 
iistributiona .    Proposed distribution to 
i report    ia   not  obvious must be  just if i 

(Rev.)  2_Sej>t.  1947 I NK      -J-fj$ — 

ARSENAL                      y|                |EXTRA c 

i 

re  ro r/ie               | 
agencies              \ 

ed by ex-              j 

B1NDWGAJREA 1 

OPIES 
tr.                               1 

TFr.HNir.AI    RFPf 1 

i    PFpnflT  NO            7^-0/8?2r^Q               TITLE .        \K-l J«,An4.     10«.«.«.«« —u   T—i,'4.,.i«           oÄ«4.*.«Ä4-  TO'a   mo   Ann   OTJ£ 1 
Final report.    October 31, 19h?* 

1  i                                     T0: 
o ui 
• a. 
oo 

O   -J 

£ ft: 
O   < 

-*      UJ 
O     CO j                       TO: 

u. to 
O Lü 

o o 
■X. (_) 

O    J 

° g 
!iJ      »-    1 
t-    at 1 
<    UJ  1 
O     CO   | 

WATFRTOWN ARSENAL-ORDBE OTHER: 
[         lAbcratcrv File \ 
1 1      .'*ta:    *-J*mRMHMS:* 1 ^2 
\ 1 OFFICE. CHIEF OF ORDNANCE 

ORDIR-Artillery 
f j      ORDlM-AmmunHlon 

ORDIT-AUtOBOtive ! 
[ 1      ORD IS-Small Arms 
[ 1      OPDTB-Res . * Materials 

1 1       jRDTM-Aanunltlon Dev. 
| 1      ORDTR-Artlllery Dev. 
[         ORDTS-Small Anns Dev. 
I 1      ORDTT-Tank Automotive 

I \      ORDTtf-Rocket Dev. 
[ j       ORDTX-Executlve 
I 1       GRDTX-AR - Executive  Library 1    1 
1- I ORDNANCE DEPARTMENT AGENCIES 
;   [      ORDBA-Frankford ArsenaJ 

| 1      QRDBR-Plcatlrmy Arsenal 
1 1      ORDBC-Rock Island Arsenal 
[ 1      fiR^n-Sprm^rield Armory 

[ 1      ORDBF-Watervllet Arsenal 
f         ORDBO-Aberdeen Prov. Ground 

1 1      CRDJR-Rariun Arsenal 

I 1      ORDKX*Detrolt Arsenal 

1 1 

\ L 
f I 

L [ 
I [ 

P 
L 1 
► r 
L   L 
r i 

tt B 
[ 1   APPROVING AUTHORITY:                                             v                                                                                                                               I 

\\    Ltr-!                                                                                                                   1 
!ttft:                                                                                         _xi 

l 1        Fro«:                                                                       „                   V1«   - -*•>      r —T*' wiHr I it 

nlTnrmfl if [MM/f/ffl       . .'I iiliu11^ 
r l                            il ii IIJ I i'J!1 '                     , • • M 1 ■ '        .-...■                      | 
r \                                                                              1 1          ' [ [                                                                                j f i J   ......... i.     .                                                             | 

>*•>»•• « m 

«'- - • ,*• 

:<^ 

^^^m ha*M^M »i^.^.^Mtfj^Mtete^^^v,//^^, ^teh 



I. 

r>, 

^///lfW#f*WaJttIll 

'MIDWEST  RESEARCH  INSTITUTE 

ffmmm 
October 31,  1S^§ 

FINAL REPORT 

Prepared for 
Laboratory 

Watertovn Arsenal 
Ordnance Department 

Watertown, Massachusetts 

Project No. 7-S99-E 

STUDY OF THE BEHAVIOR OF LIGHT PERSONNEL 
ARMOR CONSISTING OF METALLIC, OR A COMBINATION 

OF FIBROUS AND METALLIC MATERIALS 

Contract No. W23-072-0RD-2161 

Approved: 

Martin Go land, Chairaan 
Engineering Mechanics Division 

By: 

ffrfr" 
Willard R. Beye        0 
Senior Research Engineer 

(r J. F. Witherspoon 
Research Engineer 

Copy No. 

M    I       O      V.       £       I    ■    t R      ES      f      At      C      H I      S      S      T      I      T      U      T      E 

„jjfflMWMWW"** 



'.V* * 

r,Yrrr^\N\:' 

1-2-3-1+   Lt. Colonel J. D. Childs 

5-6    Mr. J. F. Sullivan 

7-3    Colonel R. R. Studier 

9-10-11  Mr. A. C. Bonkemeyer 
12 

13 

Ik 

15 

16 

Dr. George E. Ziegler 

Mr. Martin Goland 

Engineering Mechanics 
Division File 

Library 

u"iiiuiituiuimui 
niiiifithmWihiu 

Organization 

St. Louis Ordnance District 

Watertown Arsenal 

Office, Chief of Ordnance 
Washington, D. C. 

Office, Chief of Ordnance 
Washington, D. C. 

Midwest Research Institute 

Midwest Research Institute 

Midwest Research Institute 

Midwest Research Institute 

m'~MH?mttWmrn 
M      I      D I      S      T I       T       U       T       t 

10-ii I J ' i    R 6,S*k!I CTBÜ    ; ■ • * *Ji 

'- A .-    ■ 
i8     ■■<■'■'■' 

."• . ■  - *    *».** .     .*• •> .'* 



Page 

CONTENTS 

Summary •  . • • • 10-1 

I.   Introduction .  10-2 

II»  Description of Equipment  10-2 

III. Description and Application of Evaluation Method • . • . 10-1+ 

IV. Discussion •  10-6 

A. Performance Curves and "d" Relations  10-6 

B. Comparative Curves for Various Materials ...... 10-7 

C. Incidence Angle  10-8 

D. Nose Shape  10-10 

E. Fabric  10-11 

F. Multiple Laminations of Metal  10-11 

G. Metal and Fabric  10-13 

V. Conclusions  10-14 

Appendix A  10-18 

Index tc Curves  10-19# 
10-20 

Performance Curves; Figures 1 through 167 

Appendix B  10-21 

Schematic Diagram of Pulse Amplifier 

r„. (, ,     , ..--.-rr^-'i'T-I^B 
'ti f ri-i m\ \j$£i\i$ tiw - - •-■   - -*-~ 

MIDWEST                     *      I      *      fA       1       ;       •«                     IN      S      T      I      T U      T      S 



R B ß,T, R I C T E D 

ccRFirtrfflAi: .-,« ^ """^mtirr 

m^ 

SUMMARY 

Under the present contract, the basic method for predicting the 
performance of light personnel armor previously developed under 
Contract ND. W23-072-0RD-2123 has been extended to include other variables 
which 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 formula for predicting 
light armor performance remains valid over the extended range of conditions 
for most of the materials studied. It is shown that the original formula 
can be modified to enable a designer to account for the effect of angle of 
incidence for metallic materials. Except in 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 penetration 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 

nade of the effects of: 1) various angles of incidence of the approaching 

fragment; 2) different fragment nose shapes; 3) different fragment perimeters; 

and h)  higher striking velocities. 

It is a purpose of this report to present data which will extend 

the scope of the previously developed semi-empirical assessment method and 

to indicate the comparative reactions of different materials to various 

conditions of penetration. 

II. DESCRIPTION OF EQUIPMENT 

The equipnjent used for obtaining the data of this report is, with 

a few exceptions, the sane as that used in the previous contract. For a 

complete description, including photographs and wiring diagram, reference 

should be nade <ftfft?"«5$$ tittATWl^raM#^rFp^l23. 
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Equipment clbans^ifflclude a new laboratory location, a new design of pick-up 

the measurement of residual velocity, and special Tempo Tool barrels for 

higher striking velocities. 

The laboratory location has greatly improved working 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 

signal-to-noise ratio to enable velocity measurements of small fragments to 

be made at the wide divergence angles resulting from oblique impact. The 

signal-to-noise ratio was improved by providing a transverse magnetic field 

for the screens as contrasted to the axial field formerly used. Tije new 

arrangement minimizes screen coupling. Pole pieces having a width of 

3 1/2 inches in the plane of the screen are provided. They are separated 

by an air gap of 3 inches, thus providing a sufficiently large screen area 

to accommodate the divergence angles resulting from most of the oblique 

impact conditions. 

The pulscc derived from the residual velocity magnetic screens are 

admitted to two amplifiers (w*ee Appendix E) whose outputs arc connected to 

the start and stop inputs, respectively, of the counter chronograph. These 

amplifiers are identical and arc fairly simple in their design. The require- 

ments arc for high grain and relatively narrow band width. The tube line-up 

consists of a 6AU6* pentode input, followed by a 12AU7 twin triode cascade 

amplifier which feeds into the grid of a 2E£1 thyratron. The output pulse 

from the 
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\^V^®* DESCRIPTION AM) APPLICATION OF EVALUATION METHOD 

A thorough description of the semi-empirical assessment method for 

the performance of armor materials is to be found in the final report of 

Contract No. W23-072-0RD-2123. Briefly, it consists of the following rela- 

tionship for metals: 

L      M  P0  *o 

where M - macs of striking fragment 

P » perimeter of fragaent 

h • thickness of plate 

M0 » ?0 x 10"
1* slugs 

P0 r tsJ  inches 

ho » 0.1 inches 

and for fabric; 

Ur M      P0     no 

where !1 « macs of striking fra^nent 

P » perimeter of fra^ptnt 

n « number of layers of fabric 

I!0 - 10 x ID-** slugs 

P0 ■ 1.0 inches 

n0 ■ 10 layers 

It should be noted that the " *H relationship for fabric has been somewhat 

revised to account for the variation of fragment perimeter. 
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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 " <xn values. The "a" burvec for various materials 

are sufficiently different in shape to indicate that the relative merits of 

the materials nay even become reversed when the plate thickness, fragjoent 

perimeter or mass is changed sufficiently, Consequently, when making com- 

parisons between materials under a given set of conditions, the recommended 

procedure is to determine the appropriate value of ö fev each material from 

the values of plate thickness, fragment perimeter, and mass« (When consider- 

ing oblique impact, the values of plate thickness and fragment perimeter 

should be modified as outlined in Section IV-C.) Then a curve having the 

required value of aeon be chosen fror, the family of "a" curves given in 

thin report for the material in question. In cases of non-integral values 

of .%, the desired curves can be constructed by interpolation. If the ma- 

terial is one tlie resistance of which is rarkeily affected by n*sc  shape, 

this effect tun be estimated by reference to a curve of data taken under 

similar conditijns. Then the n ttM curve, after being adjusted for nose 

siApe, should predict the performance of the material under the stated con- 

ditions with a reasonable degree of accuracy. 

i T i    r  u T  i 
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IV«,    DISCUSSION 

A,    Performance Curves and "a" Relations 

*. Figur*z ot through 167 in Appendix A represent all the data ob- 

tained during f.* tern of this contract.    Experiiaental points are indicated 

by plus .larks and their average loci by solid lines.    TI» dashed curves are 

values of  <i corresponding to the experi;..ental data in each case.    The 

values of j.  are taken from the families of "a" curves shown in Figures 1 

through h. 

These families of "V curves have been derived as suggested in 

the previous contract with t!« exception that they are based on data taken 

fror, the niddle of the range of n A" values covered in the present investi- 

gation.    TMs modification provides better agree:.sent for data having high 

q values without detrimental effect on those of low   x values. 

Hadfield Ctcel *sas not confonacd in general with the MaH method 

of evaluation.    Tartar investigation r.ay reveal sor<e such relationship 

vlthin specified limits.    Figures 60 and 61 suggest this possibility wherein 

the limiting condition would be constant frag*.*nt pcri-^eter.    kt tha present 

tl*, no comparison can be rjado between the iC^tlve performance of dif- 

ferent thicknesses of Hadfifcld Steel.    T..c reason is that the two thick- 

nesses investigated,  i.e.,  .036-inch and .C^'i-inch, were supplied in dif- 

ferent degrees ot hardness.    Tlse average ..ardness of t:*e .036-inch sheet, 

ar treasured on the Hockvell 3 scale vas j£ and tliat of the  .0<»r-inch sheet 

was C:y. 

M       t      8      W      I       %      T X       f       5       I      A       IC*-... K       S      T       I      T       U      t       f 

10-6 ? * ' • X £3 T tf I C T n P ■ • ■ * •*? f 

jik^L ̂ ^^ 



IB 
B. Comparative Curves for Various Materials 

Figure 5 compares 2S0, 2^ST, and 75ST aluminum alloys with nylon 

duck having a weight per ply of 13 ounces per square yard. The curves are 

taken from their respective " &" families and have values of a which give 

approximately equal weight per unit area. 

The curves of Figure 6, which are taken directly from experimental 

data, are included for purposes of comparison with Figure 5. For additional 

comparison, the experimental curve of ,0^8-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 measurement of the relative merits of the different ma- 

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

that the behaviors of the metallic materials do not differ greatly one from 

another under some of the conditions shown. It is difficult to draw accurate 

conclusions regarding the relative critical velocities of the metallic 

materials in cases where these velocities were nearly equal to each other. 

The reason for this is that critical velocity varies considerably fron one 

test to another, using specimens of a given material. By mutual agreement 

with the sponsor, it was decided that the extensive effort required to get 

accurate determination of critical velocities was not warranted in this 

investigation. 

i i /; 
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Figure 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 observed in Figures 11, 12, 31 and 32. 

Figures 8 and 9 indicate that the performance of 2SO aluminum alloy 

is appreciably inferior to that of 24ST under 1*5° impact by either flat- or 

conical-nosed fragments. Figures 6 and 7 indicate that 2S0 has approximately 

the same performance as that of 24ST under normal impact by either flat- or 

conical-nosed fragments. These comparisons may apply only for an 4,aM value 

of approximately 2.3. When the value of a is increased to 7.0, Figures 100 

and 133 show by comparison that the performance of 2S0 is greatly inferior to 

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

C. Incidence 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 illustrate the effects on fragacnts of cer- 

tain nose shapes produced by varying the incidence angle of the armor ma- 

terials. The nose shapes studied were flat, horizontal, and conical (90° 

apex angle). 

MIDWEST        IfStARCN        INSTITUTE 
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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 is observed that the mode of failure 

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 is measured through 

the hole in a direction parallel to the approach of the bullet. This 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 normal 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 

uniforc: around part of the perimeter while the balance fails in a combined 

tearing and bending action. 

In the studies to date, this latter action occurs over approxi- 

mately one-fourth or one-fifth of the elliptical perl*zcter. The apparent 

ease of this type of failure is occasionally indicated when the portion of 

the cap initially punched out of the plate swings around, as if on a hinge, 

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

MIDWEST        it  c  S  E  A  *  C  H        INSTITUTE 
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..-.., be assumed the energy absorbed in the latter portion of the failure is small 

compared to that absorbed by the initial and uniform type failure, then a 

factor is apparent which may be used to modify the elliptical perimeter. 

Thus far, it appears to be 3A to V5» 

The modified plate thickness is obtained as in the case of alumi- 

num by multiplying the actual plate thickness by the secant of the angle of 

incidence. 

For aluminum.; the modified I  values have been computed and their 

corresponding curves appear as dashed lines on each related graph. In the 

case of Hadfield Steel, this lias not been done because of the limitations 

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

\, D. Nose Shape 

Figures ^0 through 59 compare for a given material the respective 
* 
i, 

* performances of fragments having different nose shapes, viz., flat, hemi- 

j spherical, and conical. Comparisons are civen at incidence angles of 0° 

\ and U5°. 

It does not appear feasible to attempt to draw detailed conclu- 
I 

sions regarding the relative effects of the various nose shapes because of 

!; the inconsistent behavior noted in Figures U3 throug!. ^C.    It is believed 

I that these inconsistencies are due to two factors:  (1) the variation in 

\ performance of different specimens of a given ...atcrial under supposedly 

; identical impact conditions; and, (.:) the errors involved in . easuring 

I 
..V, both strihing and residual velocities.    The volocity-neasuring errors are 

*. due pri>"aarily 
\ MIDWEST        «ESEAICH        INSTITUTE 
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to the short base lines used. In the case of striking velocity, a short 

base line is necessitated by the 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 material variations are shown in Figures h'J and ^9- 

E. Fabric 

Curves 10, 11, 12, 31 and 32 show that the performance of nylon 

duck is not appreciably affected by varying the incidence angle. However, 

when a large number of plies is used, certain nose shapes have a pronounced 

effect. Figures hi and h?.  show that when there is a large number 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 effect, as illustrated in Figure ho. 

F. Multiple Laminations of Metal 

The investigation of the performance of multiple laminations of 

rnetal was limited to the study of four contiguous layers of .032-inch 

21i5T-3 aluminum alloy. The results of the study indicate that, for the 

conditions tested, the performance of the laminated material is slightly 

inferior to that of an equivalent thickness of solid material. A comparison 

of the two can be obtained by referring to Figures 167 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 CU equal to 1.18 (ob- 

tained by interpolation from the "0," 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 a again, the residual velocity of 

the second ply was determined. This procedure was repeated for the third 

and fourth plies. The entire procedure was then repeated for other values 

of initial striking velocity. The curve was then constructed by plotting 

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

evaluation 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 fragment when striking 

each successive layer was considered to be increased by the mass of the cap 

torn frou the preceding layer. This was based on the arsunption that the 

cap was broken away from the surrounding material before the full extent of 

permanent deformation had been reached. The study of tine of impact made 

with the six-channel oscillograph, togetter with observations of partial 

penetration of laminated plates, indicates that all or a large portion of 

the perument 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 he 

transmitted to successive layers before the failure of the first layer is 

complete. Thus, it 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 experimental 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 Fabric 

Figures l6k through 166 indicate tliat the "OL" relation can be used 

to predict the performance of composite materials with a fair degree of ac- 

curacy. For these figures, the M<X" curves were constructed in a manner 

similar to that described in Section F. In this case, it is probable that 

the mass of the penetrating fragment should be considered to be increased by 

the mass of the aluminum cap before it contacts the succeeding layers of 

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

before tl*e succeeding layers of nylon are fully loaded. However, it was 

felt that the position of the " <*" curve would not be appreciably affected 

by the small mass of the .064-inch cap and, for the sake of simplicity, the 

frafpcivt mass was considered constant. 
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\-'.y, It will be noted from Figure 25 that the penetration resistance of 

the composite armor at k5° incidence angle is appreciably greater than at 0° 

in the lower velocity range. Figure 10 shows that a construction consisting 

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 

aluminum 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 ^5° 

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 

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

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

J- presents a more nearly broadside surface to the nylon, thereby bringing 

more threads into action. 

The foregoing nay explain why a combination of nylon and aluminum 

exhibits better performance at k5° than would be expected by taking the k5* 

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 design condition for each of the 

aluminum alloys studied is that of normal inpact by 

flat-nosed frag;ient3. 

MIDWIST        SE5IAICH        INSTITUTE 
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2. Of the various conditions studied, those vhich are 

critical for nylon duck are normal impact by conical- 

nosed fragments and ^5° impact by flat-nosed fragments. 

3. The critical condition for Hadfield Steel is ob- 

lique impact at approximately 15°. 

h.    Solid "»luminum apparently has a slightly greater 

penetration resistance than an equivalent thickness 

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

diameter, flat-nosed fragments. 

5. Aluminum alloys and nylon duck conform to the "a" 

relation, at least for the range of conditions studied. 

This relation permits one to construct a family of 

curves for a given material from one Vaslc curve deter- 

mined experimentally. This family of curves can then 

be used to predict the performance of various thick- 

nesses or numbers of layers of a given material for 

normal Inpact by flat-nosed, cylindrical fragments of 

different raasses and diameters over a range of striking 

velocities, lladfield Steel does not appear to conform 

to thi3 relation. 

6. For conditions of oblique impact by flat-nosed 

frag;rents, the performance of aluminum alloys can be 

predicted vith reasonable accuracy free a family of 

HIDWfST ft      £       <       f      A       •       C       » 'NSTiTUTe 
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'**> " et" curves by modifying the values of plate thickness 

and fragment perimeters to correspond to the angle in 

question, 

7, 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 consistent manner to permit the formu- 

lation of a rule to predict the performance accurately. 

3, Comparing the tested materi«lt> on the basis of 

equal weight per unit area, only one of these materials, 

viz,, 2S0 aluminum alloy, has shown consistently in- 

^ ferior performance over most of the range of test conr 

ditionc. Nylon duck shows a remarl:ably superior cri- 

tical velocity under impact by flat-nosed.fragments. 

The other materials, viz., Hadfield Steel, 24GT, and 

753? aluminum alloys, ore roughly equal in over-all 

Performance. 

9. It may be passible to utilize the advantages of 

come materials under certain conditions provided that 

sone special types of armor construction or otiier re ans 

can be found to avoid exposing the material in question 

to other conditions for which it is not veil suited. 

Exai^ples of these situations follow: 

  10-16      lit:: yt BT* rertro • * >jf 



a. The characteristic; of nylon, whereby this 

material exhibits a high critical velocity under normal 

impact by flat-nosed fragments, indicates that it may 

possibly be used as the interior material in composite 

armor, provided that a form of construction can be 

found which will circumvent the disadvantage of exces- 

sive detrusion under impact. However, the advantage 

of high critical velocity would not be realized under 

impact by conical-nosed fragments unless the cap from 

the outside material (presumably metal) is sufficiently 

flat to make the cap and fragncnt act as a flat-nosed 

fragment when the cap contacts the nylon. 

b. The reduced resistance of Hadficld Steel under 

1$* and 30* impact uiy conceivably be improved if it 

can be backed up with a material which will force the 

steel to fail unifomly around the entire perimeter of 

the cap. However, it is probable that a suitable 

material, that is, one having adequate stiffness for 

this purpose, would be too heavy to use in conjunction 

with Hadficld Steel. 
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INDEX. TO CURVES 

Figure 

I. » a "Families 

A. Nylon Duck, 13 02. per oq. yd  1 

B. 2S0 Aluminum  2 

C. 2ifST Aluminum  3 

D. 75ST Aluminum  h 

II. Comparisons of Performance Given by Materials 

Investigated. 5-9 

III. Effects on Performance of Materials Caused by Varying 

the Incidence Angle 

A. For Flat-Nosod Fragments 10-25 

B. for  Henispherical-KoLed Fra^peats  ♦ 26-3O 

-\ For 90* Conical-Hosed Fragaentr; 31-39 

TV.  Effects on Pcrfoi-mance of Materials Caused by Varying 

the Fragacnt Hose Shape 

A. At 0* Incidence Angle *G-5Q 

E. At '*5' Incidence Angle 51-59 

V.   Comparative Behavior of HadfioM Steel 60-6I 
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BTOEX TO CURVES (Concluded) 

Figure 

VI. Basic Data 

A. Nylon Duck, 13 02. per oq. yd   62-76 
("aM curves superimposed for data of flat-nosed 
fragaents at 0* incidence angle) 

B. Hadfield Steel   77-91 

C. 2S0 Aluainum   96-100 
("dH curves superimposed for data of flat-nosed 
fragments at 0* and **5* incidence angles) 

D. 2UST Aluninua 101-150 
(waM curves superimposed for data of flat-nosed 
fragments at 0# and **5* incidence angles) 

S. 75ST Aluninua 151-163 
("Ct" cur/es superinposcd for data of flat-nosed 
fragments at 0* and **5* incidence angles) 

F. laminate 1 Const met ions 164-167 
("ft" curves superlsspoeed for data of flat-nosed 
fragments at 0* incidence angle) 
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