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The Application of High-Modulus Fibers 
to 5allistic Protection 

R. C. WIBLE: and F. FIGUCU 

U.S. Army Natick Laboratories 
Clottzlng & Personal Life Support Equipment Laboratory 
Kansas Street 
Natick. Massachusetts 01760 

and 

W. J. FERGUSON 

U.S. liaval Research Laboratory 
Washington, D.C. 20360 

EDITOR'S ?iOTE: All three types of X-500 high-modulus organic 
fiber studied by Laible, Figucia, and F e r y s o n  were made from the 
same polymeric composition by use of different spinning techniques. 
The particular polymer was the same PABH- T polymide- hydrazide 
based on p-oxninobenzhydrazide and terephthaloyl chloride reported 
on in detail bv Black, Preston, Morgan, Paumann, and Lilyquist, 
J. Macromol- Sci.-Chem., AJ[l), 137 (19'73). Xccorc!ingly, the 
"X-500" studied by Laible e t  al. was just one member of the X-500 
class of high-modulus organic fibers investigated by the Monsanto 
Company. The nature of the fibers investigated by Laible e t  al. 
was not identified to h e n  other than that the fibers were high- 
modulus organic fibers of the aromatic amide type. 
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A B S T RX C T 

X new family of experimental organic fibers !X-500) pro- 
duced by the Monsanto Research Corporation has been 
evaluated ballistically. The development of tMs family 
of fibers made available for the f i rs t  tine a se r i e s  of 
organic fibers with moduli and heat resistance more 
nearly comparable to inorganic fibers such as glass. 
Tensile analysis of three material types tested in ::am 
form a t  conventional loading rates showed physical 
properties ranging from typically brittle t 10.1 g, den 
tenacity, 2.4'5 extension, and 330 g, den modulusr to 
moderately ductile (5.4 g, den tenacity, 13.4l-2 extension, 
and 133 g;den modulus). 
The three samples were evaluated ballistically in fabric, 
felt, and laminate form. The most ductile sample (Type m) 
showed considerable promise with a ballistic resistance 
significantly greater than normal for a material of such 
modest tensile strength. Tensile recovery tests on this 
Type-LU material showed a Iarge amount of permanent 
s e t  compared to most commercially available yarns. It 
appears that this capacity for plastic flow, combined with 
the inherent high modulus, act  in combination to provide 
good e n e r g  absorption. 
Scanning electron micrographs of ballistic missile impact 
areas showed for the more brittle yarns, longitudinal 
splitting with little evidence of plastic deformation, or 
fusion of fibers around t!!e hole produced by the missile. 
The more ductile yarns e-xhibited a combination of some 
longitudinal splitting with plastic deformation and fusion 
around the hole. This latter combination of energy 
absorbing aechanisms proved to more effective. 

I X T R O D U C T I O N  

The performance oi aer-A1 delivery systems, baUistic protective 
systems, climbing ropes, and seat belts could be improved not only 
by the use of more specifically e n v e e r e d  fibrous structures but 
also by the use of tailor-made fibers possessing the proper com- 
bination of properties. Fiber technology in industry is advancing 
to the point where, to a large extent, properties can be controlled. 
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The major diiiiculty in utilizing th is advanced technology lies in 
defining this optimum combinahon of properties. 

In textile materials the property of ultimate strength and its 
importance in preventing failure is i m m e b t e l y  apparent. This 
is especially true in  the area of ballistic resistance, where fabrics 
prepared f rom high-strength yarns such a s  nylon, Fortisai! R, and 
polyester have proven to be much more effective than those pre- 
pared from lower strength yarns. However: there a r e  exceptions 
such as fabrics prepared fro.?: various high- strength glass yarns 
which a r e  not effective for providing ballistic protection in simple 
unlaminated form. On the other hand, a moderate strength material 
such as siik may possess bal!istic Trotective qualities equivalent LO 
nylon although its ulhmate strength or tenacity (strength per unit of 
linear density) is significantly less. 

The fact that strength, elongation, and work-to-break properties 
change with rate of testing has been well documented 1-31 and has 
been related to areas,  such a s  ballistic protaction and air delivery, 
where i t  applies (4, 51. The form and complexity associzted with 
the fibrous material during test or  actual use also may influence 
the strength, elongatioa- to-break, and work- to-rupture exhibited. 
The present authors have discussed aspects of this interaction 
between structural complexity and speed of testiiig in a recent 
article [ 61.’ However, the strong emphasis an strength and work 
to rupture as  the important factors in impact resistance may 
have resxlted in  insufficient attention being devoted to other 
properties such as  modulus and heat resistance. 

The former property, modulus, influences the speed with which 
a material can respond to impact. The simplified formula for the 
speed of the longituchal sonic wave: 

where C = sonic velocity, E = modulus, p = density. E = strain, and 
u = stress, illustrates this point, showing the direct dependence of 
the iongitudinal wave velocity C upon the stiffness o r  modulus of 
t!!e material E. Additionally, the strain energy imparted during 
impact may. be partially converted to heat, and the second factor 
of heat stability may play a role in determining the response of a 
textile material to impact  Specifically, Susich [ 71 noted that the 
fibers in the area of impact where a metal fragment hit o r  pene- 
trated a nylon vest were melted, and Wells [ 81 has pointed out that 
the relatively high ballistic performance of an aromatic nonmelting 
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polyamide fabric, such as that from rn-phenplene diLaine and 
isophthaloyl chloride, suggests possible oeneiits resuiting from 
the use of more highly heat resistant materials. 

These observations, plus the fact that glass, a hgh-modulus 
material, is very effeccive in laminate form, have helped iormu- 
late a menkI image of the "better" fiber for applications involv-hg 
impact. The static properties of the fiber should be such that i t  
has high strength, 10-20 g, den (grams per denier) in textile 
terms or 200,000-400,000 psi in engineering terms. The modulus 
should be high, greater than the 40- 120 g; den characteristic of 
commercial poiyamide and polyester fibers. It is not known how 
high the modulus should be; perhaps in the range oi glass fiber 
(300 giden). 

their efficiency in laminated form, suggests that some degree of 
ductility is required for use in textile structures. This degree of 
ductility may be measured by knot or loop strength which should be 
a major percentage of the simple tensile strength. Work-to-date 
has  indicated that about 4-8% elongation is required to furnish this 
ductility [ 61. 

The fourth requirement is that the textile material have a high 
degree of heat resistance; for example, a polyamide material with 
a melting point of 25S'C appears to possess better impact properties 
ballistically than does a polyoleiin fiber wit9 equivalent tensile 
properties but a melting point half as high. 

Man-made and natural organic fibers have moduli which are 
generally in the regron of 20-120 $,'den. To obtain available fibers 
and yarns with higher moduli, one must shift to metallic fibers such 
as steel, or boron, to ceramic fibers, such as glass, or to carbon 
fibers. All  of these materials have deficiencies, such as low 
elongation- to-break and poor translation of mechanical properties 
when involved in complex structures and subjected to high-speed 
impact. To raise the moduli of organic fiber types, i t  is generally 
conceded that i t  is necessary to cross-Link the polymer, raise the 
c rys t a lu i ty ,  o r  introduce chemical entities such as the plienyl 
group in the baclrbone in order to stiffen the chain. All  of these 
procedures also confer some degree of intractability to the polymer 
and make the preparation and optimization of fibers from such 
polymers very difficult. In recent years, industry has developed 
an increased ability to deal w i t h  such "intractable" polymers 

The deficiency of glass fibers in unlaminated fabric form, despite 

E 9 9  101. 
This paper describes an investigation of a family of experimental 

fibers exhibiting a combination of high modulus and heat r e s i sknces  
not found in commercial orgmic fibers. 
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MA T E R 1-4 L S I ?; V E S T I G .A T E D 

The X-500 fibers were iaentAied only a s  high-modulus full!: 
aromatic polyamide fibers available in three types o r  variations. 
;See foomote on p. 295. Editor.) Neither the method used to pre- 
pare these fibers nor the eyact chemical structure was disclosed 
by klonsanto. It was known only that these fibers were organic, 
possessed high but variable modulus7 and that the degree and 
perfection of crystallinity was nigh. This was  especially true 
for the higher modulus. higher strength members of this family. 

The three types a re  as follows: 

Type I-The most h g N y  oriented member oi the X-500 family 
aas Type I with reputed tenacities of 12-14 g, den, moduli of 500 
g, den and elongafions- to-break of 2-45. The density of this 
material is approximately 1.47 gi cm’. 

Tvpe XI-The Type II fiber appeared to be an attempt to attain 
a better balanced fiber by orienting (stretching) the material less. 
The tenacities and moduli were in a lower range (7-9 g;den and 
300-400 g,iden, respectively, with a higher elongation- to-break of 
5-75. The density of the Type II fibers is approximately 1.46 g, cm3. - TvDe III-The Type 3I fiber represencs the highest ductility with 
e!ongztions-to-break in the range of 185. The tenacity and modulus 
a r e  consequently lower, 5-6 and 130- 160 gj,den, respectively. The 
density of these fibers is approximately 1.44 g, cm3. 

E X P  E R I M E N TX L T E C H N I Q U E S 

T e n s i l e  P r o n e r t i e s  

Static tests were conducted on an Instron Tensile Tester a t  a 
st ram rate of 1005, min. High-speed tests were conducted on a 
Fri ts  Pneumatic Piston Tester a t  extension races of 288,000% 
min. Loop and knot tests were conducted as a measure of the 
effect of complexiQ upon strength properties, especially a t  high 
rates of testing. This type of test and its s i g S i c a x e  have been 
described previously [ 6;. 

T h e r m a l  P r o p e r t i e s  

The thermal stability of the fibers was neasured by Thermal 
Gravimeaic -4naIysis using the Perlrir,-Einer T5S- 1 Thermobaiance. 
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300 LXXBLE, FIGUCLL, .LYD FEiiGUSOS 

B a l l i s t i c  P r o p e r t i e s  

The relative protection afforded by each of the fibrous materials 
in woven fabric, felt, and laminate form was measured by the 
"ballistic limit test." This test  involves impact with a 0.22 caliber, 
17-grain missile, whch  is somewhat representative oi a fragment 
from a mortar shell. The velocity of the test  missile c a n  be varied 
by changing the quantity of the powder used. X series oi firings 3t 
different velocities a r e  made and 3 statistical result is obtained 
which represents the velocity whereby 50% of the missiles a r e  
defeated by the krSet.  Other probabilities of penetration could 
be obtained such a s  0% the velocity a t  ghich all missiles would 
be defeated, but in general the statistical accuracy vould be less 
and more firings would be required. Also, i t  should be noted thac 
the shape and size of the missile could be varied and, in fact, do 
vary when emanating from a munition such as a mortar shell, 
and the 1'7-grain fragment is only selected for convenience. 
Specific procedural details a r e  s e t  forth in Militar] Standard 
MIL-Std-662, Ballistic Acceptance Test  Method for Personal 
Armor Material. 

S c a n n i n g  E l e c t r o n  Z I I i c r o g r a p h s  ( S E 1 . l )  

The technique used to investigate the impacted fabrics involveci 
a 30-A carbon precoat followed by a gold-palladium overcoat of 
400 A. The micrographs were obtained using secondary electrons 
and a relatively low accelerating volbge of 3-5 kV. Both the 
Cambridge and the AMR instruments were used. 

S o n i c  V e l o c i t y  a n d  S o n i c  M o d u l u s  

The sonic velocity was measured using the SLH Pulse Propa- 
gation Meter, Model Xumber PPM-jR. Piezo-electric ceramic 
elements are used as the transducers and operate at a resonant 
frequency of 5 kHz. The !ongitudinal wave velocity was measured 
and converted into sonic modulus using 3 conversion factor involv- 
ing the h e a r  density of the fiber: 

E = C2 X 11.3 
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BXLLISTIC PROTECTIOS OF SIGH-LIODULCS FIBERS 30 1 

where E = modulus (g  den1 and C = sonic velocity {km sec;. Values 
were recorded over 2 range oi strain levels approaching the breali- 
mg point for each materiai. 

T E S T  R E S U L T S  

T e n s i l e  M e a s u r e m e n t s  

The tensile properties of the experimental yarns were measured 
by removing them from the fabrics, untwisting thern, and testing 
them with essentiziIy zero twist. In addition, for the static tests, 
yarns as received on spools were tested so that a comparison 
would be available becween the properties of the yarns as pro- 
duced and the properties of the yarns after weaving and scouring. 
This was necessary because high-modulus yarns may be damaged 
by processing. 

The results of these tests a r e  given in Table 1 with the f i rs t  
row  of values for each yarn type representing the spool yarn and 
the second row the fzbric y a m  untwisted. 

Considering the brittle n a k r e  of these experimental yarns, . 
the losses observed due to processing a r e  minimal. 

Typical static stress-strain c u n e s  for the three yarns a r e  
shown in Fig. 1. The cocpromise between modulus and strength 
on the one hand and ductility on the other is readily apparent. 

Qualitatively, it can be seen from Fig. 2 that nylon tire cord 
has a greater area under the stress-strain curve than is charac- 
teristic of any of the experimental yarns. The actual work-to- 
rupture values obtained by planimeter readings given in Table 1 
confirm this quantitatively. 

Because impact applications involve subjecting materials to 
high strain rates, the three yarns were also tested a t  20 f t isec 
(288,000%, min) or approximately 3000 times the static rate. 
These results a r e  Listed in Table 2. 

The results foIlow the same general pattern as  the static test 
results. When compared to the data in Table 1, i t  can be seen 
tkat the tenacities and moduli have increased and the elongations 
have been reduced The effect of strain rate upon the s t ress-  
strain properties of these yarns is also shown in Figs. 3 and 4 
where Type II and Type III yarn stress-strain curves a r e  given 
at the two strain rates. Several features a r e  interesting. 
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‘S 

FIG. I. Comparison of three X-SO0 yarns a t  low strain rate. 

TABLE 2. Stress-Strain Properties of X-500 Yarns  at an Extension 
Rate oi 288,00O?&min 

Tenacity Elongation Modulus Work- to- rupture 
T m  (g, den) (5) (g; den) ( g  cm, den cm) 

Tfrpe I 13.4 2.2 6 15 0.15 

TYQe 10.3 3.8 3 00 0.22 

Type 5.7 6.9 179 0.30 

Nylon 66 10.8 16.6 60 0.80 
tire cord 
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304 

FIG. 2. Comparison of X-500 and nylon yarns a t  low strain rate. 

The first is that their moduli do not appear to be very strain-rate 
dependent although the ultimate properties follow the usual trend 
of higher strength and lower elongation as the strain rate is 
increased. A second feature is that the stress-strain curve of 
the Type I1 yarn a t  high speed appears to be almost completely 
linear. Tlus may indicate a tandency for nearly TOO'-: elastic 
behavior a t  this speed. Other factors of interest ate the sharp 
drop in elongation-to-break for the Type III yarn a t  lugh strain 
rate and the interesting shape of this s t r e s s - s t r a i i  curve a t  high 
speed. This shape is reminiscent of a L9eoretical elastic-plastic 
stress-strain curve with perfect linearity to 3% elongation foi- 
lowed by a nearly horizontal post yield section from 3% elongation 
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FIG. 3. Stress-s t ra i -  curves for X-500 Type II yarns at high and 
low strain rates. 

to Be  rupture point. This elastic-plastic curve may be a very im- 
portant consideration in ballistic performance where the application 
is a one time affair or  essentialy a "throw-away" itexl after use. 

The stress-strain c c n e s  for all three types of experimental 
yarn at  the high strain rate a r e  given in Fig. 5. Again, the typical 
high performance tire yarn is used for comparison. The contrast 
in the area under the curve (work-to-rupture) for the tire yarn 
- ~ t h  that for any of the esperirzlental yarns is even more pronounced 
than a t  low strain rates. This low energy to rupture is not encour- 
aging when considering these new materials for  energy absorption 
applications a t  high rates of straining. 
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FIG. 4. Stress-strain curves for X-500 Type III yams at high 
and low strain rates. 

T h e r m a l  T e s t  R e s u l t s  

The Type I and T-ype EX yarns were subjected to a Thermal 
Gravimetrk Analysis [ 111 to 3 temperature or' 760'C. The results 
showed maximum weight losses oi 65% tor Type I and 79% for 
Type iII. Two decomposition points were evident for both 
materials at 392 and 328'C for Type I and at 408 and 508°C for 
Type m. Actually, 4OO'C was reacked before any sigmficant 
weight loss could be established and about 20% weight loss was 
experienced at 3 OO'C. 
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FIG. 5 .  Comparison of X-500 and nylon yarns a t  high strain rate. 

S o n i c  T e s t  R e s u l t s  

The sonic test results obtained on the Pulse Propagation Meter 
writh materials under a tension of 2 g;den are given in Table 3. 

B a l l i s t i c  T e s t  R e s u l t s  

Woven Fabric Results 

Woven fabrics were prepared for ballistic t e s tbg  by the "ballistic 
limit test" (V- 50)  described in the Experimental Tec.hiques section. 
Results of these tests a r e  shown in Table 4. 
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TABLE 3. Longitudinal Wave Velocity and Sonic Modulus 

Material  Wave velocity (cmisec) 

Type I 8.2 x lo3 

Type II 5.5 x 10' 

Type III 4.7 x 105 

Nylon 66 3.1 x lo3 

76 0 

342 

2 50 

109 

TABLE 4. Woven Fabric Ballistic Limit Values 

Areal  
density 

1Materia.l (02/  f t2) PUes Finisha V- 50 (ft/sec) 

Type I 18.4 
18.6 
11.1 

Type 18.6 
18.6 
10.7 

Type III 19.2 
18.4 

15 S 
15 G 
9 S 

14 S 
14 G 
8 S 

13 S 
13 G 

1070 
938 
86 2 

1074 
854 
840 

1244 
1132 

% and G are scoured and greige, respectively. 

The results given here have sigmficance only when compared to 
values obtained on more familiar materials. The minimum V-50 
value used for acceptance testing of fabric prepared from nylon 
tire yarn plied to an areal densitg of 18.6 oz/ft' is 1225 ftisec. 

It can be readily seen from Table 4 that Type I and Type E 
materials at equivalent areal densities f a l l  far short of this mini- 
mum d u e .  

Glass fabric at 8-9 ozjft' areal density has a V-50 of 650-700 
ft/sec and at 18 oz/Ptz a V-50 of 900-950 ft/sec. This is quite 
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cornparable to the results shoum in Table 4 for  the Type I and Type XI 
fabrics. The yarn physical properties of these two rypes a r e  also 
comparable to those of glass which has a modulus of 350 g, den, a 
strength of 7-10 g, den, and an elongation to break of about 4%. 

The Type III yarn is quite different from glass, however, with 
the rnodulus a factor of h 7 0  lower, and the elongation to break more 
than a factor of three greater. This yarn? wnen prepared into fabric 
form, scoured and tested ballistically, resulted in a more respect- 
able ballistic limit value of 1244 ft 'set. ?his is much higher than 
would be obtaiied from any glass-like marerial and, in fact, 
exceeds the minimum specification value of 1225 ft. sec used for 
acceptance oi nylon fabric prepared from tire yarn. 

Felt Balhstic Results 

not be manufactured into a satisfactory needle-punched felt. 
Consequently, felts were prepared only from the Type If and 
Type III experimental fibers. Ballistic results obtained a r e  
shown in Table 5 .  

Because of t!!e brittle nature of the Type I fibers, they could 

TABLE 5. Felt Bailistic Limit Values 

Fabric Areal density 
rnp terial (02,. sq ft! Plies V-SO (ftisec) 

TE'Pe 7.1 

Type 7.9 

6 671 

6 788 

The Type IlI macerial is better than the Type XI, but both results 
a r e  considered poor. The obtained values a r e  far below those 
characteristic of polyaxide felts for which the specification re- 
quires a minimum of 1125 ft,  sec a t  this areal  density for accept- 
ance in body armor. 

Laminate Ballistic Results 

Because of the glass-like nature of the experimental fibers 
(especially Type I and Type If!, i t  was of special interest to pre- 
pare lan3.ates for ballistic evaluation. Laminates were first 
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prepared using a 60% fabric loading in P-43 s m e n e  polyester r e s i n  
(supplied by Rohm & H a a s  Co.). This loading was less than that for 
glass-reinforced plastics (80% because of the lower density (1.47 
g/cm’ of the experimental fiber as compared to 2.50 g/cm’ for 
glass fiber. 

as well as on separate panels made from the same number oi 
unlaminated fabric plies. These results are shown in Table 6. 

Ballistic measurements were made on the prepared laminates 

TABLE 6. Ballistic Limit Values for Laminates of Experimental 
Fabric in P-43 Resin (60% loading) 

Type Condition 
V- 50 
(f t/‘sec 1 

I 9 ply, 11.1 oz/fta fabric only 
9 ply with resin P-43 to 1.14 oz/ft’ 

LOSS 

II 8 ply, 10.7 ozift’ fabric only 
8 ply with resin 1.2 Ibjft’ 

Loss 

m 8 ply, 11.6 oz/ft’ fabric only 
8 ply, with resin P-43 to 1.2 Ibift’ 

Loss 

888 
639 
249 

830 
6 23 
207 
- 

998 
727 - 
271 

The ballistic values for all W e e  fiber tppegare low when com- 
pared to glass laminated structures (18.6 oz/ft areal density) 
which offer values in excess of 1200 ftlsec. In the case of the 
experimental fibers, losses of 200 ftlsec or more accompanied 
lamination for all three fiber types. 

P-43 resin suggested additional experiments to determine if fabric 
loading or  Qpe of laminating resin was responsible for the poor 
results. Some of the more obvious parameters were varied and 
these results are given in Table 7. 

The amount of styrene in the P-43 polyester resin was varied 
from S to 15 pph with no effect as shown by entries 1, 2, 3, 4, 5, 

The ballistic losses resulting from laminating the fabrics with 
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6, and 7 in Table 7. Fabric loading was varied from 40 to 50% 
(Items 4 and 5 )  and from 60 to 80% (Items 8 and 9) with iittle effect 
other than that which can be ascribed to the greater number of 
fabric plies. Experiments Mth different resin systems such as 
phenolic, polycarbonate and epaxy resin (Items 10, 11, and 12) 
gave little encouragement but showed that the epaxy resin had 
the- greates t promise. 

D I S C U S S I O N  

The availability of these new types of high modulus-heat 
resistant organic fibers have provided some new dimensions for 
consideration in tailor-making a fiber for impact and ballistic 
applications. Previously, parameters such as strength, elongation- 
to-break, and work- to-rupture were emphasized in attempting to 
correlate yarn properties and impact performance. Modulus and 
heat resistance were not studied in sufficient detail to establish 
their influence in achieving fibrous structures with  high impact 
resistance. Xn fact, little leeway was possible because the moduli 
were all  centered around 20-100 g/den for the organic fibers and 
only an inorganic, glass, was available with a higher modulus 
(320 g/den). Likewise, with heat resistance, the only comparisons 
possible were between polypropylene with a melting point of 123'C 
and nylon with a melting point of 255'C. The results favored nylon 
but were inconclusive as to cause and effect. The behavior of the 
Type IlI X-500 experimental fiber now has shown that a material 
with a much lower static or  dynamic work-to-rupture than nylon 
can bet nearly competitive in ballistic resistance. 
In addition to evaluating the mechanical properties of the 

material3 in various forms and a t  different rates of straining, 
it is also instructive to vfew panels which have actually been 
subjected to ballistic impact This was done using the scanning 
eIectrm microscope in the conventional manner. The brittre 
nature of the failure of the Type I material is very apparent in 
Figs. 6 and 7. The splitting of the fiber, apparent in Fig. 7, is 
actually a possible toughening mechanism characteristfc of 
fibrous materials where a lateral crack is converted to a Ions$- 
M h a l  one retarding failure. However, this amount of deforma- 
tion and work absorption is insufficient to achieve ballistic 
performance comparable to that characteristic of nylon materials. 
Figure 8 illustrates the magnitude of the deformation which occurs 
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FIG. 6. SEM micrograph of Type I X-500 fabric impacted with 
17-grain fragment simulator (16x1. 

in a nylon fabric impacted with a fragment Simulator. The extent 
of the damage created is even more evident in Fig. 9 where the 
broken fiber ends a r e  fused. This fusion appeared to be essentialIy 
absent in the Type I fibers similarly irnpacred. Figure 10 shows 
the type of darnage which occurred when the Type III fabric w a s  
impacted with the simulator. In ths case extensive deformation 
and fusion were evident reminiscent of that seen in the case of 
nylon. Figure 11 shows not only these characteristics but also 
some of the splitring characteristic of the more brittle Type I 
material. This indicates the possibility of multiple deformation 
responses in the case of the more ductile Tvpe LIl material. 

modulus and heat resistance, i t  appears from the results that a 
t h r d  factor, the ability to plastically deform, m a y  p r w e  to be 

Despite the initial emphasis in this work on the importance of 
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FIG. 7. Type I X-500 fibers damaged by impact with 17-grain 
fragment simulator (5  10x1. 

the major reason for the good ballistic behavior of the Type IXI 
yarn. This must be true when comparing Type 
II or glass. Strength, modulus, and heat resistance are all present 
to an equal or greater degree in the case of these latter materials. 
The big difference is in the ability of Type K5 to plastically deform. 
Tlus characteristic was inferrabte from the shape of the high-speed 
stress-strain curve (Fig. 5) with tfie ~fiarp break in the curve at 3% 
elongation followed by an almost horizontal portion. Preliminary 
tensile recmery experiments in which all three yarn tJrpes were 
stretched to 50% of their ultimate extension tended to confirm 
this important difference between the yarn types. The Type XU 

to Types I and 
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FIG. 8. SEM micrograph of hole created by 17-grain fragment 
simulator I impacting nylon fabric (24X). 

yarn e-xhibited SO% permanent set  as contrasted with 12% for 
Type 11 and 5% for Type I [ 121. Even yarns such as nylon 66, 
which a r e  usually considered ductile under these same condi- 
tions, exhibit values of permanent set  of the order of 5% or less. 
The continuing study of elastic recovery, delayed recovery, and 
permanent set for a large number of fibers currently active m a y  
result in some minor modification of the conclusions reached. 
However, even these initia! results show t!!t the new high-modulus 
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FIG. 9. Nylon fibers broken and fused from missile impact 
(450x1. 

organic fibers have a much greater ability to yield plastically 
than has been found in similar investigations of other high-modulus 
fibers such as glass. Where a one-time use of these materials is 
contemplated such as in a ballistic vest o r  certain a i r  delivery 
applications, it is advantageous to have the fibers deform plastically 
rathar than break and transfer large amounts of elastic energy to 
the surviving fibers. 

The Laminate work shows the difficulty in preparing laminates 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



&ALLISTIC PROTECTION OF HIGH-LIODL'LUS FIBEFS 3 17 

FIG. 10. X-500 Type III fibers after impact w i t h  17-grain 
fragment simulator ( 4 9 3 ~ ) .  

competitive with glass. Previously, organic fibers were not 
considered suitable for laminates because their moduli were 
so low compared to glass. However, the poor results obtained 
on this experimental family of fibers with moduLi below, equiva- 
lent to, and higher than that for glass indicated that high modulus 
alone does not ,parantee good laminate performance. Other 
factors such as surface characteristics a r e  apparently equally 
important and must be investigated further. Figure 12 shows 
a single delaminated layer of Type II material after failure in 
tension. The material had been bonded with phenolic XC-1008 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



3 18 IAIBLE, FIGUCIX, AXD FERGUSON 

FIG. 11. X-500 Type III fiber ends after impact with 17-grain 
fragment simulator (450X). 

resin. Note the strong bonding that still exists between adjacent 
yarns. Delamination in this plane is thought to be one of the keys 
to improved laminate performance. To date, various atlldliary 
surface treatments and other methods of achieving this have 
proved unsuccessful. 
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i c /I 
I 

I 
I 

' .  -1 . 
/ a 

FIG. 12. X-SO0 Type II fabric lamirated with phenolic resin 
1300X) and broken L? tension. 

C O N C  L C ' S I O N S  

The development of the X-SO0 family of fibers by Monsanto 
Research Corporation made available for the first time a series 
of organic fibers with moduli and heat resistance more nearly 
comparable to the inorganic fibers such as glass. This series 
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of fibers possessed 3 wide range of properties with strengths from 
4.9 to 10.1 g, den, elongations-to-break from 2.4 to 17.8%, and mod- 
uli from 160 to 550 g,'den. The static and dynamic work-to-rupture 
values of these new materials were all markedly lower than those 
for nylon tire cord- However, fabric prepared from Tyye m yarn 
performed nearly a s  wel l  ballistically as standard nylon fabric. 
This behavior was surprising in view of i ts  modest stress-strain 
properties, and may be attributed to the following combination of 
properties: 

High Modulus-The modulus of 135 g/den for the X-300 yields 
a higher longitudinal wave velocity than for nylon with a modulus 
of 40 g/den, according to the formula C = (Eip)'  where E is the 
modulus, p is the density, and C the longitudinal wave velocity. In 
general the higher wave velocity should yield a faster response to 
impact and should involve more of the material per unit time. If 
this were the only property important in impact, the Type I with 
a sonic velocity of 8.2 X 10' cm/'sec would be far superior to the 
Type III. However, results have shown that the opposite is true. 
Actually this sonic velocity is higher than that of any commer- 
cially available organic fiber and even approaches the theoretical 
value of 12 X LO5 cmlsec obtained from force constants and dis- . 
cussed by Moseley [ 131. 

Heat Resistance-The temperature of a fibrous material is 
raised considerably under high-speed impact. This is shown by 
the fused fibers characteristic of nylon fabric impacted by a 
high-speed missile (Fig. 9). The properties of such textile 
materials as nylon and polypropylene deteriorate fairly rapidly 
w i t h  increasing temperature while the X-500 series of fibers 
are much more heat resistant, preventing premature fusion. 

Plastic Flow-All three types of X-500 possess the first bvo 
characteristics of high modulus and high heat resistance. How- 
ever, the Types I and II e-xhibit no potential for resistance to 
high-speed impact (ballis tic 1. Their deficiency can be attributed 
to their brittle nature or lack of ability to yield plastically. This 
in turn is demonstrated by the SEM photographs of ballistically 
impacted fabrics prepared from Type I fibers. The fibers split 
and break in a brittle manner without any evidence of plastic 
flow and consequently with little energy absorption. The Type 
m fabric, on the other hand, shows considerabie evidence of 
piastic deformation in the micrographs. This tendency for 
plastic deformation is also confirmed by the shape of the 
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stress-strain curve for Type III and by preliminary data on ten- 
sile recovery. The major overall conclusion is that the use of a 
wholly aromatic structure yields fibers with a potential for higher 
moduli due to the extended chain configuration whxh the stiffcess 
and planarity of the structure should favor. In addition, heat 
resistance is imparted by the aromaticity of the backbone cham. 
However, these two properties alone do not confer impact resistance. 
Li fact, the inflexibility of the structure and the absence of folded 
c h i n s  may actually ensure brittleness and minimize any tendency 
for plastic flow. Only the Type III yarn with i ts  lower crystallinity 
( 3 0 5  v s  90% for Ty9e I)  and lower orientation (birefringence 0.30 
T-s 0.57 for Type Ii possesses enough lack of register to allow the 
polymer molecules t o  s l ip  by each other at high s t r e s s  levels 2s a 
form of plasiic deiormation and energy absorption. The high s t r e s s  
needed to cause plastic deformztion and the apparent speed of 
plastic flow a r e  bGth important features in the impact resistance 
of the Type JII material. This hatter property is shown by the 
fact that the plastic portion of the stress-strain curve is still 
present although reduced a t  a strain rate of 200,000%; min. 

None of the fibers investigated produced laminates with good 
ballistic resistance as compared to glass laminates. The success 
of glass in laminate form had been attributed to its high modulus: 
hoxever, the f a i k r e  of X-500 laminates indicates that high modu- 
lus is not the sole requirement fo r  success in laminate form. In 
general i t  appears that the surface characteristics of the organic 
fibers combined with their anisotropic character as compared to 
glass may be responsible for the poor laminate performance. 
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