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FOREWORD 

Polyamide type yarns have proved to be the best candidates for 
high impact resistance in fabric or felt form.    This is especially 
true in matte^of ballistic resistance.    However,  for many y      ; 
Nylon 6 or Caprolactam nylon,  did not provide equal ballistic resis- 
tance to Nylon 6, 6.    This difference in performance 'vas generally 
attributed to variations in melting poinis of the two types of fiber. 
More recently,  Allied Chermcal Corporation achieved new charactcris- 
tics in Nylon 6 which made it competitive ballistically at the same 
areal density with the improved form* of Nylon 6, 6 as produced by 
several different manufacturers.    Accordingly,   the program reported 
was sponsored by the US Army Nauck Laboratories under Contract 
No.   DAAG17-70-C-0029 with Allied Chemical Corooration,   in an 
effort to determine whether the performance of the new type Nylon 6 
could be further optimized by variations in molecular weight,  mole- 
cular weight distribution,  orientation and crystallinity.    The results, 
although negative in respect to the goals sought,  nevertheless show 
thct an investigation of fundamentally different types of fiber is needed 
to obtain significant improvements in tenacity,  work to rupture and 
attendant increases in impact resistance. 

Tht  project officers for this investigation conducted under 
Materials Research Project 1T0621 05A329-02 were Mr.  Frank J. 
Rizzo,  Chief,  Textile Research and Engineering Division,  and Dr. 
Roy Laible,   Chief,   Textile Research Section,  both of the US Army 
Natick Laboratories. 
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EXPERIMENTAL NYLON 6 FOR PERSONNEL ARMOR 

1,     Introduction 

The effectiveness of personnel armor made from textile structures 
in reducing combat casualties has been recognized for some time. 
Since these first ballistic fabrics were evaluated,   the United States 
Army has supported research and development activities whcc    objective 
was to provide lighter weight personnel armor with improved projec- 
tile resistance. 

For several years the Army standard fragmentation vest has been 
based on a twelve layer,   basket-weave,   14 oz. /sq.   yd. ,   type 6,6 nylon 
fabric as the ballistic component.    Recent testing o.t •'ype 6 nylon yarn 
in the standard construction indicated this polyamide could provide 
fabrics with superior ballistic resistance. 

To evaluate the potential of type 6 nylon,  a research study was 
initiated to explore the effect of certain nylon 6 polymer and yarn 
preparation parameters on the ballistic properties of textile structures 
made from them.    Conditions for polymer and yarn preparation were 
chosen to be within a commercially practical range.    The investigation 
was conducted in two phases. 

In Phase I of the study parameters were selected to determine the 
major effects and interactions between molecular weight,  molecular 
weight distribution,   yarn orientation and crystallinity. 

Ballistic performance was studied on two types of tey,ile struc- 
tures.    The first was the standard wov^r. structure.    The other was 
a needlepunehed felt structure which has shown nearly equivalent pro- 
jectile resistance in studies with the standard .23 caliber fragment 
simulator normally used to evaluate personnel armor. 

Phase II of the study was originally intended to provide additional 
quantities of the best fiber for fabric and felt as determined from 
Phase I,    Since no yarn displayed superior properties,   this phase was 
subsequently modified to be a study of the effect of filament denier. 

/, 
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2.      Background 

Polymers for type 6 nylon fibers are customarily prepared by the 
water initiated melt polycondensation of £ -caprolactam.    '        The 
polymerization takes place in three well defined steps.    First the 
caprolactam is hydrolyzed to    £   -aminocaproic acid. 

(CH2)5CO   +    H2O dJ NH2(CH2)5C02H (1) 

-NH 

Hydrolysis is followed by very rapid stepwise addition of caprolactam 
molecules to the amino group to produce low molecular weignt poly- 
mer chains as depicted below. 

(CH2)sCO + NH2(CH2)5C02H5=±NH2(CH2)5CONH(CH2)5C02H   (2) 

I NH 

x(CH2)5CO + NH2(CH2)5CONH(CH2)5C02H    ^= 

 NH 

(3) 

NH(CH2)5Co| NH2(CH2)5CO |NH(CH2)5CO| NH(CH2)5C02H 

x 

The final and rate determining step is the condensation of two growing 
chain ends with the elimination of a molecule of water. 

NH2 A*VIACQ,H + NH2AA^A<:02H   ^ 

NH2/VWV:ONH'^vvV:02H 
(4) 

In commercial practice the reaction is driven to completion,  i.e.  the 
formulation of high molecular v» ?ight polymer in bigh mass transfer 
reactors utilizing either inert purge gas or high vacuum for rapid re- 
moval of water.    All of the reactions depicted are reversible.    Thus 
at any given temperature and water content there exists a fixed amount 

' ^aa^^eäätsssi i^M^, iri.uMWIlT*!. ----"■■■■—■■■-'■ 
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of caprolactani monomer in equilibrium with the high molecular weight 
chains in the polymerization melt.    For condensations conduct, a at 
higher pressures this can be as high as 9 -  10% oy weight of the total 
melt system.    The presence of large amounts of monomer is not de- 
sirable for the formation of nylon 6 fibers with high tensile strength. 
It is often remover! by leaching the solidified polymer with water prior 
to spinning fibers. 

Nylon 6 polymer is usually converted tc the high strength,   twisted 
multifilament yarns suitable for ballistic cloth in a two step operation. 
In the first step,   spinning,   the polymer is shaped into multifilament 
strands or filaments with low orientation and crystallinity possessing 
very low tensile strength.    In the .second step,   drawing,   the yarns are 
stretched and heated to orient and crystallize them.    Thif. latter step 
imparts the high tensile strength characteristic of man-made fibers. 

A typical meli spinning system consists of the following 
items:"»    >   » b 

source of molten polymer 
metering pump 
filtration device 
spinneret 
quench system 
lubricator 
take-up rolls 
packaging machine or winders 

Molten polymer is supplied either from a plasticacing extruder, 
grid melter or directly from the polymerization vessel.    The meLt is 
shaped in the s nnneret,   a multi-orifice plate which divides the melt 
into individual  streams called filaments.    The molten filaments are 
quenched or solidified in a stream of air or inert gas which impinges 
on them directly below the spinneret,      The lubricator applies a mix- 
ture of friction reducing oil,   anti-static agent and water to reduce 
friction,   lower static accumulation and provide for dimensional stabi- 
lity on storage.    A typical nylon 6 melt spinning system is diagramed 
in Figure 1. 

A certain amount of orientation of molecules is imparted during 
This orientation is usually measured by determining the spinning. 

birefringence ot the undrawn or spun yarn Tli nxtent of orient-.tion 

j, 
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Fig.   1   - MELT SPINNING UNIT 
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can greatly determine the orientation and cry stall inity achievable in 
the drawing operation and thereby the physical properties of the yarn. 

Drawing apparatus vary greatly out usually consist    of the follow- 
ing essential parts:   '     '    ' 

feed rolls 
draw point localizer 
stretch heater 
take-up roils or draw rolls 
annealing heater 
packaging apparatus 

Sometimes one piece serves two purposes such as the use of a 
heated roll as a draw point localizer,   stretch heater or annealing 
heater.    If the drawing unit also inserts twist into the yarn ,    it is 
known as a drawtwister.      A typical drawtwister for high strength ny- 
lon yarns  is shown in Figure 2.    The drawpoint localizer heats the 
yarn to a temperature at which stretching can take place uniformly. 
The stretch heater serves to crystallize the yarn.    It is,   therefore, 
apparent that: the length and temperature of the heater can greatly de- 
termine the properties of the yarn passing over it.    If additional 
modification of structure is desiranie the yarn is often pas sad ovsr an 
annealing heater.    When annealing is done for the express purpose of 
reducing thermal shrinkage this device is referred to as a shrink 
heater.     The amount of stretch or draw ratio is determined by the 
ration of the take-up roll  speed to that of feed roll      However,   there is 
always a certain amount of slippage on the rolls,   and a better measure 
of draw ratio is often the  ratio    «     the denier of the undrawn /am to 
that of the drawn yarn.    Orientation is even more complicated to 
measure,   since it is the sum of the crystalline and amorphous region 
orientation.    Since some orientation is imparted during spinning,   the 
draw ratio does not necessarily reflect the irue total orientation of 
the varn. 

Hayes,   et.al. "* have discussed some factor? which influence the 
strength of nylon yarns,    Three factors appear very important : num- 
ber average molecular weight,   molecular weight distribution and 
amorphous orientation. 

Numerous empirical and semi-ernpirical relationships between 
tensile strength and molecular weight of oriented polymers have been 
proposed.    Generally it is agreed that strength depends upon number 
average molecular weight independent of the molecular weight distri- 
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burion.    This relationship is commonly expressed in the form: 

T0-a / 
'7 Mt 

irfie re TQ is the strength of the polymer with infinite molecular weight 
and Mn is the number average molecular weight. 

Often the predicted improvement in tensile properties with increas. 
ing molecular weight is not realized because of the problems related 
to increased melt viscosity and slower crystallization rate.    Fortunate- 
ly Schaefgen and Flory    have provided insight on how to cope with this 
dilemma. 

F 

The nydrolytic polymerization of caprolactam is a purely random 
process which leads co the most probable molecular weight distribution 
of 2.    Schaefgen and Flory have shown that polymers prepared from 
A-B type monomers,   of which class nylon 6 is representative,  undergo 
a narrowing of molecular weight distribution in the presence of multi- 
functional terminators.    They have shewn that this narrowing of the 
molecular weight distribution is given by 

I 
Mw/ Mn    = 1  +b(l-L)(UQ) ^ 

' (b(l-L) + (Q.+L))'- 

I 

where b is the functionality of the terminator,  L is the equivalents of 
unreacted groups per mole of A-B monomer,  and Q represents the 
equivalents of terminator per mole of monomer.  Mw is weight average 
molecular weight,   Mn is number average molecular weight. 

For polymers which have essentially been polymerized to comple- 
tion at high molecular weight.  L and Q are close to zero.    This 
relationship may be expressed as follows: 

M, J  Mn     * 1 
/ 

Melt viscosity is determined by weight average molecular weight, 
Mw.    It can readily be seen that higher number average molecular 
weights can be achieved at an)  M~w with multichain lerminators. 

Studies at Allied CLenvcf.l Corporation have shown that fibers 
termir.ateii with sebacic acid to narrow molecular weight distribution 
have improved tensile properties particularly at high rares of strain. 

.«Un. t_JE_i«    ~ J°g*   ---:-' -'      - rftiiYiTW- -  '■-*"■■ ..^-^„HMa^^» - 



p^-^^-aj-ig^^iKH^ 

» :*r">     *«  K*?*l   *» 

Fibers experience extremely high rates of strain in ballistic tests. 
It is not surprising that these fibers with narrowed distribution based 
on dibasic acid terminators showed good ballistic properties in initial 
ballistic testing.    Terminators with functionality greater than 2 chow 
only modest further improvement in tensile properties.    This probably 
is the result of the noniinearity of the polymer mo' icules produced. 

3.     Approach 

From the discussion in the foregoing section it can readily be seen 
that some of the nylon 6 polymer and fiber parameters which might 
affect the ballistic performance of fabrics and felts are: 

number average molecular weight (Mn) 
molecular weight distribution (Mw/Mn) 
draw ratio 
draw heater temperature 
undrawn yarn orientation 
annealing 

A truly perfectly designed study of these six parameters would b* 
extremely long and costly.    For   this reason it was decided that most 
of the yarns would be prepared from polymers of narrowed distribution 
terminated with sebacic acid,  and drawing heater and annealing heater 
studies be confined to one temperature,   195°C,  which usually provides the 
best tensile properties.    The experimental plan is shown   in Table I. 
One unterminated polymer sample was introduced to determine if the 
narrowed molecular weight distribution did in fact improve ballistic 
performance.    A sample was made at lower heater temperature to 
establish the effect of this parameter. 

i 
The yarns were both woven into standard ballistic cloth construc- 

tion and converted       standard needle punched felts.    All testing was 
done with .22 caliber fragment simulators. 

A study of the effect of filament denier on ballistic performance 
was made in Phase II.    Deniers select'.d were 4,   6,   8 and 15. 

Details of the experimental work are given in the section which 
follows. 

8. 
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4,      Experimental 

Phase I 

Polymer P re pa ration 

,8 The technology of U.S.  Patent 3,386,967    was utilized to pro- 
duce a dibasic acid terminated poly ( £ -aminocaproic acid) polymer 
with narrowed molecular weight distribution.    The batches of polymer 
were prepared in a 150 gallon,   Dowtherm heated polymerization ves- 
sel equippea with an anchor-type agitator,   nitrogen inlet and tempera- 
ture recording thermocouples.    The sebacic acid terminator,   heat 
stabilizing additives and 1000 lbs.   of caprolactam monomer were 
dissolved in a mix-tank at 70-90° arftl then pumped to the polymerization 
vessel.    The polymerization vessel was purged with nitrogen to rid   the 
atmosphere ab^ve the melt of appreciable oxygen.    The charge was tnen 
heated from 90° C to 235°C in approximately 2 hours.    During the heat 
up tiine approximately 20-50 p>ig »team was applied to the polymeriza- 
tion vessel to initiate the hydroLysis of caprolactam to £ -aminocaproic 
acid and initiate polymerization.    At the end of the heat up cycle the 
steam pressure was released over a half hour period at which time the 
temperature was increased to 250-260° C.    Viscosity was monitored by 
recording the agitator drive motor kilowatt response.    When the proper 
increase in kilowatts was reached,   the polymer (which contains approxi- 
mately 10% extractables) was extruded through a die plate which had 
several round 3 /1 6" - 5/16" diameter holes in it.      The polymer ribbon 
was quenched in 20-50° v/ater where it solidified.    It was then cut into 
small cylindrical chips approximately 0.1" diameter x 0.1" long. 
These chips were charged to a washing and drying bin where they were 
washed for approximately 6-10 hours at !00°C temperatures.    This 
washing leaches the extractables from the polymer.    The extractables' 
content of chips after washing is approximately 1.20-1.50% by weight. 
Chips were then dried to equilibrium moisture and packed out in sealed 
cans to await spinning. 

The   concentration of terminator and the properties of all of the 
polymer batches are listed in Table II.    Where a single set of proper- 
ties is assigned to two batch numbers,   two batches of polymers were 
polymerized separately and then blended,  washed and dried together. 

Non terminated polymers of approximately 30, 000 Mn were pre- 
pared using the same procedure except the sebacic acid was eliminated. 
The properties of these polymers arc also listed in Table II. 

10. 
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**•     Yarn Preparation 

The polymers were spun and drawn into the 1050 denier,   175 
filament yarns with 1 /2 turn of Z twist/inch shown in Tables III and IV. 
The odd numbered samples in the table were packaged on 3 pound pirns 
for subsequent conversion to staple.    The even numbered samples were 
put on 2 pound packages for conversion to woven fabric. 

A 16/1 length/diameter extruder equipped with a nylon type 
screw,  and a Dowtherm heated spinning block was used for spinning. 
The block was fitted with a metering pump,  pressure gauges,   thermo- 
couples and a filtration pot.    The pot contained a mixture of sand as 
the filtration media and held a spinneret which had one hundred seventy- 
five capillaries   .018 inches in diameter.    Spinning was conducted at 
280°C at a rate of 32 pounds per hour.    The molten polymer was quenched 
by conditioned air in a concurrent flow,   cylindrical quench stack of 
proprietary Allied Chemical Corporation design.    A proprietary Allied 
spin finish,  NXT-528,  was applied to the undrawn yarn at the bottom 
of the quench stack as an 18% aqueous emulsion.    The pick-up rate of 
the finish emulsion was 5% of the weight of the yarn.    The yarn then 
passed over a set oi two godet rolls and was packaged on a Leesona 
959 winder. 

The undrawn yarn was stored several hours to permit it to 
equilibrate with the moisture in the conditioned room air and then 
drawn at a rate of 1, 000 feet per minute on a Rieter J/54 drawtwister. 
The yarn was drawn by passing it from a feed roll around a 1 inch dia- 
meter draw pin,   then over a 6 inch stretch heater maintained at 195 ± 
2°C to a draw roll. 

The only exception to the spinning procedure outlined above was 
the use of higher quench rates to prepare the low undrawn yarn bi- 
refringence samples BAL-9 and BAL-10.    Modifications to the drawing 
procedure were made to prepare samples i5 thru 22.    In drawing samples 
15 and 16,  the stretch heater temperature was set at 180°C instead of the 
customary 195°C to examine the effect of this variable.    Samples 17 
through 22 were annealed on the drawtwister at 195°C by passing the 
yarn 3 times over a triangular shrinkage heater adjacent to the drawing 
roll. 

c.      Woven Fabric Preparation 

The 1 050-1 75-1/2Z yarns for woven fabric were downtwisted to 

12. 
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insert 3-4 turns per inch Z twist, and woven to a 2 x 2 basket weave con- 
struction with two ends weaving as one and two picks weaving as one. 
Reed width was 55-3/4 inches.    'The fabrics were finished in accordance 
with the guidelines of MIL-C-17.369E (GL),   25 July 1968.    They were 
scoured on a jig with 2% soda ash at 96° C for 60 minutes.    This was 
followed with a 30 minute hot wafer (82°C) rinse and a 30 minute neutral 
pH cold water rinse.    Finally,   the fabrics were framed and heat set on 
a Kranz tenter frame.     Exposure in the high heat zone was 30 seconds 
at 190°C.    Previous work had indicated temperatures of this order 
would be required to meet the shrinkage standards of MIL- C-12369E(GL). 
The physical properties of the fabrics are given in Table V.    The crys- 
talline content of yarn?  removed from the fabrics is compared to ihat 
of its drawn yarn precursor in 1 able VI.    The error in the X-ray 
analysis of any of the crystalline forms is believed to be i 5% of the 
value. 

i 

In a separate experimt nt,   the effect of finishing conditions 
was investigated. 

A sample of Allied Chemical Corporation Merge 5915,   1050- 
70-1/2Z,   Type  1TT0 nylon 6 yarn was woven into three samples of 
ballistic cloth as described above.    One sample (BAL-23) of this cloth 
was retained for ballistic testing in the greige form.    Another sample 
(BAL-24) was given a 60 minute scour at 98CC with 2% soda ash.    This 
was followed by a 30 minute rinse with 82°C water and a 30 minute cold 
water rinse at neutral pH.    The fabric was  then framed and heat-set on 
a Kraut?, tenter  frame at 1 90° C as weir? samples RAL-? thru 21.    The 
third sample (BAL-25) was scoured at 65° C with 2% soda ash for 60 
minutes,   and rinsed with 65°C water for 30 minutes.    After a 30 minute 
cold water rinse,   the fabric was dried on the tenter frame at 130°C. 

d.      Felt Preparation 

The drawn fibers of odd numbered samples BAL-1  thru 21 
were converted to ballwarps of approximately 100,000 denier.     Three 
ballwarp ends were simultaneously fed into J.n unheated stuffer box 
crimper.    The crimper was unheated to minimize disorientation of the 
yarn.    The crimped tow was cut to 3.5 to 4.0 inch staple on convention?.! 
staple cutting equipment. 

Several unsuccessful attempts were made to convert the staple 
to a carded web at National Felt Company,   Easthampton,   Massachusetts. 
The fiber had a tendency to become embedded in the card clothing and 
would not tranfer from cylinder to cylinder.     Efforts to improve run- 
nability via speed changes  reduced input rate,   and varying card settings 
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were unsatisfactory.    Addition of 0. 2 - 0.4% coL. "ive antistat over- 
finish (Lenox Spinrite # 3256) prior to carding teru'zi to further aggra- 
vate the problem.    The staple was finally converted into a web on a 
small card by Felters Corporation,  Middlebury,  Massachusetts. 
There was considerable variation in weight and thickness between and 
within samples.    The aerial density of the individual felt samples used 
in the balliptic test varied from 8. 3 to 14. 6 oz. /sq.  yd.    This varia- 
tion was the result of problems encountered in carding the staple. 
These difficulties may be attributed to low crimp amplitude and low 
crimp stability. 

e.      Ballistic Testing 

] .      Woven Fabric 

Ballistic testing of the woven fabric was conducted at 
H.  P.   White Laboratory,  Bel Air,   Maryland in accordance with MIL- 
STD-662 and MIL-C-12369 E(GL).    The projectile was a T-37,   17- 
grain,   .22 caliber fragment simulator.    Four ",Q determinations were 
made on each sample.    The ballistic test specimen consisted of 12 
layers of unsupported 15 inch by lb inch fabric between supports.    The 
V50 may be defined as the velocity at which half the projectiles are 
stopped and half penetrate the test specimen.    All of the test specimens 
were preconditioned in the test laboratory for 48 hours prior to testing. 
Data are shown in Table VII. 

Felts 

The felts were tested in accordance with MIL-STD-662 
and IP/DES-S-53-7.    The test specimen consisted of 5-6 layers of 18 
inch by 18 inch unsupported felt between supports.    The projectile was 
a T-37,   17-grain,   .22 caliber fragment simulator.    Relative rankings 
of V50 are shown in Table VIII.    No sample displayed an advantage 
over commercially available materials.    Actual data are  available  at 
United States Army Laboratories. 

Phase II 

a•     Polymer Preparation 

The polymer utilized in the Phase II study of the effect of 
filament denier w?., a sample of 25, 000 Mn dibasic acid terminated 
polymer from Allied Chemical plant production.    It closely approxi- 
mates the polymer of samples BAL-14 and BAL-20 of Phase I. 
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840 denier yarns with nominal filament deniers of 4,   6,   8, 
and 15 were spun and drawn to equivalent physical properties.    Spin- 
ning and drawing were done on the same equipment described in Phase 
I,    The experimental procedure was the same as that outlined except 
the spinning rate was reduced to 25. 8 lbs. /hr. ,  and the drawing speed 
was reduced to 840 ft. /min.    These changes were made to ensure that 
equivalent strengths could be obtained from all samples.    Data art- 
shown in Tables IX and X. 

c. Woven Fabric Preparation 

Yarns BAL-26,   -27,   -29,   and -30 were woven into 8 oz. / 
sq.   yd.   plain weave Type II ballistic cloth according to amendment 2 
to MIL-C-12369E (GL).    Warp and filling yarns contained only a nomi- 
nal half turn of producers twist.    The fabrics were scoured en a jig 
with 2% soda ash at 96° C for 60 minutes.    This was followed with a 
30 minute hot water (82° C) rinse and a 30 minute neutral pH cold 
water rinse    Finally,   the fabrics were framed and heat-set on a Krantz 
tenter frame.    Exposure in the high heat z^r.e was 3 0 seconds at 190°C. 
Fabric data are shown in Table XI. 

^• Felt Preparation 

A tow of 200-300 thousand denier was prepared from each of 
the experimental yarns.    The tow was then crimped in a steam heated 
stuffer box texturizer.    Essentially,   equivalent conditions were employed 
with all yarns.    As seen in the data in Table XII,   the larger filament 
deniers had slightly less crimp as expected from their larger filament 
cross section.    The crimped tows were then cut into 3.5 - 4.0-inch 
staple on conventional staple cutting equipment.    The staple was shipped 
to the U.   S.   Army Natick Laboratories to be converted into felts and 
tested for ballistic resistance. 

e. Ballistic Testin" 

Three V'CQ determinations were made on each of the woven 
fabrics at H.   P.   White Laboratories in accordance with MIL-STD-6<i2 
and amendment 2 to MIL-C-12369F (GL).    The projectile used was a 
T-37,   17-grain,   .22 caliber fragment simulator.    The rifling in the 
barrel was one revolution in 20 inches.    The test panel consisted of 
sixteen plies of unsupported 15 x  15 in.   fabric; between supports. 
Data are shown in Table XIII. 
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Discussion 

Woven Fabric 

* 

i 

Tables II and 311 show the physical and chemical properties of 
nylon prepared for ballistic studies in woven cloth form.    All of the 
samples conform to the experimental plan.    The beneficial effect of 
annealing and low undrawn orientation ar-> very apparent.    Despite the 
fact that yarns differ significantly in roughness,   tensile strength,   elon- 
gation and orientation,   there is only 5% difference in V50.    It would 
appear that several explanations are possible.    The ballistic properties 
may be an intrinsic property of this material,   i.e.   in this woven struc- 
ture differences in orientation and crystallinity play little effect,   or 
some overriding factor such as fabric finishing conditions,   yarn finish, 
or yarn twist tends to reduce the effect of these parameters.    In fact, 
a sampling of the physical properties of yarns withdrawn from finished 
ballistic cloth,  as well as the X~ray structure,  indicates substantial 
changes have taken place in transforming the drawn yarn to a finished 
fabric.    Toughness,   vvuicn may be a measure of the energy absorbing 
power of a ballistic yarn,   ranged only 12%.    At the high rates of strain 
experienced in a ballistic cloth during testing,  these differences may be 
considerably smaller. 

To test the relative effect of different finishing conditions the 
ballistic properties of greige (unfinished),   normally finished»a::d low 
temperature finished fab 'ics were compared.      The results showed that 
the greige and normally finished fabric have V50 100 ft. /sec.   higher. 
The alkaline scour normally given ballistic cloth removes the lubricating 
finishing.    These results may indicate a critical relationship between 
yarn lubricity and changes in yarn structure caused by aqueous treat- 
ment and heat setting. 

Since the results of Phase I indicated little was to be gained 
i;, varying yarn properties in the traditional construction,   it was de- 
cided to investigate one yarn parameter which had not been given pre- 
vious attention,   namely filament denier.    It was further decided to test 
the effect of filament denier in a construction in which the filaments 
were freer to exert their individual influence.    The traditional structure 
of MIL-C-12369E (GL) requires 3-4 turns per inch of twist.     Recent 
studies at U.S.   Army Natick Laboratories had shown that excellent 
ballistic, properties could be obtained from the lighter weight nylon ballis- 
tic cloth based on 840 denier yarns which contain only a nominal 0. 3 
turn /inch of producer twist.    These findings have lead to a specification 
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for a Type II Ballistic Cloth (See Table XIV).    Samples of Type II fabric 
were prepared from yarns with filament deniers of 4,   6,   8,  and 15 of 
equivalent tensile strength and elongation.    Both greige (off the loom) 
and finished fabric were supplied to the Natick Laboratories for studies 
of V50 ballistic performance.    The greige fabric was supplied to permit 
a study of the effect of finishing conditions to be conducted.    At the time 
of the writing of this report,   these results were not available.    As seen 
in Table XIII,  spot check of V50 performance conducted by the contractor 
indicated no effect of filament denier on ballistic performance. 

b.      Felts 

A review of studies of the factors which influence the ballistic 
properties of needle-punched felts^ suggested that although some crimp 
is necessary to manufacture felts,  gains in V^Q could be achieved by 
eliminating crimp entirely.    It was rationalized that uncrimped fiber had 
greater strength and presented greater opportunity for fiber-fiber con- 
tact.    For the reasons presented above it appeared that lightly crimped 
staple which had experienced a minimum amoui.t of disorientation would 
provide the best media to evaluate the nylon 6 parameters.    This low 
disorientation was achieved by eliminating the steam on the stuffer box 
crimper.    Unfortunately,  the type of crimp imparted appeared to present 
some problem? in preparing card webs for needle punching. 

The V50 of all the felts are shown on a relative scale in Table 
VIII.    For this scale the V50 of BAL-13 whose 25, 000 In and 18% elon- 
gation closely approximates the properties of commercially available 
material was given a value of 100.    Inspection of this table shows that 
no sample had V50 superior to BAL-13.    These results indicate that 
little improvement in the ballistic properties of felt can be anticipated 
from additional modification of fiber molecular weight,   elongation or 
crystallinity. 

In Phase II of the study yarns with varying filament denier were 
textured with steam in the stuffer box to fully develop crimp.    As seen 
in Table XII the larger filament deniers had slightly less crimp as ex- 
pected from their larger filament diameter.     The staple produced has been 
sent to United States Army Natick Laboratories for this evaluation. 
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TABLE XIV 

PHYSICAL REQUIREMENTS OF CLOTH,   BALLISTIC, 
NYLON,  AMENDMENT-?. MIL-C-12369E (GL) 

Yarn Denier 

Yarn Twist,   turns/in. 

Weight,   oz. /yd.    ,   min. 
max. 

Weave 

Yarns/inch,   (min.)  Warp 
Filling 

Breaking Strength (min. )   Warp 
Filling 

Ultimate Elongation (min. ) Warp 
Filling 

Type..L TyPe II 

1050 840 

3.4 0.5 pr 

13.5 7. 7 
15.0 8.3 

Basket Plain 

46 3 3 
42 3 2 

900 650 
825 600 

25 3 3 
20 3 5 
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6.      Conclusions 

Cnly marginal improvements in the ballistic properties of con- 
ventional ballistic cloth and felts can be made by altering nylon 6 
fiber properties. 

Finish conditions can be important to the development of maximum 
V50 for any nylon 6 ballistic cloth. 

Filament denier has little effect on V*50 in Type II ballistic cloth 
as tested. 
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7.      Recommendations 

The U.S.  Ariny Natick Laboratories should continue to evaluate 
new textile structures for personnel armor.    When improved new 
structures are found,   this type of study should be conducted again. 

The samples produced should be evaluated with other fragment 
simulators and with different sample thickness, 

A study of the effect of nylon 6 finishing conditions on V50 should 
be conducted. 

The effect of filament, denier on ballistic, properties should be 
evaluated in several needlepunched felt structures. 

Felts from mixtures of low crimp staple from Phase I and high 
crimp staple from Phase II should be tested. 
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