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FOREWORD 

An interest in needled punched felt has been strongly 
evident since 1963, when initial assessment of this materia~ 
by the u. S. Army Natick Laboratories indicat~d ~~at at the 
lower areal densities (6 to 8 oz./ft 2 ) needled punched nylon 
felt exhibited the highest ballistic limits of any knowh :. 
material against the fragment simulators used under current 
evaluation criteria. Subsequent development: of needled punched 
nylon felt resulted in the establishment of two spee~fications 
for personal armor applications. 

Studies were then initiated by the u. s. Army Natick Labora­
tories to gain an understanding of the mechanisms involved in 
felt penetration as a basis for further development: of . this 
material to obtain greater effectiveness. One study indicated 
that cohesive forces developed in felt were major factors · 
limiting fragment penetration. High cohesive forces occurring 
without significant fiber breakage upon felt rupture w.ere asso­
ciated with the high ballistic limits observed. 

This report pertains to the influence of various geometric 
and mechanical characteristics of fibers on the cohesion of 
felts and also the effect of blends and manufacturing variables 
on felt cohesion. 

Upon completion of the ballistic tests now being conducted 
by the U. S. Army Natick Laboratories on the material investi­
gated by the Textile Research Institute, a study will be made 
to determine the relationship between ballistic performance and 
the fiber and felt characteristics discussed in this report. 
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ABSTRACT 

This study was concerned with the influence of various 
geometric and mechanical characteristics of the constituent 
fibers, and some processing· factors such as the a~ount of 
needling and the blending of fibers, on the cohes1on of 
needled felts. Tests were conducted on single fibers for 
surface- roughness and frictional - force characteristics (the 
latter only in Phase I of the program) , and mechanical pro­
perties . Length analyses were also made on groups of fiber 
samples. 

The observed surface- roughness parameters did not differ 
sufficiently among the various samples to permit any conclu­
sions regarding the influence of this property on the cohesion 
of felts. The frictional - force measurements failed to provide 
any data that could be significantly correlated with the 
cohesion behavior of felts . 

From the length analyses of the fibers taken from the 
felts before and after deformation, there was apparently no 
fiber breakage during the rupture of felts . This observation, 
and the results obtained on the mechanical properties of 
single fibers and cohesion of felts, led to the conclusion 
that fiber tenacity does not play an important role in deter­
mining the cohesion of needled felts . 

The felts made from fibers having no crimp had greater 
cohesion. Increased needling brought about a slight, though 
not significant, increase in cohesion . In general, the 
results of the study showed that processing variables such 
as amount of needling, the blending of fibers differing in 
single-fiber properties (blending of polypropylene and 
nylon 66, in the present study), and interactions at the 
processing stage seem to be the predominant factors influ­
encing the cohesion properties of felts . 

In an extension of this study, ballistic tests will be 
made on the seven felt samples studied in Phase II to 
determine whether a correlation can be drawn between the 
results of such ballistic tests and the cohesion properties 
of felts. 
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1. Introduction 

The general objectives of this study were: 

a . To determine the influence of various geometriq and 
mechanical characteristics of the component fibers on the 
cohesion (force- extension behavior) of felts. 

b. To evaluate the effect of the amount of needle 
punching on the cohesion of felts. 

c. To assess the role of fiber breakage in the 
tensile deformation of felts . 

For the implementation of these objectives, this 
investigation resulted in two phases, dictated by the avail­
ability of felt samples. In the first preliminary phase, 
tests were conducted on samples of felt produced on pilot­
plant equipment at the U. S. Army Natick Laboratories. In 
the second phase, a set of seven felt samples manufactured 
by The Felters Company under Government .contract 1 , were 
studied. 

2. Phase I - Preliminary Study 

a. Samples 

The materials furnished by the U. S. Army Natick 
Laboratories for study in this Phase of the program included : 

(1) Two samples of 3-inch, 6 - denier high- tenacity 
(tire- cord type) nylon 66 fiber (raw stock)' · one with reg­
ular crimp and one without crimp (samples SFA-2-1 and -3-1 , 
respectively). 

(2) Portions of batts, weighing 4 oz/sq yd, 
prepared from each of the above samples (SFA-2-2 and -3-2, 
respectively) . 

(3) Portions of needled felts prepared from 
each type of batt. These felts were produced by first 
doubling the 4-oz/sq yd batts (yielding 8 oz/sq yd) , and 



giving the as semblies 277 penetrations per square inch 
(ppsi). The resultant assemblies were then doubled and given 
another 277 ppsi, producing final felt samples weighing about 
16 oz/sq yd (SFA- 2-3 and -3-3 , respectively). 

(4) Same as _in (3) above, but given 454 ppsi 
(SFA- 4- 3 and - 5-3 , respectively). 

(5 ) Same as in (3) above, but given 554 ppsi 
(SFA- 6- 3 and - 7 - 3, respectively) . 

For 
Table I. 
indicates 
batts and 

Sample 
Identi -
fication 

SFA- 2-1 

2- 2 

2- 3 

SFA-3 - l 

3-2 

3-3 

SFA-4-3 

SFA- 5- 3 

SFA-6-3 

SFA- 7-3 

convenient reference, these samples are listed in 
The coding in the fifth column, such as " 277 x 2", 
that a certain penetration density was given the 
subsequently was given to the assembly of batts. 

TABLE I 

PARTICULARS OF SAMPLE MATERIALS 

Nominal Needle 
Fiber Stage of Areal Density Punching 
Crimp Processing (oz/sq yd) (ppsi ) 

100% raw stock not applicable 

II batt 4 

n needled felt 16 277 X 2 

none raw stock not applicable 

" batt 4 

" needled felt 16 277 X 2 

100% " " 16 454 X 2 

none " " 16 454 X 2 

100% " " 16 554 X 2 

none " " 16 554 X 2 
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b. Experimental 

(1) Fiber Studies 

Surface Roughness 

Individual fibers were carefully extracted 
from the batts (SFA-2- 2 and -3-2 ) and two of the felts (SFA -2-3 and -3-3) , and mounted on yokes under minimal tension. After the samples had been conditioned, s urface-roughness 
measurements were made on 10 specimens of each sample, 
according to the usual method 2 employed in the laboratories of the Textile Research Institute (TRI) . 

The results are given in Table II. They tend to show, on the basis of the values of average as­
perity count , that there are effects of crimping and needle­punching on the roughness of fibers. The differences in the values are believed, however, to have no practical signifi­
cance . The values themselves are of the same order of mag­nitude , and on the basis of experience with roughness 
measurements at TRI 3 , would be judg.ed to represent very 
smooth fiber surfaces. This observation agrees with the fact that the nylon fibers employed in these batts and felts are of the tire-cord type. Normally, fibers of this type are 
produced with little or no delusterant (such as Ti0 2 ), the addition of which can substantially alter the surface rough­ness o f the fibers3. 

TABLE II 

SURFACE-ROUGHNESS CHARACTERISTICS OF FIBERS 

Average Average 
Fiber Asperity Height 
Sam;ele Source Count ( arbitrar~ units ) 
Crimped batt 14 2.6 

II felt 13 1.6 

Non-crimped batt 42 2.4 

" felt 26 2.4 
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Frict ional Force 

Single-fiber specimens were carefully removed 
from the two samples of raw stock (SFA-2~1 and -3-1 ) , and 
mounted on yokes under minimal tension. After the specimens 
had been conditioned, frictional force measurements were 
made on the TRI analyzer ~. The usual section of a stainless­
steel razor blade was used as the sliding element. Ten speci­
mens ·each of the crimped a nd uncrimped fiber samples were 
tested with a standard normal load of 15 . 3 mg . Static and 
kinetic frictional forces were determined from stick-slip 
curves obtained during testing . The average values are 
presented in Table III. 

TABLE III 

FRICTIONAL CHARACTERISTICS OF FIBERS 
BEFORE PROCESSING 

Fiber 
Sample 

Crimped 

Non-crimped 

Frictional Force 
(mg) 

static kinetic 

17.5 

12.8 

15.6 

11.9 

Statistical analysis, employing the ''student" 
t-test, indicates that the frictional values for the crimped 
sample are significantly greater (at the 99% level of proba­
bility) than for the uncrimped sample . It is difficult to 
interpret this difference since it is not known what effect 
the crimping operation, and a heat-setting stage that prob­
ably accompanies it, has in modifying the nature of the fiber 
surface, Presumably, a processing finish is app lied to the 

' 
nylon tow, but at what stage is presently unknown. Con-
ceivably, the lubricating properties of such a finish 
originally applied to tow, before crimping, could be impor­
tantly altered by the heat-setting treatment, in such a way 
as to account for the observed differences in frictiona l 
behavior. 
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Mechanical Properties 

Tensile tests were conducted on single fibers 
removed from raw stock (SFA-2 - 1 and - 3 - 1) and two of the felts 
(SFA- 2-3 and - 3- 3) . Individual fibers were mounted on metal­
lic tabs at a gauge length of one inch. Eac.h sample was 
tested on a tensile instrument at the above gauge length, with 
an extension rate of 50% per minute, after linear densities 
had been determined by the vibroscope method. The average 
results of the measurements are given in Table IV. 

TABL..E IV 

MECHANICAL PROPERTIES OF SINGLE FIBERS 

Linear Textile Breaking Breaking 
Fiber . Density Modulus Tenacity Extension 
Sample' Source (den) (g/den) (g/den) (%) 

Crimped raw stock 6.4 59.4 8.4 17.5 

II felt 7.1 50.1 6.9 16.5 

Non- Crimped raw stock 6.6 58.4 6.3 11.8 

II II felt 6.2 80.3 9.2 17.5 

The results indicate that the crimped fibers 
from raw stock have a significantly higher breaking tenacity 
than the corresponding non-crimped sample; the trend is the 
opposite in the case of fibers from the felts. The non­
crimped fibers from felts also show a comparatively higher 
modulus value than the corresponding crimped sample. This 
could perhaps be due to the deformation and stress con­
centration brought about by the crimping process as well as 
unequal damage sustained in the needling process. 

The higher breaking extension of the crimped 
fibers from raw stock, compared to the non-crimped, reflects 
the fact that, as measured in these tests, this parameter 
includes uncrimping extension. However, the breaking ex­
tension of the original non- crimped fibers from the felt is 
about the same as that of the crimped fibers, suggesting 
that needling is an effective crimping process, when applied 
to · non~crimped material . But needling evidently does not 
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enhance the crimp of fibers already crimped as raw stock; 
the small difference between the breaking extensions of the 
two crimped samples is not statistically significant. 

Length Analysis 

To determine whether the deformation of felts 
is accompanied by fiber breakage, fibers were removed from 
two felt specimens (SFA~ 2 - 3 and - 3 - 3) ruptured in cohesion 
(tensile) tests. The fibers were taken at random from the 
areas of stress concentration and of rupture (Figure 1) , 
and along with fibers from felts before testing were analyzed 
for length according to the WIRA method 5 • From the results 
given in Table V the average length of fibers from the rup­
tured felts does not differ significantly from the average 
for fibers from felts before deformation. These results in­
dicate that under the conditions used in the present study, 
for the tensile deformation of the felts, little if any fiber 
breakage occurs. From this observation it could also be 
inferred that the single- fiber tenacity does not have an im­
portant part in deciding the level of maximum force, adopted 
as a measure of cohesion. 

TABLE V 

AVEP~GE LENGTH OF FIBERS 
From Area of 

From Felts Before From Rupture Stress Con-
Fiber Tensile Testing Area of Felt centration 
Sample (in.) Strips (in . ) (in.) 

Crimped 2.81 2.81 2.82 

Non-Crimped 2.52 2.86 2.94 

(2) Cohesion Properties of Felts 

To conduct cohesion tests of felts, specimens 
of 2 inch x 8 inch dimensions* were cut from each of the six 

* These dimensions were chosen in substantial conformance 
with the recommended standard of ASTM for the testing of felts6. 
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needled fe l ts listed in Table I . The lengthwise axes of the 
specimens were in both t he processing (or machine) and trans­
verse directions. Af ter conditioning, the specimens were ex­
tended to rupture on a tensile tester at a gauge length of 4 
inches with a rate of extension of 50% per minute. In the 
interpretation of the results of these cohesion tests (Table VI) 
it must be noted that, for purposes of comparison, the re­
corded forces should be corrected (normalized) for areal den­
sity or thickness. 

From these results it appears that, in all 
cases, fibers having no crimp seem to produce the greater 
cohesion, in both the machine and transverse directions. Also 
increased needling is shown to bring about increased cohesion 
of crimped and non-crimped samples, but at different rates. 
All of these conclusions are valid, whether based on the 
observed maximum forces or on normalized values. Cohesion 
is much greater in the machine direction than in the trans­
verse direction, as would be expected as a reflect~on of the 
orientation given the fibers in the batts by the carding 
process . The felts composed of crimped fibers show higher 
extensions to maximum force than do the non-crimped counter­
parts. There is no significant change in the extension to 
maximum force with a change in the amount of needling , in 
either the crimped or non-crimped samples. 

c. Discussion of Results 

Since surface-roughness measurements made on fibers 
from batts and felts in this Phase (Table II) indicate that 
there are no significant differences between the samples (all 
being relatively smooth) , no conclusions as to the relevancy 
of thi s fiber parameter to the cohesion of felts can be drawn. 

The present results on single-fiber frictional be­
havior (Table III) bear no reconcilable relationship to the 
cohesion of felts prepared from the fiber samples on which the 
friction tests were made. The unavoidable conclusion from 
these experiments is that single-fiber friction tests pro­
vide no data that can be related by a simple, known formula 
to the behavior of fiber assemblies, with regard to their 
cohesion. Evidently, the response of fiber assemblies, such 
as felts, to the application of mechanical loads is con­
trolled by fiber-to-fiber interactions, involving, among 
other factors, fiber entanglement, and in which , generally, 
fiber surface friction seems to be relegated to a minor role. 
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TABLE VI 

COHESION PROPERTIES OF NYLON FELTS 

Maxi- Exten. Force Force 
Needle Measured mum to Max. at 25% at 50% 

Fiber Punching Areal Den. Force Force Exten. Exten. 
Sample (ppsi) (oz/sq yd) (lb) ( %) (lb) (lb) 

MACHINE DIRECTION 

Crimped 277x2 16.0 175 134 2 8 

Non-
crimped II 13.5 530 57 62 430 

Crimped 454x2 15.6 285 128 6 20 

Non-
crimped II 17.1 582 55 66 475 

Crimped 554x2 18.4 417 127 8 32 

Non-
crimped II 16.7 684 68 36 370 

TRANSVERSE DIRECTION 

Crimped 277x2 16.1 38 202 0.4 1.2 

Non-
crimped II not available 

Crimped 454x2 15.2 56 220 1.2 2.4 

Non-
crimped II 17 .5 176 120 2.5 6.0 

Crimped 554x2 16 .6 118 185 1.5 4.0 

Non-
crimped II 16.2 276 104 6.5 24.0 

The mechanical properties, especially breaking 
tenacity, of the component fibers (Table IV) appear to have 
little or no influence on the cohesion of felts. Evidently 
the presence or absence of fiber crimp strongly masks what­
ever influences single-fiber properties might have. 
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3. Phase II - Study of Commercially Produced Felts 

a. Samples 

The seven felt samples used in this study were 
made commerc~ally from nylon 66, (from two different 
producers), nylon 66, polypropylene, and blends of nylon 66 
and polypropylene staple fibers. The particulars of the 
needle- punched felts are listed in Table VII. The fibers of 

TABLE VII 

PARTICULARS OF SAMPLE FELTS 

Sample Fiber Nominal 
Identi- Style 1 Fiber Produ- Areal Den. 
fication Number Type 2 cer (oz/sq yd) 

SFA- 9 2 nylon 66 A 19 . 0 

SFA- 10 3 nylon 66 B 16.8 

SFA-11 43 nylon 66 B 19 . 4 

SFA-12 9 nylon 66 A 21.0 

SFA- 13 5 nylon 6 c 15.7 

SFA-14 7 polypro-
pylene D 16.0 rlypro-J. 

SFA- 15 8 pylene & B 19.3 
nylon 66 

1 Style Nos. 2,3,4,5,7 and 8 had 277 ppsi; Style No. 9 
454 ppsi. 

2 All fibers were nominally of 6 dpf. and 3 . 5 - 4.0 - in. 
length, before crimping. 

3 Contained crimp- set fiber. 
4 50% polypropylene/50% nylon, by weight. 

all polymer types were identified as of bright, high-tenacity 
quality. The method of preparation of the felts, as described 
by the manufacturer 1 , is summarized as follows : 

Batts weighing 5 to 6 oz/sq yd were first formed by 
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laying a "card web at the minimum possible angle on the needle­
loom feed apron." For six of the styles, each batt was then 
needled with 227 ppsi . The finished felt was finally formed 
by combining three such punched batts, and giving the assembly 
another 227 ppsi (Style Nos. 2,3,4,5,7 and 8). A similar 
procedure was followed for the seventh style (No . 9), except 
that the b~tts and felt were given 454 ppsi, instead of 277 
ppsi. All felts were pressed at temperatures from 280° to 
300°F, except those containing polypropylene, for which the 
temperature ranged between 210° and 230°F. 

b. Experimental 

(1) Fiber Studies 

A sufficient number of fiber specimens were 
carefully extracted, at random, from the body of each felt 
specimen, for the single-fiber and length-analysis tests. 

Surface Roughness 

Surface-roughness measurements were made on 
fiber specimens from each of the felt samples. Single fibers 
were mounted on yokes under minimal tension, conditioned, and 
then tested on the TRI analyzer in the usual manner3. The 
average values obtained for the two parameters are given in 
Table VIII. While the results on the asperity counts would 
appear to indicate that some fiber samples have rougher sur­
faces than others, the same conclusion must be drawn here as 
was reached previously, namely, that differences here have 
no practical significance. The values in Table VIII are of 
the same order of magnitude among themselves, and their r~nge 
(13 to 47) is about the same as that recorded in Table II for 
the earlie r nylon 66 samples (13 to 42). As was the further 
conclusion mentioned previously, the values are representative 
of very smooth fiber surfaces, as would be expected for 
commercial, bright filaments spun for mechanical applications. 

11 



Style 
Number 

2 

3 

4 

9 

5 

7 

8 

TABLE VIII 

SURFACE ROUGHNESS CHARACTERISTICS OF FIBERS 

Fiber 
Type 

nylon 66 

nylon 66 

nylon 66 

nylon 66 

nylon 6 

polypro-
pylene 

tolypro-
pylene & 
nylon 66 

Fiber 
Producer 

A 

B 

B 

A 

c 

D 

D 

B 

Average 
Asperity 

Count 

39 

13 

21 

47 

20 

47 

37* 

Average 
Asperity Height 

(arbitrary units) 

4.6 

4.0 

3.9 

6.8 

7.9 

4.8 

5.7* 

* Average values for specimens unidentified 
as to polymer type . 

Mechanical Properties 

For measuring the linear densities and ten­
sile properties of the single fibers from the felts, the 
procedure outlined in Phase I was generally followed. In 
these tests a rate of extension of 10% per minute was em­
ployed. Measurements were made on 20 to 25 specimens of 
each sample. 

The results of these tests are presented in 
Table IX. The textile moduli and breaking tenacities of the 
nylon 66 and nylon 6 fibers from Style Nos. 2,3,9,5 and 8 are 
below the usual ranges for uncrimped filaments of. the high­
tenacity grade of these polymers7. Correspondingly, the 
breaking extensions are higher. These effects are the 
characteristic result of the crimping of fibers, by prac­
tically all methods. The setting of the crimp, as shown 
by the results on the nylon 66 fibers from Style 4 felt , 
evidently leads to a low modulus, further reduction in 
tenacity, and a further increase in extension at break. 
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The breaking tenacities and extensions (Table IX) for the 
polypropylene fibers fall within the rather wide, published 7 

ranges for these properties, but the textile moduli are be­
low the published range. 

TABLE IX 

MECHANICAL PROPERTIES OF SINGLE FIBERS 

Linear Textile Breaking Breaking 
Style Fiber Density Modulus Tenacity Extension 
Number Ty:ee (den) (g/den) (g/den) % 

2 nylon 66 6.6 20.5 6 . 0 29.4 

3 nylon 66 6 .3 25.5 7.2 26 .3 

4 nylon 66* 6.9 18.7 4.6 31.8 

9 nylon 66 6 . 5 17.2 6.6 27.8 

5 nylon 6 6 . 9 24.2 5.5 21.4 

7 polypro-
pylene 6.0 12.0 4.7 32 . 0 

~polypro-
8 pylene 6.5 10.2 4.6 36.9 

nylon 66 7.2 15.2 6.0 29.9 

* Crimp- set fiber 

A comparison of the present results with the me­
chanical ·properties recorded in Table IV leads to the in­
ference that the stock used in the · felts studied in Phase I 
may ~ave been one of the newer nylon 66 materials of extra­
high tenacity . 

Length Analysis 

The length analyses were made on fibers re­
moved from the original felts, as well as on fibers ex­
tracted from the ruptured portions of specimens used in co­
hesion tests on the felt samples. Again, the WIRA method 5 

was used . The number of fiber specimens involved in the 
test for each sample varied from 150 to 250. The results of 
the tests are recorded in Table X. 
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Style 
Number 

2 

3 

4 

9 

5 

7 

8 

Fiber 
Type 

nylon 

nylon 

nylon 

nylon 

nylon 

66 

66 

66 

66 

6 

polypro­
pylene 

{

polypro­
pylene & 
nylon 66 

TABLE X 

AVERAGE LENGTH OF FIBERS 

From Felts Before 
Tensile Testing 

(in . ) 

3.18 

3.38 

2.71 

3.80 

2 . 62 

3 . 42 

3.00* 

From Ruptured Area 
of Felt Strips 

(in.) 

2.76 

2.87 

3.29 

3.26 

3.00 

3.07 

3.22* 

* Average length including both components: 
polypropylene and nylon. 

From these results, it appears that some 
fiber breakage occurs during tensile deformation of felt in 
the case of Style Nos. 2,3,9 and 7, as indicated by there­
duction in average length. Surprisingly, the results for 
Style Nos . 4,5 and 8 exhibit an opposite trend. This be­
havior could be attributed to a multiplicity of causes, a 
few being the action of needling, fiber entanglement, steam 
pressing, thickness of the felts and efficiency of lam­
ination of batts. The increase in the average fiber length 
on deformation could also be due to the removal of crimp in 
fibers in the rupture zone. 

(2) Cohesion Properties of Felts 

In accordance with the recommended standard 
procedure of ASTM for testing felts 6 , five specimens of 
2 inch x 8 inch dimensions were cut from the body of each of 
the seven needled felts listed in Table VII. The specimens 
were taken from the samples in a diagonal pattern (keeping 
the long axis of the specimens alwaysparallel to the machine 
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direction of the felt), so as to be fully representative 
of the felt over its entire width. After conditioning, the 
specimens were weighed and then extended to rupture on a 
tensile tester at a gauge length of 4 inches, with a rate 
of extension of 50% per minute, duplicating the technique 
described in s ection 2a(2 ) . The results of the cohesion 
tests are given in Table XI . 

As pointe d our previously, the comparison 
of forces, obtained in s uch cohesion tests as those made in 
this study, should take into consideration differences in 
one or another of the geome trical features of the felt sam­
ples tha t are compared. In the application of this prin­
cip l e, average maximum forces normalized to areal density 
were calculated (fourth column of Table XI ). 

A statistical analysis of results on the 
normalized maximum force and the observed extension to max­
imum force (Table XI) was made to assess the significance of 
diff.erences in these two parameters between various felt 
samp.les • . The comparisons were made with a view to as­
certaining whe~her , so far as results in this quasi-static 
test are concerned, there are significant effects arising from 
(a) the use of raw materials from different fiber producers, 
{b) the use of crimp-set fibers and different polymer types, 
(c) the blending of different fiber-forming polymers, and 
(d) different amounts of needling (penetration density). 
The results of this analysis, in terms of "Student" t­
values, are given in Table XII. 

Examination of the values in Tables XI and 
XII reveals that there is no significant difference between 
the normalized maximum forces of felts (Style Nos. 2 and 3) 
composed of nylon 66 fibers from the two different pro­
ducers . Style No. 2, however, has a significantly higher 
extension to maximum force , by about 90%. The comparison of 
results on Styles 3 and 4 shows that the crimp setting of 
the nylon 66 fibers from producer "B 11 has no significant 
effect on the normalized force. This absence of an effect 
may reflect different interactions with the needle- punching 
process, between the regular-crimped and crimp- set fibers . 
Style No. 4, containing the crimp-set fibers, has a sub­
stantially higher areal density (by about 45%) than Style 
No. 3. Crimp~setting evidently has no effect on extension. 

Comparisons of Style Nos. 2 and 3 with Style 
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No. 5 indicat e that nylon 66 fibers yield felts of sub­
stantially higher maximum force (whether or not normalized) 
than do nylon 6 fibers . In only one of the nylon 66 felts 
(Style No . 2) is the extension to maximum force significantly 
different from that f ound for the nylon 6 felt. The data on 
Style Nos . 2,5 and 7 indicate that the difference in nor­
malized force betwe en the polypropylene (PP) and nylon 66 
felts i s not significant; the PP felt, however, has a sub­
stantially higher normalized force than the nylon 6, the 
difference being highly significant. 

TABLE XI 

COHESION PROPERTIES OF FELTS 

(average values) 

Normal . Exten- Force Force 
Measured Maxi- Max . sion to at 25% at 50% 

Areal mum Force Max . Exten- Exten-
Style Density Force eb/ oz Force sion sion 
Number (oz/sq yd){1b) sq yd (%) ( 1b) (1b) 

2 19 . 0 118 6 . 2 50 5 12 

3 13.5 88 6.5 26 3 7 

4 19 . 7 138 7.0 24 7 19 

9 17 . 0 125 7.4 18 7 2·7 

5 15.5 56 3.6 25 3 8 

7 12.7 72 5.6 13 5 13 

8 21.0 166 7 . 9 20 13 40 
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Style 

TABLE XII 

SIGNIFICANCE OF DIFFERENCES BETWEEN 

COHESION PROPERTIES OF FELTS 

Normalized 
Maximum 

Extension 
to 

Numbers Effect Force Maximum Force 

2 vs 3 Fiber producer 0.66 3.08* 

3 vs 4 Crimp setting 1. 30 0.23 

2 vs 5 Nylon 66 vs. 
nylon 6 6.45** 3.37** 

3 vs 5 Nylon 66 vs, 
nylon 6 6.86** 0.16 

2 vs 7 Nylon 6 6 vs. 
polypropylene 1. 26 7.80** 

5 vs 7 Nylon 6 vs 
polypropylene 7.69** 1.92 

7 vs 8 Polypropylene 
vs.50-50 blend 6.85** 1 .33 

2 vs 8 Nylon 66 
vs .. 50-50 blend 4.03** 4.52** 

9 vs 2 Penetration 
density (ppsi) 2.14 5.09** 

* Significant at 98 % level 
** Significant at 99% level 
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The highest maximum force, as well as nor­
malized fo r ce, was r egi stered by the felt (Style No. 8) corn­
posed of a blend of nylon 66 and PP fibers . The differences 
between its no rmalized force and those of the a ll- nylon 66 
and all- PP felts are highly significant . It is difficult to 
assign a reason to the increase in cohe sion arising from 
blending, since, presumably, this parameter is strongly de­
pendent on the degree of inter- locking of fibers and on inter­
fiber contact . Increasing the amount of needling so as to 
increase the p enetration density from 277 to 454 ppsi, as 
was done in the p r oduction of Style No. 9 nylon 66 felt, 
brings about an apparent, but not statistically significant 
increase in normalized force, and a substantial decrease 
in extension to maximum force . These results are quali­
tatively in agreement with those in Table VI; however, in 
Table XI, the effects of increased needling are generally 
weaker with respect to maximum force, and stronger with re­
spect to extension. Comparison of the two sets of data is 
confounded by the fact that needling seems, in Table VI, to 
lead to generally small increases in areal density of the 
felts, the opposite of the effect shown by the data in Table 
XI. 

c. Discussion of Results 

From the results of the studies made in this Phase 1 
of fiber characteristics, on the one hand, and the cohesion 
properties of felts, on the other, it appears that pro­
cessing variables, and interactions at the processing stage, 
are predominant factors in determining the cohesion of felts . 
The surface- roughness characteristics of the fibers in the 
samples used in this study were not sufficiently different 
from one another to permit any conclusion as to the influence 
of this parameter on the cohesion of the final product. No 
correlation can be seen between the mechanical properties of 
single f i bers and the cohesion properties of the felts they 
compose . Thus, for example, while in the tensile tests on 
felts (Table XI) the nylon 6 (Style No. 5) showed a low nor­
malized maximum force, in the fiber tests this sample had a 
textile modulus and breaking tenacity in the ranges of those 
of the nylon 66 samples (Table IX). Contrariwise, the PP 
sample (Style No . 7) which had a higher normalized force 
than the nylon 6, when tested in felt form, was composed of 
fibers having a distinctly lower textile modulus, as well as 
lower break ing tenacity. One can speculate that there are 
features of the fiber samples, other than those measured, 
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which may differ among these samples, such as the finishes 
used by the fiber producers; such differences may affect the 
behavior of the fibers in the felting process, and ultimately 
the performance of the felts produced. 

It should be emphasized that it is not known what 
correlation exists between the parameters in the quasi-
static cohesion tests employed in these studies, and the im­
pact resistance of the felt samples, especially, the re­
sistance to localized transverse loading under impact con­
ditions, such as are encountered in the use o f these materials 
in body armor. It is reco mme nded that the evaluation of the 
seven felt samples (Style Nos. 2,3,4,9,5, 7 and 8) studied 
in this Phase be undertake n, by means of the standard "v50 " 
ballistic test . If a corre lation can be found between the 
"V5o" lim,i t and one or another of the parameters measured 
in the TRI cohesion test, the latter will provide a rela­
tively simple and convenient method for the preliminary 
screening evaluation of experimental felts as candidate ma­
terials for personal body-armor applications. 
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In general, the results of the study showed that processiqg variables such 
as amount of needling, the blending of fibers differing in single-fiber 
properties {blending of polypropylene and nylon 6,6 in the p~sent study), 
and interactions at the processing stage seem to be the predominant factors 
influencing the cohesion properties of felts. 

In an extension of this study, ballistic tests vill be made on the 
seven felt samples studied in Phase II -to determine whether a correlation 
can be drawn between the results of such ballistic ~eats •nd the cohesion 
properties of felts. 
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