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SYNOPSIS 

Mechanical and dynamic mechanical behavior of short Kevlar fiber-filled thermoplastic 
polyurethane (TPU) have been studied with respect to fiber loading and orientation. The 
strength of the composite is improved at higher fiber content with a minimum at 10 phr 
of fibers. Storage and loss moduli (E', E") are increased and tan 6,- is reduced progressively 
with fiber loading, the effect on moduli being more pronounced at post-T, temperatures. 
Anisotropy in strength is evident beyond 15 phr fiber loading. Impact strength is reduced 
considerably at all fiber loadings irrespective of fiber orientation. Study of the fracture 
surface by scanning electron microscopy (SEM) shows good correlation between the modes 
of failure and strength of the composites. SEM study of the extracted fibers shows the 
existence of a kinking stage through which the fiber undergoes severe breakage during 
processing. 

INTRODUCTION 

Short-fiber composites gained importance due to the 
advantages in processing, mechanical properties, 
and low cost. Earlier works were confined to natural 
fibers like cellulose and j ~ t e ~ ' ~  in natural and syn- 
thetic elastomer matrices. It has been concluded that 
the mechanical properties of short-fiber rubber 
composites depend on fiber orientation, L I D  ratio, 
dispersion, and fiber matrix bond strength, in ad- 
dition to the respective strengths of matrix and fi- 
ber.8-" A tricomponent dry bonding system for im- 
proving fiber-matrix bonding has been successfully 
tried in many short fiber-elastomer compos- 
i t e ~ . ' ~ - ' ~  Later, many synthetic short fibers like nylon 
and poly (ethylene terephthalate) also have been 
used as reinforcing fillers.15-17 Aramid fiber is well 
known for its high strength-to-weight ratio. Even 
though some attempts have been made to use aramid 
short fibers as a reinforcing agent in the elastomer 
matrix,18 its use is found to be scarce in thermo- 
plastic elastomers. Stress relaxation l9 and rheolog- 
ical properties2' of the thermoplastic polyurethane 
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TPU-Kevlar composite has been reported. In this 
paper, we report the results of our studies on short 
Kevlar fiber-reinforced TPU. The study covers ( i )  
the effect of fiber content and orientation on me- 
chanical and dynamic mechanical properties and (ii) 
the effect of different modes of cooling and recycling 
on the mechanical properties. The failure surfaces 
have been studied using scanning electron micros- 
copy (SEM) , and an attempt has been made to cor- 
relate it with the failure modes. 

EXPERIMENTAL 

Formulation of the mixes are given in Table I. Kev- 
lar staple fibers and TPU were dried at  105°C for 2 
h, and the mixing was carried out in a Brabender 
plasticorder PLE 330, fitted with a cam-type mixing 
head, a t  a temperature of 180°C and a rotor speed 
of 60 rpm. The torque and temperature were re- 
corded as a function of time. The mixing sequence 
is shown in Table 11. The mixed stock was removed 
immediately and was sheeted out on a mixing mill 
(152 X 330 mm) by passing once at  tight nip. Test 
samples were molded on an electrically heated hy- 
draulic press by heating for 3 min under pressure 
and chilling suddenly in water. Tensile and tear 
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Table I Formulation of the Mixes 

Mix No. 

Ingredient A B C D E F G H 

TPU 100 100 100 100 100 100 100 100 
Kevlar - 5 10 15 20 30 40 50 

testing were done as per ASTM D412-80 and D 624- 
73 using Instron UTM ( 11 95). An impact test was 
carried out on a Ceast impact tester model 65451 

000 as per DIN 53448. Dynamic mechanical analysis 
was done on a Rheovibron DDV 111-EP at 11 hertz 
and 0.1% DSA at a linear heating rate of 3"C/min. 
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Table I1 Mixing Sequence 

Ingredient Time (min) rpm Ram 

1/2 TPU 0 30 UP 
Fiber 1.5 30 UP 
1/2 TPU 3.0 60 Down 

9.0 - Dump 

RESULTS AND DISCUSSION 

Processing Characteristics 

Figure 1 shows the plot of Brabender torque versus 
time of mixing. It shows high initial torque that falls 
off sharply in 2-3 min and then stabilizes. This in- 
dicates a fairly good degree of dispersion within 6 
min of mixing. Mixing up to 4 min and remixing for 
2 more minutes after sheeting out in a two-roll mill 
has been reported to be more effective in obtaining 
good dispersion." In the case of the Kevlar-TPU 
composite, this procedure is found to give practical 
difficulties in sheeting out after mixing. Therefore, 
for all the mixes, the mixing was done continuously 
for 6 min. 

Fiber Breakage 

Average initial fiber length was approximately 6 mm. 
To find the distribution of fiber length after mixing, 
two samples (mixes C and G )  were selected. The 
fibers were extracted by dissolving out the matrix 
in solvent, and the lengths were measured using a 
traveling microscope. The distribution of fiber 
length, thus determined, are shown in Figure 2 ( a )  
and ( b )  . In both cases, 50-60% of the fibers fall in 
the 0.5-1.5 mm range after mixing. The high reduc- 
tion of fiber length can be attributed to the high 
shear that they are subjected to during mixing in 
the Brabender. The breakage takes place through a 
kinking mechanism. Fibers a t  kinking stage are 
shown in Figure 3 ( a ) .  On further shearing, the 
kinked fibers can either break at the nodes or peel 
along the length. Figure 3(b) shows the end of a 
fiber broken a t  the node. For comparison, the cut 
end of a fiber is shown in Figure 3 (c )  . Figure 3 ( d )  
shows a fiber at the peeling stage. Figure 3 ( e )  and 
( f )  shows the peeled out and unmixed fibers, re- 
spectively. It is interesting to note that the peel 
sometimes crosses more than one node. 

Effect of the Mode of Cooling 

To find the effect of the mode of cooling after mold- 
ing, mix A was subjected to three modes of cooling: 
(I) The stock was chilled by dipping the mold in 
water; ( 2 )  the stock was cooled by passing water 
through the press platen; and (3) the stock was al- 
lowed to cool in the press under pressure in a period 
of 3 h. The tensile values of different stocks are given 
in Table 111. It is found that the air-cooled sample 
gives the lowest strength compared to the other two. 
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Table I11 Effect of the Mode of Cooling 

Mode of Cooling 
Modulus at 300% 

( M P 4  
Tensile 

Strength (MPa) 
Elongation at 

Break (%) 

Air cooling 
Water cooling 
Chilling 

8.3 
8.4 
9.6 

30.6 
36.3 
38.6 

690 
630 
580 

The strength values show an inverse relation to the 
time the stock was subjected to higher temperature 
and pressure. The highest strength is shown by the 
chilled sample, and the lowest, by the air-cooled 
sample. The water-cooled sample shows a value in- 
termediate to the other two. This may be due to the 
higher extent of polymer degradation occurring on 
exposing TPU to high temperature. For TPU, mo- 
lecular degradation starts above 170°C.22 

Stress-Strain Properties 

Figure 4 gives the stress-strain nature of mixes A, 
C, and G. A gradual change from viscoelastic to 
elastic response to strain is observed with fiber 
loading. 

Table IV gives the mechanical properties of mixes 
A-H. The variation of tensile properties with fiber 

Table IV Mechanical Properties of Mixes A-H 

loading in the longitudinal direction is shown in 
Figure 5. The gum stock shows high strength and 
elongation at break values. This arises from the very 
basic structure of TPU consisting of hard and soft 
domains." The hard segments act as virtual cross- 
links and also as reinforcing filler particles. The 
tensile strength, which decreases sharply on incor- 
poration of 10 phr of fibers (mix C)  , increases with 
fiber loading and then finally tends to stabilize. 
Similar results have been reported earlier.'3-'7 The 
observed strength in the presence of fibers is the 
resultant of two opposing factors: dilution of the 
matrix and the reinforcement of the matrix by the 
fibers. A t  low fiber content, where the matrix is not 
restrained by enough fibers and high localized strains 
occur in the matrix a t  low strains, causing the bond 
between fiber and rubber to break and leaving the 
matrix diluted by nonreinforcing, debonded fibers, 
the dilution effect is more pronounced, whereas at 

Tensile Modulus Elongation Impact 
Strength at  20% at Break Strength Harndess 

Mix Orientation W P a )  (MPa) (%) (X J/m) Shore A 

A L 
T 

B L 
T 

C L 
T 

D L 
T 

E L 
T 

F L 
T 

G L 
T 

H L 
T 

36.5 
36.7 
30.0 
30.0 

16.7 
13.8 
24.0 
13.0 
26.0 
15.5 
37.9 
19.6 
44.0 
21.4 
58.4 
26.6 

1.2 
1.7 
7.0 
6.5 

11.6 
5.8 

16.6 
6.2 

23.0 
8.3 

34.0 
11.0 
44.0 
14.3 
54.5 
21.7 

580 
630 
400 
420 
90 

nt1.09 
540 
48 
15 
39 

120 
27 
57 
20 
55 
22 
32 

88 
2.15 

- 
1.15 
1.48 
1.16 
1.38 
1.43 
1.36 
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b 

d 

e f 
Figure 3 ( a )  Kevlar fiber a t  the kinking stage (marker = 10 p ) .  ( b )  Broken end of 
Kevlar fiber (marker = 10 p )  . ( c )  Cut end of Kevlar fiber (marker = 10 p )  . (d)  Kevlar 
fiber at the peeling stage (marker = 10 p )  . ( e )  Peeled-out Kevlar fiber (marker = 10 p )  . 
( f ) Unmixed fiber surface (marker = 10 p )  . 
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Figure 4 Stress-strain behavior of Kevlar-TPU composite. 

higher fiber loading, where the matrix is sufficiently 
restrained and the stress is more evenly distributed, 
the reinforcement effect outweighs the dilution ef- 
fe~t . '~ , '~  The reinforcement effect of Kevlar fibers 
in the TPU matrix is also evident from the dynamic 
mechanical studies, as explained below. SEM study 
of the failure surface also supports this view. SEM 
fractograph of the tensile fracture surface of mix C 
in the longitudinal direction is shown in Figure 6 (a) .  
The fiber pullouts taking place are manifested on 
the surface as deep holes. Some of the pulled-out 
fibers oriented in the direction of propagation of 

fracture is also seen in the figure. This is in agree- 
ment with the low strength exhibited by mix C .  
Tensile fractograph of mix F [Fig. 6 (b)  ] shows fibers 
oriented longitudinally and "V"-shaped preferential 
orientation of fibers due to the propagation of tear. 
On magnification [Fig. 6 (c  ) 1, it shows the broken 
fiber ends, indicating that the failure takes place 
mainly by fiber breakage. This is in agreement with 
the higher strength exhibited by mix F. 

The modulus at 20% elongation shows a linear 
relation with fiber content. This indicates that at 
very low deformations when the fibers are not pulled 
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300 n Variation of tensile properties with fiber loading 
in the transverse direction is shown in Figure 7. The 
tensile strength, elongation at  break, and modulus 

longitudinal direction. However, the strength in the 
transverse direction is lower than that in the lon- 
gitudinal direction at all fiber loading. This is be- 
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Figure 6 ( a )  Tensile fractograph of mix C (longitudinal direction ) ; marker = 10 p. ( b )  
Tensile fractograph of mix F (longitudinal direction) ; marker = 10 p. ( c )  Magnified view 
of the tensile fractograph of mix F ( b )  ; marker = 10 p. 
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in the transverse direction. 

Variation of tensile strength with fiber loading 

higher strength. In the transverse direction, the f i -  
bers, being parallel to the tear path, fail to arrest 
the fracture front; rather, the tear can propagate 
easily through the fiber-matrix interface, resulting 
in lower strength. SEM study of the tensile fracture 
surface also supports this view. Figure 8(  a )  shows 
the tensile fracture surface of mix C in the transverse 
direction. Holes seen on the surface are indicative 
of interfacial failure. Tensile fracture surface of mix 
F [Fig. 8 ( b )  ] shows the exposed fibers oriented in 
the transverse direction, which also suggests an in- 
terfacial failure. 

Effect of Recycling 

Recycling has a detrimental effect on the Kevlar- 
TPU composite, as is evident from Table V. Tensile 

Table V Effect of Recycling 

strength is reduced drastically when molded from a 
remixed stock. This may be due to a high level of 
polymer chain breakdown during prolonged expo- 
sure to high shear and temperature. 

Impact Strength 

Impact strengths of Kevlar-TPU composites are 
shown in Table IV. Impact strength is reduced dras- 
tically in the presence of 10 phr of fibers in both 
directions and remains more or less constant with 
further increments in fiber loading. In the transverse 
direction, the impact strength is found to be slightly 
higher at lower fiber loading. However, at 40 phr 
loading, the anisotropy in impact strength is not 
apparent. The reduction of impact strength in the 
presence of fibers is also indicated by the smaller 
area under the curve in the stress-strain relationship 
of the filled stocks. SEM fractograph of mix C [Fig. 
9 ( a )  ] shows a layer delamination type of failure of 
the matrix and the fiber-pulled-out holes. In the 
transverse direction also [Fig. 9 ( b  ) ] , the holes due 
to fiber pullout are seen. The preferential orientation 
of fibers in the transverse direction can be noted. 
Tear is found to propagate through the fiber-matrix 
interface. 

Dynamic Mechanical Analysis 

Figure 10 shows the storage modulus ( E ' )  of the 
mixes A-G. The storage modulus is found to increase 
progressively with fiber loading, the effect being 
more pronounced in the post-glass transition tem- 
peratures (>T,). This is in agreement with the ob- 
served trend in the tensile modulus with respect to 
fiber loading. The increase in modulus in the pres- 
ence of filler can be attributed to the reinforcement 

~ ~~ ~ ~ ~~ ~~ 

After One-Time Mixing After Two Times Mixing 

Tens i 1 e Elongation Tear Tensile Elongation Tear 
Strength at Break Strength Strength at Break Strength 

Mix Orientation ( M W  (%I (kN/m) (MPa) (%) (kN/m) 

B L 30 400 108 12.6 460 109 
T 30 400 109 21.3 694 108 

D L 24 47 100 17.5 82 107 
T 13 14 114 14.3 810 110 
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a b 

Figure 8 
Tensile fractograph of mix F (transverse direction) ; marker = 10 p. 

( a )  Tensile fractograph of mix C (transverse direction); marker = 10 p. (b)  

a b 

Figure 9 ( a )  SEM photomicrograph of the impact failure surface of mix C in the lon- 
gitudinal direction; marker = 10 p. (b)  SEM photomicrograph of the impact failure surface 
of mix C in the transverse direction; marker = 10 p. 

of the matrix by the fillers.28 However, the glass 
transition temperature remains unaltered at  all fiber 
loadings studied (Table VI) . 

The plateau region (>Tg) is found to extend over 
a wider range of temperature progressively with fiber 
loading. The larger plateau region implies contin- 
uance of the predominantly elastic nature over a 
wider range of temperature. 

Loss tangent (tan 6 )  of the mixes A-G in the 
longitudinal direction are shown in Figure 11. It can 
be seen that even though Tg remains more or less 

constant the transition peak progressively broadens. 
The broadening of the tan 6 peak in the presence of 
fillers can be ascribed to polymer-filler interaction. 
The polymer in the immediate vicinity of a filler 
particle can be thought to be in a different state as 
compared to the bulk matrix. This can affect the 
relaxation of the matrix, resulting in a broad loss 
tangent peak.29 This view is again supported by the 
work carried out by Dutta and Tripathy3' in which 
they have reported that the tan 6 peak of bromobutyl 
vulcanizate does not undergo any appreciable change 
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Figure 10 Storage modulus ( E ' )  vs. temperature. 

in shape in the presence of glass beads because of 
noninteraction of the glass beads with the elastomer 
matrix. 

The tan a,,, is found to decrease with fiber con- 
tent, indicating a better damping characteristic of 
the Keviar-TPU composite. These observations are 
in agreement with the results reported earlier in the 
case of filled elastomer v u l c a n i ~ a t e s . ~ ~ , ~ ~ - ~ ~  

Table VI T, and Tan 6,- from DMA 

Tg From 

A -22.1 -15.5 0.42 
C -20.2 -15.5 0.32 
F -20.2 -16.5 0.22 
G -20.2 -16.5 0.19 

:. . . . . . . -9 
r 

t n-2 I I I I 
-100 - 2 5  50 1 2 5  2 0 0  

TEMPERAlURE , 'C 

Figure 11 Loss tangent (tan 6 )  vs. temperature. 
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