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Compressive properties of aramid fibres 
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A four-point bending beam method has been employed in order to study the compressive properties of a 
number of well-characterized aromatic polyamide (aramid) fibres using a combination of Raman spectro- 
scopy and optical microscopy. Raman spectroscopy has been used to follow the molecular deformation of 
the aramid fibres in both tension and compression, from which the stress/strain data have been derived. The 
Raman technique has also been used to map the variation of stress along aramid fibres in compression in 
order to define the regions of localized compressive failure indicated by the formation of visible kink bands. 
Using a combination of Raman spectroscopy and optical microscopy it is found that the compressive kink 
band failure occurs through a process of yielding of the highly-oriented fibres in compression. The values of 
initial compressive failure strain are found to depend upon the orientation parameter of the molecules in the 
fibres and agree well with those predicted by a modified series model for fibre yielding. Possible methods of 
improving the compressive behaviour of aramid fibres are discussed. © 1997 Elsevier Science Ltd. 
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I N T R O D U C T I O N  

The spinning of fibres f rom liquid crystalline solutions ~'2 
has enabled fibres such as aromatic  polyamides (ara- 
mids) to be produced with a high degree of molecular 
alignment. Such fibres have tensile strengths of  2 -3  GPa  
and Young s moduli of  up to 165 GPa  3. In comparison to 
their tensile behaviour however, the compressive prop- 
erties of  these fibres are less impressive 4-14. 

Several test methods such as the elastica loop test 15, 
6 the tensile recoil t e s t ,  the single-fibre composite tech- 

nique 9, the micro tensile/compression method l° and the 
11 cantilever beam method have been developed and 

employed in order to measure the compressive properties 
of  fibres. These methods have been reviewed recently by 
Kozey et al. 16 and in the case of  aramids have been found 
to give different values of  compressive strength. In order 
to determine the compressive strength of a fibre the 
compressive modulus is often assumed to be equal to 
the tensile modulus, an assumption that has been shown 

13 recently to be inappropriate . 
The compressive behaviour of  high-performance fibres 

7 has been shown by some workers to be dependent upon 
the tensile modulus of  the fibres, and by other workers 6'14 
to be independent  of  the tensile propert ies  but depend- 
ent upon molecular interactions. Therefore one of  the 
main difficulties in the study of  compressive properties 
of  po lymer  fibres is the lack of  accurate and reproduc- 
ible experimental data due to the small diameter of  the 
fibres and the different test methods employed. These 
findings make the modelling of  the compressive behav- 
iour difficult. 

Raman  spectroscopy has been used successfully to 
study the deformation behaviour of  high performance 

* T o  w h o m  c o r r e s p o n d e n c e  s h o u l d  be  a d d r e s s e d  

aramid fibres 3'17'18. For  such fibres certain Raman  bands 
have been found to be sensitive to the applied stress 3'17'18 
and shift generally to lower frequencies under tension 
and to higher frequencies upon compression 12'13. The 
Raman-act ive band shifts reflect the deformation of 
polymer backbone bonds in response to the applied 
stress 3. The Raman  technique is therefore a direct 
method of studying the deformation at the molecular 
level. 

The Raman  technique has been employed recently to 
study the compressive properties of  liquid crystalline 
polymer fibres 12,13 using a cantilever beam method 11. 
The stress-induced R a m a n .  and shifts have been used to 
moni tor  closely the stress along a fibre in both tension 
and compression. A disadvantage of the cantilever beam 
method however, is that the stress is determined at dif- 
ferent points along the length of  the fibre. This may give 
rise to statistical variations due to local stress concen- 
trations given that the fibre is unlikely to be represented 
by a uniform cylinder with uniform properties. Also the 
formation of kink bands due to localized compressive 
failure may give rise to a non-uniform stress distribution 
along the fibre that cannot  be totally distinguished 
from the distribution of  stress due to the deflection of  the 
beam. 

In this present study the compressive deformation of 
aramid fibres has been investigated using both optical 
and Raman  microscopy on a set of  well-characterized 
fibres 3 processed in such a way as to produce a systematic 
variation in their structure. The Raman  technique has 
been employed in order to determine the compressive 
properties of  the aramid fibres deformed using a four- 
point bending beam method. The advantage of  this test 
method is that the stress and strain are uniform between 
the loading points. This enables the compressive stress to 
be determined at any point along a fibre and also allows 
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the variation of stress due to localized compressive fail- 
ure to be determined along the fibre. It will also be shown 
that the values of compressive failure strain for the well- 
oriented aramid fibres agree well with the values of 
compressive failure strain predicted by a modified series 
model m. This indicates that the compressive failure of 
the aramid fibres is determined by the sequential plastic 
deformation of the polymer chains during yielding. 

E X P E R I M E N T A L  

Fibres 

Experimental and commercial poly(p-phenylene ter- 
ephthalamide) aramid fibres, supplied by E.I. Du Pont de 
Nemours, Wilmington, U.S.A., and Akzo Nobel, Arnhem, 
The Netherlands, were used in this study. Details of  their 
mechanical properties are given in Table 1. A, B and C 
fibres are three different groups of experimental fibres 
that were prepared with systematic changes in processing 
conditions in order to produce fibres with a variety of 
mechanical properties and different skin/core structures. 
Commercial Kevlar-type fibres (Kevlar 29, Kevlar 49 
and Kevlar 149) two of which (Kevlar 49 and Kevlar 
149) had been heat treated, and Twaron LM and Twaron 
HM fibres are also presented for comparison. The struc- 
tures and mechanical properties of  these fibres have been 
investigated and presented in earlier publications 3182°. 

Specimen preparation 
The tensile properties of the aramid fibres used in this 

study have been determined previously 3'2°. For  tensile 
Raman deformation studies, individual fibres were 
mounted on a small aluminium straining rig fitted with 

PMMA Beam 

l~ibre 

Strain Gauge 

Figure 1 Schematic diagram of the four-point bending arrangement 
used for deforming the aramid fibres in compression 

a micrometre enabling the fibres with a gauge length of 
20ram to be extended in small steps of the order of 
10 #m, giving a precision of measuring strain of +0.05%. 

In order to study the compressive properties, the 
aramid fibres were placed on the surface of rectangular 
poly(methyl methacrylate) (PMMA) beams. A thin film 
was then cast from a PMMA/chloroform solution over 
the fibre on the surface of the beam. A strain gauge was 
bonded to the surface of  the beam, in the centre, next to 
the aramid fibre. The samples were deformed using a 
four-point bending rig with the fibre positioned on the 
compressive surface of the beam, as shown schematically 
in Figure 1. 

Optical microscopy 
The bending rig was placed onto the stage of an 

Olympus optical microscope operated in the transmis- 
sion mode. A x20 long-working-distance objective lens 
and a x2.5 eye piece were employed to give a total 
magnification of x 50. The fibres were compressed using 
a strain step o f - 0 . 0 3 4 % .  The number of kink bands was 
counted visually in situ after each deformation step. 
Optical micrographs were also obtained at -0 .25% strain 
intervals. The compressive failure strain, ec, was taken 
as the strain at which kink bands could be observed 
visually. Three measurements were made for each fibre 
sample and a mean value was calculated. 

Raman spectroscopy 
The specimens were placed on the stage of a modified 

Olympus BH-2 optical microscope connected via a set 
of collection optics to a Spex 1000 M single monochro- 
mator. The 632.8mm red line of a 15mW helium-neon 
laser, focused to a ~3 #m spot on the surface of the fibre, 
was employed as the excitation source. A highly-sensitive 
Wright Instruments charge-coupled device (CCD) camera, 
cooled with liquid nitrogen, was used to collect the 
Raman spectra using an exposure time of 7 s. The peak 
position of the 1610cm 1 aramid Raman band was 
determined from Raman spectra obtained during the 
tensile deformation of  individual aramid fibres in air 
as described elsewhere 3'17'mz°. The peak position of the 
1610cm i aramid Raman band was also determined 
from Raman spectra recorded at one point along the 
aramid fibres in compression at increments of -0 .034% 
compressive strain up to - 1 . 4 % and also along the 
length of the compressed aramid fibres, between the 
loading points, at different strain levels. 

Table 1 Details of the tensile properties of the different aramid fibres 

Tensile Fracture Fracture Tension 
Fibre Diameter (izm) modulus (GPa) stress (GPa) strain (%) dAu/de (cm i/%) 

A1 10.3 128 

A7 10.2 94 

B1 15.8 l l6 

B7 14.0 90 

C1 18.7 99 

C7 19.1 67 

Twaron LM 12.5 76 

Twaron HM 11.8 105 

Kevlar 29 12.8 94 

Kevlar 49 12.5 124 

Kevlar 149 12.4 161 

2.7 2.2 -4.0 4- 0.2 

1.8 1.8 4.0 ± 0.3 

2.2 2.1 3.9 • 0.2 

2.0 2.4 -3.6 -I- 0.1 

2.7 2.9 3.3 ± 0.1 

2.1 3.0 2.1 ± 0.1 

3.4 3.5 -3.1 ±0.3 

2.8 2.4 -3.8 ± 0.3 

2.5 2.5 -3.2 -t- 0.2 

2.3 1.8 -4.0 -c 0.1 

1.7 1.0 -5.2 ± 0.4 
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RESULTS AND DISCUSSION 

Raman spectroscopy 

Single-fibre deformation. Figure 2 shows the position 
of  the 1610 cm-1 aramid Raman band for a single Kevlar 
49 fibre undeformed, at +0.5% tensile strain and - 0 . 5 %  
compressive strain. It can be seen that there is a shift of  
the band to lower frequency in tension as reported ear- 
lier 3J7J8, and a shift to higher frequency in compres- 
sion 12'13. This enables the Raman technique to be 
employed for following fibre deformation. 

Figure 3 shows the variation of the peak position of 
the 1610cm l aramid Raman band with fibre strain for 
the Twaron LM, Twaron HM and Kevlar 49 fibres 
deformed in both tension and compression. The fibres 
were deformed in compression up to - 1 . 4 %  strain and 
up to failure in tension. The solid lines are fits of the 
experimental data to a cubic spline function 21 . The vari- 
ation of  the peak position with fibre strain is approxi- 
mately linear when the fibres are in tension. It can be seen 
that the slopes of  the lines increase with increasing fibre 
tensile modulus (given in Table 1). In compression the 
peak position of  the 1610cm -1 Raman band shifts to 
higher frequency with increasing fibre strain reaching 
a maximum value where er ~ - 0 . 5 % .  In the case of 
the Twaron LM fibre the peak of the Raman band is 
approximately constant when the compressive fibre strain 
exceeds - 0 . 5%.  For  the Twaron HM and the Kevlar 49 
fibres the peak position of  the 1610 cm-1 aramid Raman 
band reaches a maximum value of ~ 1612.75 cm- 1 between 
- 0 . 5 %  and - 0 . 6 %  and then decreases slightly reaching 
an approximately constant plateau value. It is clearly 
shown that the shift of the 1610cm -1 Raman band is 
considerably greater in tension than it is in compression. 

It has been shown for a large number of aramid fibres, 
regardless of structure, that the shift of  the 1610cm 1 

aramid Raman band is proportional to stress 3'13H8 and 
the rate of shift of the Raman band with stress is equal to 
~4.0 cm 1 GPa-~. Using this value it is possible to derive 
the stress/strain curves for the aramid fibres, shown in 
Figure 4, from the Raman data shown in Figure 3. For 
each of the aramid fibres tested in compression the 
maximum compressive stress is less than 500 MPa which 
is considerably less than the tensile strength of the fibres. 
The compressive strength of  the Twaron HM and Kevlar 
49 fibres appears to be slightly higher than the compres- 
sive strength of the lower modulus Twaron LM fibre 
although the difference is relatively small. Another point 
to note is that the slope of the stress/strain curves decreases 
with increasing compressive strain indicating a reduction 
in the compressive modulus of  the fibre. Therefore in 
order to calculate the compressive strength of the aramid 
fibres the compressive modulus should not be assumed to 
be equal to the tensile modulus of  the fibres. 

It is important to note the continuous change in slope 
between the tension and compression region correspond- 
ing to a continuous change in fibre modulus. Vlattas and 
Galiotis 12 fitted similar data to two straight lines with 
slightly different slopes. However, there cannot be a sudden 
change in modulus through the origin and molecular mech- 
anics requires that such a change can only be continuous 
as shown in Figure 4. In a subsequent paper 13 they 
modified their plots to give a continually varying slope 
consistent with our own findings, as shown in Figure 4. 

In a recent paper by Kawabata et al. 22 the compressive 
properties of  several high-performance fibres, including 
aramids, were determined from the compressive proper- 
ties of micro-composite rods, H1 mm in diameter with 
a fibre volume fraction of  80-85%. Their compressive 
stress/strain data for Kevlar 29, 49 and 149 aramid fibres, 
derived from the deformation of  the aramid rods, are 
remarkably similar to the data obtained from the 
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deformation of the individual fibres shown in Figure 
4. However, the values of compressive strength are 
slightly lower for the fibres in the micro-composite rods 
(,-~300 MPa) compared with the deformation of the indi- 
vidual aramid fibres (~400 MPa). This may be a result of 
cooperative compressive failure through kink band propa- 
gation between adjacent fibres in the rods 22 reducing the 
composite compressive failure stress. 

Fibre strain mapping. In order to observe the effect 
of local stress concentrations due to compressive failure 
and kink band formation the peak position of the 
1610cm J aramid Raman band has been determined 
from Raman spectra taken from different positions along 
Kevlar 49 fibres in compression. Figure 5 shows the sta- 
tistical distribution of the 1610 cm I peak position taken 
from over 50 measurements along the length of a Kevlar 
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49 fibre at different compressive strains. The distribution 
of peak position shifts to higher frequency with increas- 
ing compressive strain and also broadens indicated by the 
fact that the standard deviation increases from 0.11 cm-  
where ef = 0% to 0.16cm I where ef = - 1 . 2 % .  At high 
compressive strains it is found that the statistical distri- 
bution is dependent upon whether or not the laser was 
focused on a kink band. This is demonstrated in Figure 
6, which shows the peak position of the 1610cm 1 ara- 
mid Raman  band determined f rom Raman  spectra 
recorded at 50 points along a Kevlar  49 fibre where the 
laser was focused either between kink bands or on a 
kink band. It is evident that the mean position of  the 
1610 cm -1 Raman  band is ~0.2 cm -1 lower for measure- 
ments taken where the laser was focused on a kink band 
and therefore indicates a difference in local stress. 

The effect of  localized compressive failure along 
a Kevlar  49 fibre is demonstrated in Figure 7 which 
shows the peak position of  the 1610cm -1 Raman  band 
determined f rom spectra recorded at 5 # m  intervals 

along a 300 #m section of a Kevlar  49 fibre. Similar data 
have also been obtained for other aramid fibres. The 
schematic diagram represents the positions of  kink bands 
along the short 300#m section of  the fibre. From the 
values of  Raman  band peak position, shown in Figure 7, 
there appears to be a distribution of fibre stress along 
the region between the individual kink bands. The pro- 
cess of  kink band formation may be considered to be 
equivalent  to a f ragmenta t ion  process 23 in compres-  
sion. Fragmentat ion tests are normally undertaken for 
model single-fibre composites deformed in tension whereby 
fibre fracture occurs randomly as the overall stress is 
increased 23. It  has been found using Raman  spectro- 
scopy that there is a distribution of stress in the broken 
fragments. It  is zero at the broken ends and then, if there 
is good bonding, increases along the fibre until it satur- 
ates at a plateau value along the central region of the 
fragment with stress transfer from the matrix to the fibre 
taking place through a shear- lag  process 23. It appears 
likely that the kink bands may be acting as compressive 
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'cracks' over which little or no stress is transferred and 
that stress transfer between the kink bands may be taking 
place through a similar shear lag process. Wood et al. 24 
have investigated the compressive failure of  high modu- 
lus carbon fibres in model epoxy composites using the 
Raman technique and interpreted the failure as a similar 
fragmentation process. 

As the compressive strain is increased further, more 
kink bands are formed that relieve the axial stress in the 
fibre. Therefore in this case the maximum stress never 
exceeds ~450 MPa, as shown in Figure 4. This process 
continues until the distance between kink bands becomes 
so short that the fibre stress cannot increase to cause 
further compressive failure and so the process reaches a 
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saturation point. The Raman technique can be used to 
define the effect of kink band formation upon the stress 
along the fibre, even though the kink bands are only 
-0.5 pm wide and the laser beam is focused to a spot 
-3 pm in diameter. This is demonstrated in Figures 8 
and 9 where the peak position of the 1610cm-’ aramid 
Raman band (Figure 8) and the fibre stress (Figure 9) 
have been determined at 2.5 pm intervals along a Kevlar 
49 fibre where two kink bands have formed. It is shown 
clearly that the stress is -80 MPa lower at the position of 
the kink band. It is also extremely interesting to note that 
the small rise in stress between the two kink bands can be 
resolved. The findings described above therefore show 
clearly that the Raman technique is an extremely power- 
ful technique of determining the variations in local stress 
along an aramid fibre deformed in compression. 

Optical microscopy 
Compressive failure of the aramid fibres is character- 

ized by the formation of kink bands along the fibres. This 
can be seen from the optical micrographs in Figure IO 
which show a Kevlar 49 fibre at different levels of com- 
pressive strain. Figure 11 shows the kink band density 
(number of kink bands per mm) along the Kevlar 49 fibre 
shown in Figure 10 with increasing compressive strain. 
The peak position of the 16 10 cm-’ aramid Raman band 
obtained from a Kevlar 49 fibre at different levels of 
compressive strain (Figure 3) is also shown in Figure 11. 
It is apparent that the first kink bands are observed 
where 0.3% < ef < 0.4% and this occurs well before the 
wavenumber (or compressive stress) reaches a maximum. 
The lower curve, however, starts to deviate from linearity 
at about the same value of strain at which the kink bands 
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are first observed. This behaviour is analogous to that of 
glassy polymers in which the yield process takes place 
through strain softening and the formation of shear 
bands which are first seen to occur at the point where the 
compressive stress/strain curve deviates from linearity25 
and not at the maximum stress. It is clear, therefore, that 
the initial observation of kink bands corresponds to the 
compressive failure strain et, of the aramid fibre. The 

-340 

-320 

-300 
([I 

s 

2 -280 

z 
!I 

5 -260 

L?? 
n .- 
LL 

-240 

-220 

-200 

L 

-I- 

Kevlar 49 -0.8% Strain 

I r II II b 6 12 II I 
0 10 20 30 40 50 60 

Distance Along Fibre, x / pm 

. 

i . 

. Al \I . - 
. 

Figure 9 Derived variation of the fibre stress along a short 50/~m 
section of a compressed Kevlar 49 fibre, ef = -0.8%. The schematic 
diagram shows the positions of kink bands and also the positions where 
the Raman spectra were recorded along the fibre 

r,=O% 

c,=-0.25% 

e,=-0.50% 

e,=-0.75% 

P(=-l .oo% 

c,=-1.25% 

~~,=-I.so% 

Figure 10 Optical micrographs of a Kevlar 49 fibre at different levels 
of compressive strain 

POLYMER Volume 38 Number 10 1997 2385 



Compressive properties of aramid fibres. M. C. Andrews et al. 

compressive failure strain has been obtained using this 
visual observation method for several of  the aramid 
fibres used in this study. The results are presented in 
Table 2. 

It should be noted that Vlattas and Galiotis ~3 claim 
that the failure criterion of  aramid fibres is the point at 
which the lower curve in Figure 11 reaches a maximum. 
They now assume that the change in slope of the curve is 
due to an inherent strain-softening of the molecules in 
compression rather than the onset of compressive 
failure as they assumed in their earlier paper 12. The 
direct observations in Figure i1 show clearly that 
the strain-softening is principally a result of kink band 
formation. Theoretical calculations of the compressive 
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Figure 11 Variation of (a) kink band density (number  of  kink bands 
per mm) and (b) peak position of the 1610cm -1 aramid Raman band 
with increasing compressive strain for a Kevlar 49 fibre 

Table 2 Compressive properties of  the aramid fibres obtained using 
optical microscopy and values of  orientation parameter for fibre skin 
and core 3 

Compressive (sin 2 ~) 
failure strain, e c 

Fibre (%) Skin Core 

Al  0.28 4- 0.04 0.0212 0.0301 
A7 0.35 4- 0.01 0.0255 0.0489 
B1 0.34 4- 0.01 0.0305 0.0355 
B7 0.35 4- 0.01 0.0243 0.0473 
C1 0.36 4- 0.09 0.0263 0.0271 
C7 0.46 4- 0.01 0.0441 0.0529 
Kevlar 29 0.37 + 0.01 0.0235 0.0263 
Kevlar 49 0.32 4- 0.08 0.0212 0.0251 
Kevlar 149 0.30 4- 0.03 0.0209 0.0216 

behaviour of rigid rod polymer 26 fibres have shown that 
significant strain softening occurs only at compressive 
strains in excess of 2%, which is nearly an order of 
magnitude in excess of the strain required for kink band 
formation. 

Compressive Jailure mechanisms 
The initiation of compressive failure corresponds to 

the position where the variation of the Raman band posi- 
tion with compressive fibre strain becomes approximately 
non-linear and indicates that the initiation of compres- 
sive failure of the aramid fibres by kink band formation 
occurs prior to the maximum value of compressive strength. 
This type of compressive failure has also been observed 
in aramid fibre-reinforced rods 22 deformed in compres- 
sion and indicates the onset of yielding of the chain 
molecules, or individual filaments in the case of the rods. 
This is enhanced by the weak cohesive forces between the 
highly-oriented polymer molecules. 

The yielding of polymer molecules in oriented polymer 
fibres has recently been related to the sequential plastic 
orientation process of polymer chains brought about by 
the resolved shear stress 19,27. A modified series model has 
been developed to account for the shear stresses in the 
fibre which bring about rotation of the chains 19'27 in a 
fibril consisting of  a series of rectangular domains of 
chains arranged end-to-end making angles ~5 to the fibre 
axis. It is predicted that the yield strain, ey, in both 
tension and compression is given approximately by 

1 (sin: _@E" / Ty (1) 
ey ~ Ecc 4 2g J sin 0a cos c) a 

where Ec is the chain modulus, (sin e ~5)E is the strain 
orientation parameter 3'27, g is the shear modulus and ry 
is the shear yield stress of the fibre above which plastic 
rotation of the chains can occur. The angles +Oa are the 
orientation angles of an equivalent zig-zag bundle of 

. ' )  , 

aligned parallel chains in a fibre such that sin" Oa = 
(sin 2 0)E 27. It should be noted that equation (1) is only 
an approximation since the detailed course of yielding in 
a real fibre will be controlled by the distribution of 0. It is 
envisaged 19 that plastic deformation will be initiated in 
crystalline domains at 45 ° to the compression axis which 
will be in the tail of  the distribution of 6. In order to take 
into account the distribution in O equation (1) can be 
approximated to 27'28 

1 ( sin2 (~)E~ fg (2) 

e y ~  ~cc + ~g j ~ \ / l  _ (sine &) E 

assuming that ry is equal to a small but constant fraction, 
f,  of  the shear modulus, g, where ry = fg. It should also 
be noted that equation (2) is only valid for values of 
(sin e 4~)E greater than zero since the yield mechanism 
envisaged could not occur for a perfectly-oriented fibre. 

Figure 12a shows the values of compressive failure 
strain, ec, plotted against the fibre core values of (sin 2 ~5)E 
given in Table 2 determined experimentally from trans- 
mission electron microscopy. The lines have been calcu- 
lated from equation (2) assuming that e~ = e v, using 
values of g =  1.5GPa and E c = 220GPa 19 and three 
different values of f(0.020, 0.025 and 0.03). These values 
of  f a r e  close to tlae values of J; 0.03 < f  < 0.0419, deter- 
mined experimentally from the measured tensile yield 
stress of isotropic aramid films for which ey = . 1 " / 2 .  
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Although the range of values of (sin 2 O)E employed is 
not sufficiently large to provide a critical test of the 
theory it can be seen that the agreement between the 
experimental data and the theoretical curves is quite 
good. One important point to note is the rapid rise in 
failure strain predicted by the theory as (sin 2 ~)E --+ 0. 
Unfortunately fibres with such high degrees of orienta- 
tion were not available to test this prediction. 

The theory can be examined further by rearranging 
equation (2) to give 

e y ~ ~ / l  - -  ( sin2 ¢~)E fg + f (  sin2 ¢~)E (3) 
2 

The data from Figure 12a have been plotted in Figure 12b 
in accordance with equation (3). The straight line is a 
least squares fit to the data points and the slope of the 

line of 0.014 yields a value of the parameter f of 0.028, 
again similar to that determined elsewhere 19. This value 
o f f  and the intercept on the y-axis give a value for the 
ratio Ec/g of about 195. If the crystal modulus Ec is 
assumed to be around 220 GPa then this ratio predicts a 
value of 1.15 GPa for the shear modulus, g, which is 
again similar to that used elsewhere 19. 

The results of the analysis described above show 
clearly that the compressive failure of aramid fibres is 
determined by yielding involving the shear of polymer 
molecules past each other and is controlled by the initial 
orientation distribution of the molecular chains in the 
fibres. 

Improvement of compressive properties of aramid fibres 
It is worth considering at this stage if it is possible to 

improve the compressive behaviour of aramid fibres. It 
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Figure 12 (a) Dependence of the compressive failure strain, ec, upon the initial orientation parameter, (sin 2 qS)E. The theoretical lines have been 
calculated from equation (2) using the values of  f indicated. (b) The same data plotted in accordance with equation (3). The straight line is a least 
squares fit of  the data points 
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can be seen from Figure 12 that the compressive failure 
strain increases with increasing (sin 2 O)E but the depen- 
dence is not strong. Hence producing fibres with higher 
values of (sin 2 0)E will not lead to dramatic improve- 
ments in compressive strength and moreover reducing 
the level of molecular orientation will lead to a significant 
deterioration in tensile properties. There is a rapid rise 
in failure strain at very low values of (sin 2 0)E, i.e. for 
very highly-oriented fibres. It is unlikely, however, that 
improving the level of  orientation, if that were possible, 
would significantly improve compressive properties. Experi- 
ence with polydiacetylene single crystal fibres which have 
essentially perfect molecular alignment ((sin20)E ~ 0) 
has shown that they fail at relatively low strains in com- 
pression by a crystallographic twinning mechanism 29. 

Inspection of equation (2) shows that one important 
parameter that controls the compressive strength of the 
fibres is the value of the shear modulus, g. This is rela- 
tively low for high-modulus fibres due to the weak 
secondary interchain bonding and is an important factor 
in leading to poor compressive properties. It may be 
possible to increase the value of this parameter by tech- 
niques such as crosslinking but such modifications again 
tend to damage the tensile properties. 

There is a recent report by Harmer and Phillips 3° of 
the preparation of microcomposite fibres composed of 
an aramid polymer reinforced with SiC whiskers. They 
demonstrated that the fibres are more resistant to failure 
by kink band formation and that compressive strength of 
the fibres, as determined by the tensile recoil method 6, is 
improved significantly by a factor of at least two. It is 
thought that the SiC whiskers reinforce the fibres by 
making them resistant to the bending necessary for kink 
band formation. 

CONCLUSIONS 

It has been shown that Raman spectroscopy is an 
extremely powerful technique for following the molecu- 
lar deformation of aramid fibres in compression as well 
as in tension. Using a four-point bending beam method 
to deform the fibres it is found that the compressive 
strength of the aramid fibres is considerably lower than 
the tensile strength of the fibres. 

Raman spectroscopy has been employed successfully 
to monitor the distribution of fibre stress along aramid 
fibres in compression. It is shown that there is a non- 
uniform stress distribution along the fibre due to local- 
ized compression failure. Compressive failure of the 
aramid fibres is characterized by the formation of visible 
kink bands. The kink bands are found to relieve the 
overall axial stress on the fibre. 

Compressive failure is initiated where the compressive 
stress/strain curve deviates from approximate linearity 
and indicates the onset of molecular yielding. This type 
of behaviour has also been observed in aramid fibre- 
reinforced rods == and is analogous to the plastic defor- 
mation of glassy polymers that yield by the formation of 
shear bands in compression. Yielding of the polymer 
molecules has been related to the sequential plastic 
orientation process of polymer chains. It has been 
shown that the values of compressive failure, deter- 
mined from the visible formation of kink bands, agree 
well with the values of compressive yield strain 

determined by a modified series model 19 that accounts 
for the plastic deformation of the highly-oriented 
polymer molecules. 
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