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Relation between axial compressive strength
of reinforcing fibres and fibre diameter
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Attempts were made to estimate the fibre axial compressive strength of pitch-based
graphitized and polyarylate fibres, and the relationship between the compressive strength
and fibre diameter was investigated. The estimated compressive strength of fibres
decreases with increasing temperature. This decrease in compressive strength may be
accounted for by a decrease in the radial compressing force. There is a linear relationship
between the estimated compressive strength and radial compressing force in a temperature
range from room temperature to 80 °C. The real compressive strength of the fibres,
determined by extrapolating this straight line until the radial compressing force is zero,
increases with decreasing fibre diameter, but remains almost unchanged at a diameter
range smaller than 10 um. In order to obtain reinforcing fibres having a higher compressive
strength, it will be necessary to prepare fibres having a diameter smaller than 10 pm.

1. Introduction

The relation between the mechanical properties of
composites in tension and those of the fibres used as
reinforcements has been studied both experimentally
and theoretically in fairly great detail. However, in
spite of the fact that the compressive characteristics of
composites depend on the characteristics of reinforc-
ing fibres, there has been almost no study on the
mechanical properties of composites in compression.
Several attempts to determine the compressive charac-
teristics of reinforcing fibres have been made by (1) the
elastic loop test [1-4], (2) the bending beam test
[5-10], (3) a test based on fibres embedded in a matrix
[11-14], (4) the recoil test [15-19], and, [5] a test
based on compressive strength of composites [20-22],
but there is still no decisive method. Compressive
strengths of various reinforcing fibres obtained from
these test methods have been compared by Kumar
and Helminiak [23-257.

We have reported a method for measuring the com-
pressive strength of fibres in which, if a sufficiently
long fibre is embedded in the neighbourhood of the
surface of a rectangular beam and the system is sub-
jected to a tensile (or compressive) strain rather than
a fibre ultimate strain according to the bending
method, the fibre eventually breaks into many pieces.
By measuring the lengths of the broken pieces, the
axial compressive strength of the fibre can be esti-
mated in both cases where the tensile strength of the
fibres is assumed to be uniform {26,277 and where it is
assumed to be variable [28,29]. Using the latter
method, we estimated the compressive strengths of
carbon and aramid fibres. It was found that the esti-
mated compressive strength of PAN-based carbon
fibres was higher than pitch-based fibres, and that of
carbonized fibres (higher strength type) was higher
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than that of graphitized fibres (higher modulus type)
[26,27,29,30]. Moreover, the axial fibre compressive
strength was approximately 10%-60% of the tensile
strength [29], and it increased with increasing degree
of orientation or face spacing of the crystal. In addi-
tion, it increased with decreasing crystal size [30].
Furthermore, it was only 2%-3% of the tensile
strength for aramid fibres, due to the formation of
kink bands [28].

It is generally known that the tensile strength of
brittle fibres, such as carbon, glass, aramid and poly-
arylate fibres, is variable with fibre size, i.e. it decreases
as the length or diameter of the fibre increases. Ac-
cordingly, it is expected that the compressive strength
of reinforcing fibres is variable with fibre diameter.
However, there have been no studies of the effect of
fibre diameter on the compressive strength of reinforc-
ing fibres.

In this work, the relationship between the fibre
diameter and the compressive strength for carbon and
polyarylate fibres was investigated using our method
as described in previous papers [27,28] in which the
tensile strength of fibres was taken into consideration.

2. Experimental procedure

The fibres used were three kinds of pitch-based graph-
itized fibres (higher modulus type, experimental sam-
ples of Tonen) and four kinds of polyarylate fibres
(Vectran, higher strength type, experimental samples
of Kuraray). Their respective diameters are shown in
Table 1.

First, tensile tests were performed using 5, 25,40,
and 100 mm gauge lengths to obtain distribution
curves of tensile strength for the fibres. The instrument
used was a Tensilon UTM-1-2500 type (Orientec),
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TABLE I Mechanical properties of fibres (at 20° C, test length 25 mm)

Fibre Carbon Polyarylate

C-1 C-2 C-3 V-1 V-2 V-3 V-4
Diameter (um) 7.2 10.0 13.8 12.2 17.4 229 29.3
Tensile strength (GPa) 3.21 2.64 2.35 393 347 3.34 3.62
Young's modulus (GPa) 509 526 524 79.6 75.7 74.8 73.5
Breaking strain (%) 0.72 0.61 0.52 0.41 0.40 0.38 0.3

strain rate 0.05 mmmm ™~ ' min~?, and the number of
fibres tested was 100 pieces for each gauge length. The
results obtained by the fibre tensile strength distribu-
tion tests were used to determine Weibull parameters.

Second, rectangular specimens were prepared for
measuring fragment length under the same conditions
as reported in preceding papers [26-30]. Epoxy resin
(Epikote 828, Yuka Shell), 100 parts, was mixed with
10 parts of an amine-hardening agent (S-Cure 661,
Kayaku Nurij. The mixture was agitated thoroughly
and then defoamed. This mixture was poured into
a mould holding a fibre at a constant tension in the
neighbourhood of the surface of a rectangular speci-
men and subjected to curing at 65°C for 17 h.

The specimens prepared in this manner were sub-
mitted to measurement of fragment length, 1.e. each
speciimen was subjected to a tensile (or compressive)
strain of 4% at a drop rate of the upper heads of
10 mmmin ! using the four-point bending method
under the same conditions as reported in preceding
papers [26-30].

As indicated elsewhere [27], the fibre buckles at
a temperature range higher than 100° C. Accordingly,
in this experiment, to investigate the effect of a radially
compressing force on the fibre axial compressive
strength, measurements were made at 20-100°C. Over
200 fragments were examined for each experimental
condition.

3. Results and discussion

The typical strength distributions of graphitized and
polyarylate fibres used in this experiment are shown in
Figs 1 and 2, respectively.

The tensile strength of brittle fibres, such as carbon
fibres, is generally affected by partial flaws. In general,
the tensile strength of such fibres is represented by
a chain model. This model represents a fibre by
a chain consisting of n pieces of equal links. Applying
the Weibull distribution function, probability g(c) in
which a chain of » links will break at stress ¢ can be
expressed as [31, 32]

g(c) = nmc:l(%)’"”exp[—nC’;"P)m} 0

where m, 6, and o, are the Weibull parameters. Also,
the mean tensile strength (G¢ ), of the fibre at length
L is given as [31,32]

_ G, m+1
(Gf,L)t = Gp+':(L/ll)1/mjlr< m ) (2)
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where T" is the complete gamma function. /; is the
length of link (gauge length L/number of the links)
consisting of the fibres.

The solid lines in Figs 1 and 2 represent theoretical
values obtained by substituting Weibull parameters m,
G, and &, and the length of links /; given in Table II,
into Equation 1. An example of the comparison of the
experimental mean tensile strengths with ones cal-

_culated by Equation 2 is shown in Table III. The

relationship between the logarithm of gauge length
and the logarithm of the mean tensile strength is also
shown in Fig. 3. The solid lines in Fig. 3 represent
theoretical values calculated by substituting Weibull
parameters and the length of links into Equation 2.
The theoretical values obtained by Equations 1 and
2 employing the values of Weibull parameters and the
length of links given in Table II, agree with the meas-
ured values. Therefore, the values of Weibull para-
meters and the length of links thus determined are
appropriate. Moreover, the constant value of mean
tensile strength within the range of shorter gauge
length in Fig. 3 shows that the tensile strength of fibre
is uniform in the length range shorter than the link
length.

In preceding papers [28,29], when variable tensile
strength of the fibre is assumed, the mean axial com-
pressive strength (Gy) . of fibre is given by

De
(D

—_

3)

(6¢)c = (G¢.L)+

where (G 1) is the mean tensile strength of the fibre
at length L and is given by the above-mentioned
Equation 2; (1), is the mean fragment Iength in com-
pression, and, (T'), is the mean fragment length in
tension.

The photographs of fibre fragments of the specimen
compressed by the above-mentioned procedure are
shown in Fig. 4. The fibre is broken into a number of
fragments. Many kink bands can be observed in poly-
arylate fibres, in the same manner as the fracture of
aramid fibres [28].

The relationship between both the mean fragment
length (I), in tension and (I), in compression of com-
posite systems including reinforcing fibres having ten-
sile strength distributions and temperature, are shown
in Figs 5 and 6, respectively. For polyarylate fibres,
the distance between the kink bands was considered as
the fragment length.

When all the fragments have been reduced to less
than the critical fibre length, no further elongation of
the specimen will cause the fibre to break. When the
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Figure 1 Strength distribution of graphitized fibres (test length
25 mm). (a) C-1 fibre, (b) C-2 fibre, (c) C-3 fibre. See Table I for the
sample descriptions.

fibre finally breaks into many pieces, we have pre-
viously proposed that this considerable tensile
strength is the tensile strength at the length just before
the final fragment lengths [32].

If T represents the average value of final fragment
length, K[ the first embedded length, and kI the length
just before the length [, then, the average value L* of
length just before the fragment length with [is given by
[32]

_ 4 _ K~1_ 4 1k—1 _ 2 1K—2
* o KT — )= S |
S ) O

)

The average value, L*, of the length just before the
length (I), from the mean fragment length (I), (Fig. 5)
in tension according to Equation 4, can also be cal-
culated. Furthermore, the mean tensile strength (6¢ ),
of fibres is determined by substituting the value
L* into Equation 2 using a method described in pre-
vious papers [28,29,32].

Fig. 7 shows the relationship between the mean
value of fibre axial compressive strength ()., esti-
mated from the mean fragment length (), (Fig. 5) in
tension, the mean fragment length (I), (Fig. 6) in com-
pression, and the mean tensile strength (S 1), of the
fibre according to Equation 3, and temperature. With
these systems, in the same manner as observed in
carbon and aramid fibres [26-30]; the estimated com-
pressive strength decreases with increasing temper-
ature up to 80 °C. As indicated elsewhere [26-29], it is
conceivable that the radial force compressing the fibre,
decreased by both the decrease in residual thermal
stress and Young’s modulus of the resin matrix with
increasing temperature, may cause a temperature de-
pendence of the estimated value of the fibre axial
compressive strength.

The estimated compressive strength increases
greatly above 80°C. It is conceivable that the fibre
buckles, and the conditions for application of Equa-
tion 3 cannot be satisfied above 80°C [26-29].
Accordingly, further details are discussed for results
obtained at a temperature range lower than 80 °C.

When a fibre is embedded in the resin and the
system is allowed to cure, the thermal stress, (P)r,
working perpendicular to the fibre—resin interface,
is approximately given by the following equation

[33]

_ (Ocm_ O{'f) EmAT
h 14+ vy

(P)r 4
where o 18 the thermal expansion coefficient, E is
Young’s modulus, v is Poisson’s ratio, AT is the differ-
ence in temperature from the moulding temperature,
and the subscripts m and f denote matrix and fibre,
respectively. Fig. 8 shows the relationship between the
thermal stress, (P)y, obtained by Equation 5 and tem-
perature. The thermal expansion coefficient, o,
Young’s modulus, E, and Poisson’s ratio, v, re-
quired to calculate thermal stress, are shown in
Table I'V. We have utilized a thermal expansion coef-
ficient oy perpendicular to the fibre axis, where o is
99x107%°C~' [34] for graphitized fibre, and
3.3x 107 °°C~ ! [35] for polyarylate fibre. In addition,
we have assumed that these values were constant in
the temperature range of this experiment.
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Figure 2 Strength distribution of polyarylate fibres (test length 25 mm). (a) V-1 fibre, (b} V-2 fibre, (c) V-3 fibre, (d) V-4 fibre. See Table I for the

sample descriptions.

TABLE II Statistical values of tensile strength for fibres

Fibre m G o) Length of
(GPa)  (GPa) links /; (mm)

Carbon

C-1 5.3 4.69 0.98 1.025

C-2 5.8 4.24 0.69 0.30

C-3 4.8 4.03 0.98 0.20
Polyarylate

V-1 4.0 4.53 273 0.21

V-2 3.6 3.96 262 0.16

V-3 52 3.68 247 0.042

V-4 4.1 4.69 247 0.13

TABLE III Mean tensile strength of fibres (test length 25 mm)

Fig. 9 shows the relationship between the estimated
mean compressive strength (5¢), (Fig. 7) and the ther-
mal stress (P)y (Fig. 8) obtained through the function
of temperature. With these fibre diameters, the esti-
mated mean compressive strength of graphitized and
polyarylate fibres decreases linearly with decreasing
thermal stress.

As indicated in previous papers [26-30], it is con-
ceivable that the real compressive strength of fibres is
the strength when the radial compressing force, i.e. the
residual thermal stress in this experiment, is zero.
Accordingly, we have considered the value obtained
by extrapolating the straight line in Fig. 9 to (P) r =0

Fibre Carbon Polyarylate
C-1 C-2 C-3 V-1 V-2 V-3 V-4
Mean tensile strength
Measured value (GPa) 3.28 2.59 . 223 393 3.48 3.34 3.63
Calculated value (GPa) 335 2.52 2.33 3.97 3.50 346 3.65
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Figure 4 Photographs of fibre breaking points in the compression
test (at 40° C). (a) Graphitized fibre (C-2), (b) polyarylate fibre (V-3).

as the real compressive strength of graphitized and
polyarylate fibres and have shown the relationship
between those values and fibre diameter in Fig. 10.
With these fibres, the compressive strength increases
with increasing fibre diameter. It is conceivable that
the compressive strength of brittle fibres decreases
with increasing fibre diameter due to a higher prob-
ability of flaws, in the same manner as the tensile
strength, i.e. it has been confirmed that the compres-
sive strength of graphitized and polyarylate fibres is
variable with fibre size.
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Figure 5 Relation between temperature and mean fragment length
in tension. (a) Graphitized fibre, (O) C-1, (4A) C-2, (O) C-3; (b)
polyarylate fibre, (O) V-1, (A) V-2, (e) V-3, (A) V-4.

The compressive strength of a graphitized fibre in-
creases gradually with decreasing fibre diameter and
remains almost unchanged at a diameter range
smaller than 10 pm. On the other hand, the compres-
sive strength of polyarylate fibre increases monotoni-
cally with decreasing fibre diameter within the fibre
diameter range of this experiment. Assuming the in-
crease in compressive strength is gradual at a diameter
range smaller than 10 pm for the graphitized fibre,
a similar tendency will also be expected for the poly-
arylate fibre. Accordingly, in order to obtain reinforc-
ing fibres having a higher compressive strength, it will
be necessary to prepare fibres having a diameter
smaller than 10 um.

In comparison with the compressive strength of
pitch-based graphitized fibres, the compressive
strength of polyarylate fibres is approximately one-
tenth and is very low. The compressive strength of
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Figure 6 Relation between temperature and mean fragment length
in compression. (a) Graphitized fibre, (O) C-1, (A) C-2, (O) C-3; (b)
polyarylate fibre, (O} V-1, (A) V-2, () V-3, (A) V-4.

graphitized fibre obtained in this experiment agrees
well with a pitch-based graphitized fibre (0.65 GPa)
(10 um in diameter) as reported previously [29]. This
indicates that the values of compressive strength ob-
tained in this experiment are appropriate, and the
reproducible value of compressive strength can be
obtained by the above-mentioned method.

The compressive strength of polyarylate fibre is
slightly lower than an aramid fibre (0.09 GPa) (Kevlar
29, higher strength type, 12.9 pm diameter) as reported
previously [28].

4. Conclusion

If a sufficiently long fibre is embedded in the neigh-
bourhood of the surface of a rectangular beam, and
the system is subjected to a tensile (or compressive)
strain greater than the fibre’s ultimate strain according
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TABLE IV Properties of epoxy resin at various temperatures

20°C 30°C 40°C 60°C 80°C
Young’s modulus (GPa) 1.69 1.68 1.67 1.43 0.11
Thermal expansion
coefficient (107°°C™ 1) 6.1 6.7 7.2 8.1 14.3
Poisson’s ratio 0.30 0.32 0.33 0.35 0.38
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Figure 9 Relation between thermal stress and estimated mean com-
pressive strength. (a) Graphitized fibre, (O) C-1, (A) C-2, (O) C-3; (b)
polyarylate fibre, (O) V-1, (A) V-2, (8) V-3, (A) V-4.

to the bending method, the fibre eventually breaks
into many pieces. By measuring the lengths of broken
pieces and estimating the mean tensile strength from
the length just before the final fragment length in
tension, attempts were made to estimate the fibre axial
compressive strength of pitch-based graphitized and
polyarylate fibres, and the relationship between the
compressive strength and fibre diameter was investi-
gated.

Figure 10 Relation between fibre diameter and compressive
strength. (a) Graphitized fibre, (b) polarylate fibre.

The estimated compressive strength of fibres de-
creases with increasing temperature. This decrease in
compressive strength may be accounted for by a de-
crease in the radial compressing force owing to a de-
crease in the residual thermal stress and a decrease in
Young’s modulus of the resin matrix.

There is a linear relationship between the estimated
compressive strength and radial compressing force in
a temperature range from room temperature to
80°C. The real compressive strength of the fibres,
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determined by extrapolating this straight line until the
radial compressing force is zero, increases with de-
creasing fibre diameter, but remains almost un-
changed at a diameter range smaller than 10 pm. In
order to obtain reinforcing fibres having higher com-
pressive strength, it will be necessary to prepare fibres
having a diameter smaller than 10 pm.
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