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Relation between shear strength at the fibre-matrix 
interphase and shear properties of resin matrix 
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The shear yield strength and the shear strength of a resin matrix increase almost linearly as 
the logarithm of the strain rate increases. This increasing tendency is almost the same at 
various temperatures. The strain rate temperature superposition held and an experimental 
equation was found to estimate the strain rate and temperature dependence of these shear 
properties. The strain rate and temperature dependence of the shear yield strength at the 
f ibre-matrix interphase can be also estimated by the same equation. A strong quantitative 
relation was observed between the strain rate and temperature dependence of the shear 
properties of a resin matrix and that of the shear yield strength at the f ibre-matrix 
interphase. 

1. Introduction 
In any discontinuous fibre-reinforced resin, loads 
working on the composite are transmitted to the 
fibre through the fibre matrix interface. Conse- 
quently, mechanical properties of the composite 
are greatly influenced by the shear strength at 
the fibre-matrix interface. Hence, in discon- 
tinuous fibre-reinforced resins, precise determina- 
tion of shear strength at the interface is of great 
importance. 

We reported a method for directly measuring 
the shear yield strength at the fibre-matrix inter- 
phase, i.e., if a sufficiently long fibre is embedded in 
the resin matrix and the system is elongated, the 
fibre eventually breaks into many pieces. By measur- 
ing the lengths of the broken pieces, the shear 
yield strength at the fibre-matrix interphase for the 
system can be estimated if it is assumed that the 
tensile strength of the fibre is both uniform [-1] 
and variable [-2, 3]. Using the second assumption [2], 
we were clearly able to explain the strain rate 
and temperature dependence of both the shear yield 
strength at the interphase and the critical fibre 
length for glass fibre-thermoplastic resin systems 
[3], glass fibre-thermosetting resin systems [4], 
and carbon fibre-epoxy resin systems [5]. We 
reported that the strong relation was observed be- 
tween the temperature dependence of the shear yield 
strength at the interphase and that of the shear yield 
stress of the resin matrix obtained by torsion test 
[3, 53. 

In this paper, we investigated the relation between 
the strain rate and temperature dependence of the 
shear yield strength at the interphase, obtained using 
our method [2], and the shear properties of the resin 
matrix in glass fibre-epoxy and carbon fibre-epoxy 
resin systems. 

2. Experimental procedure 
Epoxy resin used in this study was the same as that 
described in a previous paper [-4, 5]; a bisphenol "A" 
type epoxy resin (Epikote 828, Yuka Shell Epoxy) and 
an amine type curing agent (S-Cure 661, Kayaku 
Akuzo) were used to prepare the specimens. 

First, the 100 parts epoxy resin and 10 parts curing 
agent were mixed. This mixture was agitated thor- 
oughly and then defoamed under vacuum at 30 ~ for 
20 rain. Next, this mixture was poured into a mould 
and subjected to curing at 65 ~ for 17 h and post- 
curing at 114~ for 5h. The specimen was then 
allowed to cool to room temperature. 

Test specimens were cut from the specimens pre- 
pared in this manner in accordance with JIS K 7214. 
The dimension of a test specimen measured 3 mm in 
thickness, 60 mm in width and 60 mm in length. Shear 
test (JIS K 7214) was carried out by a circular punch. 
For the shear test, an 11 mm diameter hole was made 
in the centre of the test specimens. 

In order to investigate the strain rate and temper- 
ature dependence of the shear properties of an epoxy 
resin matrix, each specimen was subjected to a shear 
test at various strain rates and temperatures with 
the aid of a Tensilon UTM-I-2500 (Orientec). More 
than ten specimens were tested for each test 
condition. 

3. Results and discussion 
The relationship between shear yield strength Tm,y and 
shear strength "Cm, s at various temperatures and strain 
rates is shown in Fig. l(a) and (b), respectively. At all 
temperatures, Zm, y and Zm,s increase almost linearly 
with the increase in the logarithm of the strain rate. 
This tendency is the same as that found for the tensile 
properties [6]. 
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Figure I Relation between strain rate and shear property as a function of temperature for epoxy resin. (a) Shear yield strength. (b) Shear 
strength. O, 20 ~ O, 40 ~ A, 60 ~ A, 80 ~ [2], 100 ~ 
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Figure 2 Shear yield strength (lower curve) and shear strength (up- 
per curve) master curves plotted against shifted strain rate for epoxy 
resin. O, 20~ 0,  40~ &, 60~ A, 80~ ~, 100~ values 
calculated from Equation 1. 

Data in Fig. l(a) and (b) have been shifted along the 
logarithm of the strain rate axis to obtain master curves 
of the shear properties, as show in Fig. 2. In Fig. 2, the 
reference temperature is 60~ Although a slight 
deviation exists in both cases, data can be reduced 
into a single master curve, implying that the strain 
rate-temperature superposition holds for the shear 
yield strength and the shear strength of epoxy resin. 

The shear yield strength (%, y)  ~, T and shear strength 
('Cm,~) ~,T shown in Fig. 2 increase almost linearly with 
the increase in the shifted strain rate. This tendency is 
the same as that seen in results of tensile yield stress of 
some macromolecular materials [7,8] and glass bead- 
filled composites [-93. We have also found this same 
tendency for shear yield strength at the fibre-matrix 
interphase in glass fibre-thermosetting resin systems 
[4] and carbon fibre-epoxy resin systems [-5]. Name- 
ly, the shear yield s t r e s s  (Tm, y ) ~,T and shear strength 
(~,~) ~,T of epoxy resin used in this experiment in- 
crease in proportion to the logarithm of the shifted 
strain rate log(iav). The strain rate and temperature 
dependence of the shear yield strength (%,y) ~,a- and 
the shear strength (Zm,~)~,T can be estimated by the 
following equation 

"C~, T = K 1 + K2log (~ax) (1) 

where "Cg, T is the shear yield strength or the shear 
strength, i is the strain rate, aT is the shift factor, and 
K1 and K2 are constants depending on the materials 
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TABLE I Constants of Equation 1 for shear properties of epoxy 
resin 

Properties Constants (MPa) 
K1 K2 

Shear yield strength 52.2 3.83 
Shear strength 34.9 2.82 
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Figure 3 Shear yield strength master curve at the glass fibre-epoxy 
resin interphase plotted against shifted strain rate. O, 30~ 0,  
40 ~ A, 60 ~ A, 80 ~ [], 100 ~ values calculated from Equa- 
tion 1. Upper curve, good bonding; lower curve, poor bonding. 
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Figure4 Shear yield strength master curve at the carbon 
fibre-epoxy resin interphase plotted against shifted strain rate. O, 
20~ I ,  40~ A, 60~ A, 70~ [B, 80~ R, 90~ ~,  100~ 
values calculated from Equation 1. Upper curve, good bonding; 
lower curve, poor bonding. 

and the reference temperature. K1 and K2 values 
obtained from Fig. 2 are shown in Table I. The solid 
lines in Fig. 2 are values calculated by Equation 1. The 
calculated values agree approximately with the experi- 
mental values within the logarithm of the shift strain 
rate of - 10 min - 1 to + 8 min - 1. The strain rate and 



T A B L E I I  Constants of Equation 1 for shear yield strength at the fibre-matrix in terphase 

System Interphase condition Constants 
K1 

(MPa) 
K2 

Glass fibre-epoxy resin 

Carbon fibre epoxy resin 

Good bonding 
Poor bonding 
Good bonding 
Poor bonding 

38.1 
26.2 
41.1 
34.0 

3.30 
2.13 
2.42 
1.25 
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Figure 5 Shift factors with the reciprocal of temperature. (a) Shear properties of epoxy resin. (b) Shear yield strength at the fibre-matrix 
interphase. O, shear yield strength; O, shear strength; A, A, glass fibre-epoxy resin system; U, I ,  carbon fibre-epoxy resin system; A, [], good 
bonding; A, I ,  poor bonding. 

temperature dependence of both the shear yield 
strength and shear strength of epoxy resin is given by 
Equation 1 for this experimental strain rate and tem- 
perature range. 

As mentioned above, we have reported on the strain 
rate and temperature dependence of shear yield 
strength at the fibre matrix interphase for glass 
fibre• [4] and carbon fibre-epoxy resin systems 
[5]. Master curves of interphasic shear yield strength 
for those systems are shown in Figs 3 and 4. In Figs 3 
and 4, the reference temperature is also 60~ The 
fibres used in these systems are carbon fibre (Pyrofil, 
T1, 8.83 gm in diameter, Mitsubishi Rayon) and 
"E" glass fibre (R2220, MA859, XLt6, 12.73 gm in 
diameter, Asahi Fiber Glass). "Good bonding" in 
Figs 3and 4 shows the systems in which the surface of 
the glass fibre is treated with a silan coupling agent 
(KBM 403, Shin-etsu Chemical) [-1,4], the carbon 
fibre is oxidized electrolytically, and the surface of the 
fibre is sized with a bisphenol "A" type epoxy 
oligomer. "Poor bonding" shows the systems in which 
the surface of the glass fibre is treated with a release 
agent (KS 707, Shin-etsu Chemical) El, 4], the sized 
carbon fibre is immersed in an acetone solution, and 
the sizing of the surface of the fibre is dissolved [5]. 
For both systems, regardless of the nature of the inter- 
phasic treatment, these master curves increase almost 
linearly with the logarithm of the shifted strain rate. In 
the same manner as mentioned above for the shear 
properties of the resin matrix, equation 1 holds for 
shear yield strength at the interphase. Constants K1 

and K 2 obtained in previous papers E4, 5] from Figs 3 
and 4 are shown in Table II. 

Comparing Fig. 2 with Figs 3 and 4, the value of the 
shear yield strength at the fibre-matrix interphase, for 
a good bonding system, is between the shear yield 
strength and the shear strength of the resin matrix. 
Furthermore, the gradient, K 2 (Tables I and II), for 
the logarithm of the shifted strain rate, is almost the 
same. Accordingly, a strong quantitative relation can 
be observed between the shear yield strength at the 
fibre-matrix interphase (in which the surface of the 
fibre is treated with a suitable coupling agent) and the 
shear properties of the resin matrix. The shear yield 
strength at the interphase for a poor bonding system is 
lower than the shear yield stress of the resin matrix. As 
reported in a previous paper [1], it can therefore be 
inferred that the shear yield strength for a poor bond- 
ing system is primarily attributed to a secondary 
bond, e.g., a hydrogen bond and Van der Waal's force, 
etc., at the fibre-matrix interface. 

The relationship between the logarithm of the shift 
factor in order to obtain these master curves and the 
reciprocal of absolute temperature is shown in 
Fig. 5(a) and (b). For both the shear properties of the 
resin matrix and the shear yield strength at the inter- 
phase, although there is an inflexion at temperatures 
in the region of 60 ~ the logarithm of the shift factor 
increases almost linearly with an increase in the recip- 
rocal of absolute temperature. It is thus recognized 
that a temperature dependence of Arrhenius type 
holds on the shift factor. Apparent activation energy 
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T A B L E  I I I  Apparent activation energy 

System Condition AH (kJ mol - 1) 
LOw temperature range 
(20 60~ 

High temperature range 
(70-100 ~ 

Epoxy resin 

Glass fibre-epoxy resin 

Carbon fibre epoxy resin 

Shear yield strength 202 472 
Shear strength 265 629 

Good bonding 238 339 
Poor bonding 323 378 
Good bonding 168 511 
Poor bonding 172 670 

AH obtained from the gradient of the straight lines is 
shown in Table III. In each temperature range, the AH 
obtained from the shear properties of the resin matrix 
is almost the same as that obtained from the shear 
yield strength at the fibre-matrix interphase. The in- 
flection point may be caused by the glass transition of 
the resin matrix. 

4. Conclusions 
Attempts were made to discuss the relationship be- 
tween the shear yield strength at the fibre-matrix inter- 
phase, which plays an essential role in determining the 
reinforcing effect in discontinuous fibre-reinforced 
resins, and the shear properties of the resin matrix. 

The shear yield strength and the shear strength of 
a resin matrix increase almost linearly as the increase in 
the logarithm of the strain rate. This increasing tend- 
ency is almost the same at various temperatures. The 
strain rate ,and temperature dependence of these shear 
properties can be estimated by the following equation 

T~;,T = K1 + K21og (~;aT) 

where r~,T is the shear yield strength or the shear 
strength, ~ is the strain rate, aT is the shift factor. K1 
and K 2 are constants depending on the materials and 
the reference temperature. 

The strain rate and temperature dependence of the 
shear yield strength at the fibre-matrix interphase can 

also be estimated by the above-mentioned equation. 
The shift factor aT and constants K1 and K2 are 
almost the same as those obtained for the shear prop- 
erties of a resin matrix. A strong quantitative relation 
is observed between the strain rate and temperature 
dependence of shear properties of a resin matrix and 
that of the shear yield strength at the fibre-matrix 
interphase. 
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