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ABSTRACT

Extensive data on strength variability has been acquired for four carbon fibres (T700, 34-700, T300
and HS40) using automated single fibre testing equipment. Weibull distributions are identified based
on samplings of 100 to 200 tests. According to the data sheet, the T700 and 34-700 carbon fibres have
similar tensile strength, but measurements show a different Weibull modulus for these fibres. All
fibres types stiffen with the applied strain but there is no correlation between the initial stiffness and
the stiffness variation coefficient. Limitations in measuring properties of carbon fibres with a diameter
of 5 um (HS40) are identified.

1 INTRODUCTION

Modelling tools for composite materials require input properties to make reliable predictions. The
accuracy of the predictions depends greatly on the input data used. Using the properties of the building
blocks of the materials as input is better than using the properties of a sub-system that already depends
on the interactions of the building blocks. As the fibres and matrix are the basic constituents of any
fibre reinforced composite, acquiring their properties is fundamental to predict the mechanical
behaviour of composite materials.

The failure of composite materials under tension usually coincides with the failure of the plies
aligned with the loading direction. The failure of these plies depends ultimately on the accumulation of
fibre breaks. Predicting the development of fibre breaks and the accurate determination of the failure
strain requires knowing the strength and stiffness of the fibres. Fibres fail stochastically due to the
presence of microscale defects. Fibre strength is therefore not represented by an average value but
rather by a probability distribution, commonly a Weibull distribution [1].

Accurately representing the Weibull probability distribution for a fibre population requires
gathering an extensive data set of individual fibre strengths. The number of individual fibre tests
required depends on the Weibull modulus [2]. For carbon fibres, with a Weibull modulus typically
between 5 and 8 [3,4], the number of the necessary tests was estimated as follows. Thomason reported
that for a fibre with a Weibull modulus of 5.5, at least 80 fibres should be tested [5]. Swolfs et al.
showed that to obtain less than 10% of variation in modelling predictions of composite strength,
several hundreds of fibres should be tested to characterise the Weibull distribution [6]. While several
authors used 20 to 50 fibres to represent it [4,7-11], both studies [5,6] prove that a higher humber of
individual fibre strengths need to be obtained to accurately represent a Weibull distribution.

The most common method to characterize the mechanical behaviour of fibres is the single fibre test
[12]. Using this method, the fibre stiffness and strength can be directly obtained. Other methods as the
fragmentation test or dry bundle test have the great advantage of consuming less time to obtain the
same number of strength values but require data reduction. The drawback on the time consumption of
single fibre tests has been now diminished with the creation of automated testing equipment by Dia-
Stron Ltd, for example.
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2 MATERIALS AND METHODS
2.1 Materials

Using the automated testing equipment, four different types of carbon fibres were tested. The
properties of each fibre type according to the data sheets and the number of fibres tested are shown in
Table 1.

Fibre type Number of Diameter  Stiffness Tensile strength
tests [um] [GPa] [GPa]
(TTZ;?,) 217 7 230 4.90
(M?fsjl;)ighi) 170 7 234 4.83
(-ll-g&?,) 105 7 230 %53
(Miii?)(i)shi) % 5 425 4.61

Table.1 - Fibre types tested, data sheet properties and number of fibres tested.

The T700 and 34-700 fibres have similar stiffness and tensile strength but are produced by different
manufacturers. The goal is to compare the properties of the these two fibres and determine differences
in their Weibull distributions that may lead to different composite behaviour. The T300 fibre has the
same stiffness as the T700 but lower tensile strength. It’s expected that the T300 fibre has a lower
Weibull scale parameter but it’s not straightforward to predict the variation in Weibull modulus. The
HS40 fibre is almost twice as stiff as the other fibres but has lower strength than that of the T700 and
34-700 fibres. The Weibull scale parameter is therefore also expected to be lower for HS40 than for
the T700 and 34-700 fibres.

A unidirectional composite panel made of HS40 fibres and ThinPreg™ 736LT resin was
manufactured to determine the fibre stiffness for this fibre type. The panel was manufactured by laying
up prepregs and cured in an autoclave according to the manufacturers recommended cure cycle [13].
The 10 specimens produced were 0.5 mm thick, 15 mm wide and 250 mm long.

2.1 Methods
2.2.1  Single fibre testing

The single fibre tests were performed with the automated testing equipment developed by Dia-
Stron Ltd. Each fibre is mounted onto two omnidirectional plastic tabs, where each tab holds one of
the fibre ends. The tabs are placed in a cassette with slots for multiple fibres. The cassette helps in
obtaining an accurate gauge length by providing the slots for the plastic tabs with a pre-defined
distance between them (12 mm in this work). Each tab has a v-shaped slit that helps aligning the fibre.
A droplet of an UV curing adhesive is then placed over each tab to fix the fibre and tab. The adhesive
is cured by illuminating it with a UV lantern for 15 seconds. The entire fibre mounting procedure takes
1-2 minutes per fibre.

When all the slots in the cassette have been filled, the cassette in mounted on the testing equipment.
From this moment on, the procedure is automated. Each fibre is automatically picked up from the
cassette and placed on the tensile testing machine. The equipment is a combination of a laser
diffraction system for the diameter measurement and a tensile tester (see Fig. 1). The diameter of each
fibre is measured at one point in the fibre’s axial direction for the several angles in the fibre radial
direction. The fibre diameter used is the average of all measurements. The tensile tests were carried
out with a cross-head displacement rate of 0.6 mm/min.
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Figure 1 — Single fibre testing equipment consisting of a laser diffraction measurement system and a
tensile tester.

In order to remove the machine compliance from the calculations, 15-20 fibres were tested with a
gauge length of 4 and 20 mm. The machine compliance removal was done using the method described
by ASTM C1557-14. By removing the system’s compliance, the true stress-strain behaviour can be
determined and hence the stiffness of the fibres calculated.

The fibre strength for each fibre was determined by extracting the maximum stress carried by the
fibre prior to its failure. A two-parameter Weibull distribution was then fitted to the fibre strength
values for each fibre type. The fitting was performed with Matlab 2018a function wblfit, which returns
the maximum likelihood estimators for the Weibull modulus, m, and scale parameter, co. The same
function also returns the 95% confidence intervals on the Weibull parameters.

2.2.2 Tensile testing composites

Tensile tests were performed on the UD composite specimens made of HS40 fibres and ThinPreg™
736LT resin. The tensile testing machine used was a Zwick Roell Z100 equipped with a 100 kN load
cell. The cross head displacement rate used was 1 mm/min. The strain was measured for the ten
specimens using an optical extensometer incorporated in the tensile testing machine.

2.2.2  Matrix Burn-off tests

Matrix burn-off tests were performed according to ASTM D2584-02. The remains of each
composite specimen were analysed separately, so that the fibre volume fraction for each specimen
could be evaluated. The final goal was to back-calculate the fibre stiffness from the tensile stress-strain
response of the composite specimens.

3 RESULTS AND DISCUSSION

3.1 Fibre diameter

The fibre diameter was measured for all the fibres tested using the laser diffraction system. In order
to verify the accuracy of the method, a statistical study was performed on the fibre diameters for each
fibre type. Figure 2 shows a histogram of the fibre diameters for each fibre type. Each histogram
contains a line that represents the expected fibre diameter according to the data sheet.
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Figure 2 — Fibre diameter histogram and data sheet value represented by the dashed line for different
fibre types.

All histograms show the peak for a lower value than the data sheet value. The difference between
the two is lower than 0.5 um for all cases, so it may be that the fibre manufacturers simply round up
the value in the data sheet. During the experiments, the laser diffraction system failed to measure 32%
of the HS40 fibres mounted. Those fibres were not taken into account for the results. Given that the
histogram for this fibre does not show a low end tail, it is likely that the smaller fibre’s diameters were
not measured due to a limitation in the measurement method. No correlation was found between the
fibre diameter and fibre strength or stiffness for any fibre type, so the results gathered are believed to
be not biased. Further work on the fibre diameter measurements should be done to confirm that the
histogram is missing the left tail and this is not a real effect.

3.3 Fibre stiffness

The fibre stiffness was measured for all fibres as a function of applied strain. Figure 4 shows the
stiffness-strain dependency for a representative fibre of each fibre type. The dashed line represents the
linear fit for the stiffness-strain diagrams of all the fibres from the same fibre type. The stiffness-strain
diagram for each fibre was measured in intervals of 0.1% with a 0.08% overlap. The first strain
interval for each fibre was therefore from 0 to 0.1%, the second from 0.02% to 0.12% and so on. In the
figure, VE is the stiffness-strain rate and Eo is the initial stiffness, determined as the intersection of the
fitted line with the Y axis.
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Figure 3 — Stiffness-strain diagram for a representative fibre of each fibre type. VE is the coefficient of
variation of stiffness with strain and Ey is the initial stiffness of the fibre

All fibre types show an increasing stiffness with the applied strain. This has been observed first by
Curtis [14] and has been investigated further in literature. The data presented in this paper confirms the
trends and provides further information on different fibre types. The T700, 34-700 and T300 fibre
types show differences in the stiffness-strain rate although the initial stiffness is similar. The HS40



carbon fibre, despite having almost twice the initial stiffness, increases the stiffness at a similar rate as
the 34-700 fibre. The stiffening of the carbon fibre does not show a correlation with the fibre’s initial
stiffness. The stiffening effect is therefore relevant and should be taken into account in modelling of
composites.

The initial elastic modulus for the T700, 34-700 and T300 fibres were measured to have values in
agreement with the data sheet values. The HS40 fibre appears to have a higher initial stiffness than the
one mentioned in the data sheet. To verify this deviation, tensile tests were performed on ten UD
composites specimens made with the HS40 fibres. Using the results from the matrix burn-off tests, the
stress carried by the fibres was determined. Figure 4 shows the stress-strain diagrams calculated for
100% fibre volume fraction. The slope equivalent to the elastic modulus of the fibres reported in the
manufacturer’s data sheet is also represented with the dashed line. For the two diagrams with a load
drop at approximately 0.6% strain, splitting occurred during the test.
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Figure 4 — Average stress strain response of the fibres in each tensile tested specimen (solid lines) and
the manufacturer’s datasheet stiffness (dashed line).

The stress-strain diagrams show that the back calculated elastic modulus of the fibres is
significantly different between specimens. The manufacturer’s data sheet value for fibre stiffness is
well aligned with the average elastic modulus of the fibres determined over all the specimens tested.
No information is provided by the manufacturer on the determination of the fibre properties but the
most common method is the impregnated bundle test (ISO 10618:2004, for example). This
methodology is equivalent to the tensile tests performed in the UD composite specimens, explaining
the similarity in results between the back-calculated fibre stiffness and the manufacturer’s data sheet
value.

The high variability in the slope of the stress-strain diagrams shown in Figure 4 may indicate why
the fibre stiffness determined by the single fibre tests differs from the average fibre stiffness
determined by the tensile tests. The HS40 fibre is a high modulus fibre and data reported for other high
modulus fibres shows that these fibres tend to be very anisotropic [15]. It is therefore possible that a
small variation in fibre misalignment between specimens explains the variability in the fibre stiffness.
The classical laminate theory was then used to determine the magnitude of the angle that a UD
composite needs to be shifted from the loading direction to obtain the differences observed. An angle
between 0° and 3° is sufficient to cause the decrease in fibre stiffness observed.

3.2 Fibre strength

Figure 5 shows the data points corresponding to the strength of each individual fibre and the line
representing the Weibull fit for each fibre type. The Weibull parameters and corresponding 95%
confidence intervals are also shown in the figure.
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Figure 5 — Weibull fitting for the strength of each fibre type.

The T700 and 34-700 fibres have similar Weibull scale parameter, o, but the Weibull modulus, m,
is significantly different. The lower Weibull modulus of the T700 fibres means that these fibres have
more variable strength. When in a composite, more of the weaker fibres will tend to break at lower
applied stresses but also more of the stronger fibres will prevent the failure of the composite. The
T300 fibres have a lower oy , which is expected as their stiffness is similar to the T700 fibre but they
have a lower tensile strength. Although the HS40 fibres have twice the stiffness but lower tensile
strength compared to the T700 and 34-700 fibres, their o, is observed to be higher. This fibre has a
higher Weibull modulus than the T700 and 34-700 fibre, which has an influence on the tensile strength
of the composite, used to determine the fibre’s tensile strength. The o, therefore cannot be used to
linearly scale the tensile strength of the composite.

4 CONCLUSION

The use of automated single fibre tensile testing was taken advantage of to acquire extensive single
fibre properties samplings. Four different fibre types were analysed to verify the limitations of the
automated testing machines and gain new insights into the properties of different carbon fibres.

The diameter measurements showed limitations in measuring the HS40 fibres, with a diameter
according to the data sheet of 5 um. The left tail of the diameter histogram is missing from the
measurements and 32% of the fibres were not possible to measure, showing the limitations in the
diameter measurement. The other fibre types showed that the measurements are consistent with the
manufacturers data sheet, assuring the accuracy of the testing equipment for those fibre types.

All fibre types stiffen with the applied strain. The stiffness-strain rate differs between fibre types
though. The HS40 fibre, despite having a higher initial stiffness, increases the stiffness at a similar rate
as the 34-700 fibre type. The carbon fibres with similar initial stiffness also have different stiffness
increase rates, showing that the stiffening does not correlate with the initial stiffness. The stiffness of
the HS40 fibre was higher than expected. Tensile tests on UD composites made with this fibre type
showed that the average back calculated stiffness matches with the manufacturers information,
possibly due to fibre misalignment.

The T700 and 34-700 fibres, despite having similar stiffness and tensile strength, show different
values of Weibull modulus. The Weibull modulus can have an influence in the strength of a composite
material, making it important to know both Weibull parameters. The T300 fibre expectedly shows a
lower Weibull scale parameter compared to the T700 and 34-700 fibre due to its lower tensile strength.



The HS40 fibre shows a higher Weibull scale parameter than the T700 or 34-700 but its Weibull
modulus is higher, which has an influence on the composite’s tensile strength.
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