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ABSTRACT

The mechanical and damage properties of single fibres used in fibrous composite have gained tremendous importance
in recent years. These properties are used in determination of effective properties of composites by micromechanics.
These are also used in the micromechanical damage modeling. Further, these properties are used as an indicator of the
excellence of product by manufacturers. In the present study the axial tensile modulus, ultimate strength and failure
strain of single fibres are determined for carbon and glass fibres. ASTM D3379-75 standard is followed and a number
of fibers are tested for statistical analysis. The axial tensile moduli measured are 246.7 GPa and 93.3 GPa, respectively
and strength are 3031.6 MPa and 2035.9 MPa, respectively for carbon and glass fibres. Further, the respective axial
tensile failure strains are 0.0137 and 0.0224. The error in the measurement of axial modulus is below 8% while for axial

tensile strength is below 1%.
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1. Introduction

Fibers are the principal load carrying component of a
composite. The characteristics of the fiber significantly
influence the effective mechanical and damage properties
of the composite fabricated from it. The mechanical and
damage properties of individual constituents, that is fibre
and matrix, are essential in a micromechanical analysis
of composites for effective properties and damage
evaluation, for example see [1-3]. Since most of the high
performance fibers are transversely isotropic, five me-
chanical constants are to be determined in order to cha-
racterize the fiber. There are several techniques available
to determine these constants. In this work, simple ex-
perimental techniques are adopted to completely charac-
terize the fiber. These experiments are conducted on sin-
gle filaments. Carbon fiber, a transversely isotropic fiber
and glass fiber, which, is isotropic in nature, are used to
illustrate these experimental techniques.

In most of the micromechanical analysis the mean or
average properties are used. However, the variation of
properties can have significant effect on the final results.
Hence, one needs statistical information about the indi-
vidual constituent properties for detailed micromechani-
cal analysis. In the present study another emphasis is
given to create the statistical data for the behaviour of
these fibres.

The experimental procedures to determine the axial
Young’s modulus and ultimate axial tensile strength of
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single fibre have been explained in detail in this work.
These properties are determined following ASTM
D3379-75 standard as given in [4]. The other approaches
can be seen in the works of [5-7]. Measuring the modulus
and strength by conducting a tensile test on a strand of
fibres is very popular in fibre manufacturing industry (for
example, see [8]). The single fibre and strand tests have
their own pros and cons. For example, the single fibre
testing method is time consuming. The strand testing is
simple and can be done quickly and it gives the average
properties. However, there can be problems of aligning
of all fibres in the strand with the load applied, the fric-
tion between the fibres, twisting of the fibres, etc.

A detailed study has been carried out by the authors in
[8]. In this work various elastic and damage property
measurements of the carbon and glass fibres have been
attempted. However, in this article we present the meas-
urement of axial tensile Young’s modulus, ultimate
strength and failure strain of single carbon and glass fi-
bres.

The present work is a step towards a complete experi-
mental characterization of single fibres for mechanical
and damage properties evaluation. These properties, in
turn, will be used for micromechanics based damage
modeling of indigenous fibrous composites in this or-
ganization, for example see 2, 3.

2. Measurement of Fibre Diameter

To study the scatter in diameter of fiber specimen, an
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advanced optical microscope (model ZIESS AXIO Imager,
Mlm, with maximum possible magnification up to
1000x) is used to measure diameter of carbon and glass
fibers. Bundles of fibers are cut into very small pieces
and mixed with few milliliters of methanol. This suspen-
sion is stirred completely in order to separate out single
filaments. The suspension is then poured on a glass slide.
The slide is placed undisturbed till all the methanol
evaporated, leaving only single fibers on the slide. The
slide is then observed under the optical microscope.
Magnification of 200 is used to capture the fiber speci-
men pictures. The diameter is directly measured from the
image obtained. The mean diameter is determined and
used in all the calculations.

A total of five fibers of each type are measured. Four
measuring points are taken along the length of each fiber
specimen. The variation in the diameter along the length
of the fiber is found to be negligible and so the mean
diameter of each specimen is taken as the average of di-
ameters at those two measuring points. A significant
scatter in the diameter of different fiber specimens is
observed for each fiber type.

3. Tensile Test on Single Fibre

The tensile test is performed on single filaments of car-
bon and glass in order to find their axial tensile modulus,
ultimate strength and failure strain, according to ASTM
D3379-75 [4]. An INSTRON 1195 machine is used, with
a 100 g load cell. The cross-sectional area of a single
fiber is calculated using the mean diameter determined
by the procedure given in above section. The details of
the stepwise experimental procedure are given in the
following subsections.

3.1. Preparation of Specimens

The tab for mounting the specimen in the machine is
prepared out of thick paper. A slot of length equal to the
gage length is cut out in the middle of the tab as shown in
Figure 1. A single filament is randomly chosen from the
fiber bundle and pasted at both the ends of the slot in the
paper tab using suitable adhesive. The actual gage length
of the fiber is measured using a vernier caliper to the
nearest 0.1 mm.

3.2. Testing of Specimens

The specimen to be tested is mounted on the INSTRON
machine. Immense care is taken to ensure that the axis of
the fiber is aligned in-line with the axis of the cross-head
in order to simulate a uniform stress condition over the
cross-section of the fiber. The full-scale load is setto 1 N
and the cross-head and chart speeds are set to 0.2 mm/
min and 50 mm/min, respectively. Without disturbing the
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setup, both sides of the tabs are cut carefully at the
mid-gage as shown in Figure 1. The specimen is then
tensioned with the chart recording the test load and
elongation till the specimen failed. A total of 12 carbon
fiber filaments of mean diameter 6.82 um and 10 glass
fiber filaments of mean diameter 15.92 pum are tested.
The optical micrographs of a sample carbon and glass
fibres are shown in Figures 2(a) and (b), respectively.

3.3. Determination of System Compliance (C)

The machine is calibrated and the system compliance is
determined before testing the specimens. Specimens of
different gage lengths of 10, 20, 30 and 40 mm are pre-
pared as described in Section 3.1 and tested as per Sec-
tion 3.2. From the chart obtained for each specimen, |,
the full-scale elongation of the specimen is calculated by
extrapolating the initial straight line portion of the load
displacement curve till the full-scale load, as shown in
Figure 3. Using the full-scale elongation, the indicated

cut the paper tab here after

/ gripping Glue or wax

] x
{»} C%/ {}‘ e
area

[&——— gage length

Paper tab Fibre

Figure 1. Single fibre specimen for axial tensile testing.
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Figure 2. Optical micrographs of (a) carbon and (b) glass
fibres under 200x magnification.
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Figure 3. Typical load displacement curve showing pre-load,
yield point, full scale load and elongation.
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compliance is calculated. Now, the compliances of all the
specimens are plotted against their gage lengths. A best
fit line is drawn for these set of points. The Y-intercept of
this line, which indicates the system compliance, (Cs ) ,
is determined. The true compliance is determined by
subtracting the system compliance from the indicated
compliance as follows.

c,-1H
Fs (1)
C=C,-C,

where,
| = full-scale elongation, mm;
P = full-scale load, N;
H = cross-head speed, mm/min;
S = chart speed, mm/min;
C, =indicated compliance, mm/N;
C, = system compliance, mm/N;
C =true compliance, mm/N.

3.4. Calculation of Axial Modulus and Ultimate
Tensile Strength

The axial modulus of the specimen is calculated as

L

E - )

where, L =gage length of the specimen, mm, A =
average cross-sectional area of the specimen, MM |
E, = axial modulus of the specimen, GPa.
Also the load at failure is obtained from the chart and
the ultimate tensile strength of the specimen is calculated
F
o = 3)
where,
oyt =U ltimate Tensile Strength and F = Load at
failure
The error or uncertainty in the measurements of axial
modulus can be given using Equation (2) as follows:
A_EL — A_L + £ + A_A (4)
E, L C A
The error in the measurement of the compliance is
combined error of indicated compliance and system
compliance. However, we assume that these errors are of
the same order as the system compliance is measured
from indicated compliance. The error in the indicated

compliance using Equation (1) is given as
A_Ca = A_I + A_P + ﬂ + A_S (5)
C, | P H S

The error in the measurement of ultimate tensile
strength is given from Equation (3) as
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4. Results and Discussions
4.1. Measurement of Fibre Diameter

The diameters of carbon and glass fibres are determined
as per the procedure given earlier. The mean diameters
and standard deviations for these two fibres are reported
in Table 1.

The scatter in the diameter of carbon fibers is less as
compared to scatter in diameter of glass fibers. Though
the scatter in the diameter of the fibers seems not to be
significant (<10%), the effect of this scatter (if not con-
sidered) will be a resultant scatter of twice this magni-
tude (about 13% in this case) in the calculation of tensile
strength and axial modulus. This is because the tensile
strength and axial modulus are inversely proportional to
the square of the diameter.

4.2. Measurement of System Compliance

The system compliance is obtained as per the procedure
discussed in the Section 3.3. The specimens of different
gage lengths in the range of 20 to 40 mm are prepared
and tested under axial loading. The indicated compliance
for these specimens is computed. These are then plotted
as shown in Figure 4 for glass fibres. The best fit line is
then drawn. The equation of this line is

C, =0.106X+0.041 (7)

where, X represents the length in mm. The y-intercept,
that is, 0.041 is the system compliance, C,. Similar
procedure is carried out for carbon fibres.

4.3. Measurement of Axial Modulus and
Ultimate Tensile Strength

The axial modulus and ultimate tensile strength of both
carbon and glass fibres are measured for a gage length of
25 mm. The stress-strain curves for all the specimens of
carbon and glass fibres are shown in Figures 5 and 6,
respectively. The stress in the fibre at given load is cal-
culated using mean diameters as given in Table 1. From
these figures it can be seen that the stress-strain

Table 1. Mean and standard deviation for carbon and glass
fibres diameter.

Fibre Carbon Glass
Mean (pm) 6.82 15.92
Standard deviation (pm) 0.129 0.996
Standard deviation (%) 1.9 6.3
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Figure 4. Determination of system compliance for glass

fibres.
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Figure 5. Stress-strain curves for carbon fibre specimens.
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e 6. Stress-strain curves for glass fibre specimens.

curves are linear till final fracture for both carbon and
glass fibres. This indicates that these fibres are brittle in
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nature. From these figures it can be seen that the curves
overlap each other in the initial part for both carbon and
glass fibres. However, there is a scatter in the axial
modulus. The scatter in axial modulus is shown in Fig-
ures 7 and 8 for carbon and glass fibres, respectively.
The mean and standard deviation for the axial modulus
and ultimate tensile strength for these fibres have been
reported in Table 2.
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Figure 7. Scatter in axial modulus of carbon fibres.
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Figure 8. Scatter in axial modulus of glass fibres.

Table 2. Mean and standard deviation in axial Young’s
modulus and tensile strength.

Fibre Carbon Glass

Property Modulus Strength dulusMo Trengths

Mean 246.72 GPa 3031.76 MPa 93.32 GPa 2035.95 MPa

Standard ) 1o GPa 60116 MPa 477 GPa  347.34 MPa
deviation

Standard 5.87% 19.86% 5.11% 17.06%
deviation
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The fibres fail at different ultimate tensile loads. These
can be seen from the Figures 5 and 6. The scatter in the
ultimate tensile strength is shown in Figures 9 and 10 for
carbon and glass fibres, respectively.

From Table 2 and the results reported in literature (for
example, [9,10]) it can be seen that the axial tensile
modulus and strength properties of the carbon and glass
fibres studied are in good agreement. Further, the statis-
tical data generated from this study will be used, as a
sample data, for the study of effect on damage behaviour
of unidirectional fibrous composites.

Remark: The exact specifications like pre-cursor ma-
terial, fabrication type and name of the fibre and its
manufacturer of the carbon and glass fibres tested here
are not known to us. Hence, when comparing these pro-
perties we look at the range of the properties of the
similar fibre.

4.4. Axial Strain at Failure

The strain values at the failure point for all the specimens
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Figure 9. Scatter in axial tensile strength of carbon fibres.
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Figure 10. Scatter in axial tensile strength for glass fibres.
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are known. The mean values and the standard deviation
of the failure strains are reported in Table 3. The mean
failure strains reported here are in good agreement with
the results reported in literature [9,10].

4.5. Error in Measurement of Axial Young’s
Modulus and Tensile Strength

The error in the measurement of axial Young’s modulus
is calculated using Equation (4) as follows:

The error in the measurement of length of the speci-
men for a length of 25 mm in percent is

A—L>< 100 = % =0.4% . Similarly, the error for the mea-

L
surement of cross sectional area of the fibre is

A—Azﬁok. Here, d is the mean diameter of the

A d
fibre. For carbon fibre this error in percentage is

-5
ﬁx 100 = &x 100=0.3% and for glass fibre

d 6.82x107°
it is 0.2%.

The error in the measurement of system compliance is
calculated using Equation (5). Thus, putting the values
we calculate the percentage errors in

Al 0.001

x100=0.26% in carbon fibre and 0.16%

for glass fibre, % = %x 100 =0.6% for carbon fibre

and 0.16% for glass fibre, % = %x 100=5%,

E = 0.5 x100=1%.
S 50

The percentage error in the measurement of ultimate
load is of the order 0.6% for carbon fibre and 0.16% for
glass fibre.

Thus, the error in the measurement of axial modulus is
less than 8%. Further, the error in the axial tensile

strength is less than 1%.

5. Conclusions

The axial tensile modulus, ultimate strength and failure
of single carbon and glass fibres have been determined
using ASTM D3379-75 standard. The mean axial tensile
modulus of the carbon and glass fibres is 246.7 GPa and
93.3 GPa, respectively. The standard deviation in these

Table 3. Axial failure strains for carbon and glass fibres.

Fibre Carbon Glass
Mean 0.01374 0.02244
Standard deviation 0.00214 0.00349
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moduli is 14.5 GPa and 4.8 GPa, respectively. The mean
axial tensile strength of the carbon and glass fibres is
3031.6 MPa and 2035.9 MPa, respectively. The standard
deviation in these strength values is 601.16 MPa and
347.3 MPa, respectively. The mean axial tensile failure

strains of these fibres are 0.0137 and 0.0224, respectively.

The error in the measurement of axial Young’s modulus
for both fibres is less than 8%. Further, the error in the
measurement of axial tensile strength is less than 1%.
The measured values of axial tensile modulus, ultimate
strength and failure strains are in good agreement with
the values reported in literature. The carbon fibre tested
here is an intermediate modulus carbon fibre whereas the
glass fibre is a high modulus glass fibre.

The scatter in the measured values of the axial
modulus, strength and failure strain is important informa-
tion for the statistical modeling of damage in the unidi-
rectional fibrous composite. Further, this methodology is
a stepping stone for measurement of axial compressive
strength of these fibres using tensile recoil test, which is
an interest of another article.
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