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Abstract. In this work the influence of different
configurations in the sample preparation process on
commercial polyacrylonitrile-based carbon fibers
mechanical tests were studied. M echanical properties, such
as tensile strength, Young's modulus, elongation and
Weibull modulus, were evaluated. The results showed that
all sample preparation steps may have strong influence on
the results.
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1. Introduction

Since the 90's the use of carbon fibers has been
growing rapidly. The performance/priceratio is rising and
market conditions increasingly favor lighter and stronger
commercial products designs [1].

Carbon fibers combine exceptional mechanical
properties and low weight, which makes them ideal
composite reinforcements. An important amount of
scientific and technol ogical work has been done to improve
the mechanical properties of carbon fibers[2] and the fiber
strength property is the most influential factor on the
strength of the composites [3].

An important issue in the mechanical properties of
fibersistheir variability. Tensile tests on individual fibers
show a wide range of strengths and remarkable sample
size dependence analogously to the weakest link [3-4],
which means that the critical flaw in the fiber will control
its strength [5].

This type of variation is typical of those fibers
containing adistribution of flaws along their length. Hence,
the probability of a flaw on a given length to occur in the
test section increases with increasing gauge length [4]. As
in brittle materials, carbon fibers tensile strength is
controlled by structural flaws[6]. The strength of a carbon
fiber is limited by defects of varying severity randomly

distributed along its length, the most damaging flaws being
the least frequent. The average strength of short fibers is
thus greater than that of the long ones [7]. Therefore, the
fiber strength is not a unique specific value; it varies from
one fiber to another and depends on the length over which
it is measured. Tensile tests on fibers show that the
measured average strength is strongly dependent on the
test section gauge length [4, 5, 7], but, obviously, there is
a minimum length which allows to carry out experimental
measurements of strength on an individual fiber. Most
analyses extrapolate fiber mean strength and strength
distribution data obtained at longer lengths[5]. The authors
[5] consider that the most appropriate extrapol ation to short
lengths is performed by means of a linear logarithmic
dependence of gauge length with the tensile strength,
however, in many cases, extrapolating fiber mean strength
and strength di stribution data obtai ned at long gaugelengths
overestimates the fiber strength at short gauge lengths [8]
and has to be examined extremely carefully [5].

It is well known that experimentally measured
strengths of brittle solids, such as brittle fibers, are
subjected to high variability. The scattering of the values
can be described by the Weibull distribution function [3-
5]. In one of his most important works [9], Weibull studied
various cases, such as the yield strength of steels and fiber
strength of Indian cotton.

The Weibull modulus is not amaterial constant, but
gives a good indication of how homogeneous it is [10].

The strength probability distributions proposed by
Weibull for brittle materials have found numerous
applications. Weibull distributionisa convenient and natural
mean of characterizing the scale effect of strength, i.e., the
decrease of the strength with the increase of the specimen
size. The two-parameter Weibull distribution is apparently
the most widely used distribution function for fiber tensile
strength. The fiber fracture probability is given by Eq. (1).
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where s, isthe applied tensile stress, a and b stand for the
shape and scale parameters, respectively, | denotes fiber
length, and I is a normalizing parameter with length
dimension [11].

The objective of this work is to achieve a reliable
measuring system for individual carbon fiber filaments,
by the evaluation of different configurations for tensile
tests. A series of mechanical tests were carried out using
different gauge lengths, adhesives and support tabs.

2. Experimental

2.1. Materials

The fiber used in this work was a commercial
polyacrylonitrile (PAN)-based carbon fiber manufactured
by Hexcel Carbon Fibers, under the trade name of
ASA-GP. The mechanical properties from the producer’s
datasheet are; tensilestrength of 4.3 GPa, Young' s modulus
of 228 GPa and elongation of 1.9 %. These values were
used as reference values in this work. The average
diameter of asingle filamentis 7 mm.

To mount the filaments, two kinds of paper were
used as support tab: an ordinary and commercial office
paper of 75 g/cn? and acommercial tissuefor lenscleaning,
softer than the first one. The individual filaments were
fixed on the support tab using three different epoxy resin/
hardener ratios (30/70, 50/50, 70/30). The adhesive used
in this work was a commercial epoxy resin manufactured
by NHP Co. Inc., under the trade name of Epoxy 30. The
resin curing process was performed at room conditions.

2.2. Tensile Tests

Thetensile properties of carbon fibers sampleswere
determined using a single filament tensile test, according
to ASTM C1557 Standard [12]. The testing machine used
during this work was DMA Q800 — TA Instruments and
the force rate used was 0.150 N/min.

The filaments were carefully separated from the
carbon fiber tow and then mounted on a support tab as
shown in Fig. 1. Extreme care was taken to ensure that
the filament was aligned axially with the tensile direction.
Prior to the test, the support tab was cut at the sides of the
hole, leaving two pieces of paper with the filament endings
glued on them (only the filament between the grips).

The tensile strength is obtained from the ratio of
the peak force to the cross-sectional area of a plane
perpendicular to the fiber axis (Eq. (2)):

s =F/A )

where F isaforce to failure, N; A is fiber cross-sectional
area at fracture plane, .

The carbon fiber Young's modulus was calculated
followingthe procedure describedintheASTM C1557 Standard.
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Fig. 1. Support tab for testing fiber filaments according to
ASTM C1557[12]

Tensile tests were performed using different gauge
lengths (6, 9 and 12 mm). For each test, the force versus
cross-head displacement curve was constructed. From
the curve, theinverse of the slope of theinitial linear region
was obtained in m/N. By combining the Egs. (2), (3), (4)
and (5), we obtain Eq. (6), as follows:

e=D)f €

DL=D+CF 4)
s =B )
e:S_ :i:g
E ExA | ©)

where e is strain, DI is elongation of the gauge length, m;

|, is gauge length, m; DL isrecorded crpsshead displacement,

m; C, is system compliance, n¥N; E is Young's modulus.
The combination of Eq. (4) and (6) leadsto the Eq. (7):

DL _ Dl l,

_:_+CS:
F F E xA

Therefore, aplot of (DL/F) versus (I /A) will yielda
straight line with the constant slope of 1/E, as it is shown
inFig. 2.

The Weibull modulus was calculated for each
configuration (different support tabs, resin/hardener ratios
and gauge lengths) and was determined by plotting

Eq. (8) [9]:

+Cs (7)
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Ing?n—gz mxns - mAns (8)

e 1-Pg
where P is the probability of failure; mis the Weibull shape
parameter; s isthetensilestrengthands isthe scale parameter.
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The Weibull modulus is obtained by plotting
IN[In(1/(1-P)] versusIns. The probability of failurefor the
i-th observation is given by P = i/(N+1), where N is the
number of individual measurementsinaseries. TheWeibull

shape parameter (m) is obtained by linear regression.
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Fig. 2. Method for determining the Young's modulus

according to ASTM C1557 [12]

3. Results and Discussion

The results obtained for tensile strength, elongation

and Young's modulus are summarized in Table 1.

The tensile tests of the carbon fiber showed a brittle

behavior which is denoted by a straight line in stress versus
strain curve. For the 30/70 resin/hardener ratio, thisbehavior
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Fig. 3. Representative stress vs strain curves for different

resin/hardener ratios

Table 1

Results obtained for tensile stress, elongation and Young's modulus

. Gauge Tensle . Young's
Support tab Resrzt/ihoar;)mer Iengtgh, stress, GPa Elongation, % modulus, GPa
’ mm 4.3* 1.9* 228*

6 21+£0.8 1.0+£03

30/70 9 23+£0.6 1.2+03 340.4 £ 29.5
12 25+05 1.1+02
6 3.7+£0.3 1.0+£01

office paper 50/50 9 3.7+£0.3 1.2+01 288.6 +14.2
12 3704 1.3+02
6 41+05 1.1+02

70/30 9 3.6+£0.6 1.1+03 468.2+54.2
12 35+£0.8 1.1+03
6 1.2+04 1.1+06

30/70 9 1.5+08 1.2+04 2859+ 485
12 1.6+03 1.3+04
lens 6 39+£0.3 1.1+02

cleaning 50/50 9 3.8+£0.3 1.2+01 366.6 £ 36.3
tissue 12 37+04 14+02
6 3.6+£0.6 1.8+04

70/30 9 40x0.7 1.2+02 281.5+12.1
12 3.8+£05 1.3+01

* Referencevalues from the producer’s data sheet, asdescribed in section 2.1
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was noticed only at the initial part of the curve, which is
followed by a non-linear portion, indicating a plastic
deformation. In this case, the values of tensile strength and
elongation utilized werethose obtai ned fromthelinear portion
of the stress versus strain curve (Fig. 3).

The non-linear portion in the stress vs strain curve
was attributed to an incomplete resin curing process. A
period of 48—72 h was needed to perform the tensile test
of the 30/70 resin/hardener ratio samples in both types of
support tab, while samples prepared with the other two
resin/hardener ratios needed only a period of 12 h for
complete curing.

The values obtained for tensile strength were close
to those listed in producer’s data sheet which was used as
reference value. Although the tensile strength results for
50/50 and 70/30 resin/hardener ratio were very close to
each other, the latest, using office paper configuration
almost reproduced the producer’s data sheet value.

As expected, the short gauge length configurations
showed higher val ues of tensile strength than the long gauge
length configurations. Elongation values did not show any
dependence on the gauge length value and, in fact, with the
exception of the results obtained from 70/30 resin/hardener
ratio using lens cleaning tissue, all the others showed smilar
results. When using the lens cleaning tissue, it was very
difficult to mount the single filament on the support tab and
this fact could contribute to the increase of the amount of
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flaws and interfere in its non-alignment on the support tab.

The values of Young's modulus were calculated
according to the process described by ASTM C1557
Standard (Figs. 4 and 5). The 30/70 resin/hardener ratio
showed poor linear regressions (Figs. 4 and 5), while the
other configurations exhibited similar results showing
higher values of R2.

The values obtained for samples elongation were
lower while the values obtained for the tensile strength
werehigher, which resultedin higher valuesfor theYoung's
modulus than the one presented at the producer’s data
sheet used as a reference.

The 30/70 resin/hardener configurations showed
higher deviation for Young's modulus values while the 70/
30 resin/hardener ratio, using the lens cleaning tissue
configuration, exhibited valuescl oser tothe referencevalue.

The Weibull Modulus for each configuration tested
was calculated according to Eq. (8). The results obtained
are summarized in Table 2.

The graphical representations of the calculations of
the Weibull Modulus by linear regression are illugtrated in
Figs. 6-11. The 30/70 (Figs. 6 and 9) and 50/50 (Figs. 7 and
10) resin/hardener ratios showed smilar results, exhibiting a
linear regression not as good as the 70/30 resin/hardener ratio
(Figs. 8 and 11). The samples mounted over office paper
(Figs. 6, 7 and 8) showed similar results to the samples
mounted over lens cleaning tissue (Figs. 9, 10 and 11).

Fig. 4. Young's modulus of samples mounted over office paper with different resin/hardener ratios: 30/70 (a); 50/50 (b)
and 70/30 (c)
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Fig. 5. Young's modulus of samples mounted over lens cleaning tissue with different resin/hardener ratios:

Table 2
Results obtained for Weibull modulus
Support | Resin/hardene Iczn a;tghe Weibull
tab rratio, % ' modulus
mm
6 2.48
30/70 9 4.10
12 5.48
i 6 12.44
gar');e 50/50 9 11.32
12 11.27
6 8.05
70/30 9 5.38
12 415
6 2.10
30/70 9 1.77
12 6.83
lens 6 18.61
cleaning 50/50 9 11.52
tissue 12 8.79
6 4.46
70/30 9 5.39
12 7.51

30/70 (a); 50/50 (b) and 70/30 (c)

The Weibull shape parameter “m” indicates the
degree of scattering on the strength being a smaller shape
parameter an indication of alarger scattering. In this way,
it can be regarded as a flaw frequency distribution factor
[9]. High values of “m” indicate that the flaws are evenly
distributed throughout the material, regardless of whether
they are plentiful or not, and hence strength is nearly
independent of the length. Low values of “m” indicate that
flaws arefewer andless evenly distributed, causing greater
scatter in strength [10]. The Weibull shape parameter has
also the physical meaning as the factor of size effect on
the strength [3]. T. Tagawa [3] confirmed that the tensile
strength in carbon fibers almost obeys the single modal
Weibull distribution. This suggests that the fracture of a
carbon fiber may be controlled by a single mechanism.

With regard to the fracture mechanisms of the
carbon fibers, it was proposed that the misorientation of
the graphite crystal layers controls the fracture. Weibull
shape parametersinaxial direction showed almost constant
value of four, irrespective of the carbon precursor and the
strength level [3].

The Weibull theory also states that for a material
with homogeneous quality having a nearly unimodal
distribution of flaw size, the value of the Weibull shape
parameter should be the same at all sample lengths and the
mean value of strength at the different lengths should
increase with the decrease in the length [10].
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Fig. 6. Weibull plots for tensile strength of 30/70 resin/hardener ratio — 6 mm, 9 mm
and 12 mm samples mounted over office paper

Fig. 7. Weibull plots for tensile strength of 50/50 resin/hardener ratio — 6 mm, 9 mm
and 12 mm samples mounted over office paper
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Fig. 8. Weibull plots for tensile strength of 70/30 resin/hardener ratio — 6 mm, 9 mm
and 12 mm samples mounted over office paper

Fig. 9. Weibull plots for tensile strength of 30/70 resin/hardener ratio — 6 mm, 9 mm
and 12 mm samples mounted over lens cleaning tissue
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Fig. 10. Weibull plats for tensile strength of 50/50 resin/hardener ratio — 6 mm, 9 mm
and 12 mm samples mounted over lens cleaning tissue

Fig. 11. Weibull plots for tensile strength of 70/30 resin/hardener ratio— 6 mm, 9 mm
and 12 mm samples mounted over lens cleaning tissue
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In this work the short gauge length configurations
showed higher values of Weibull modulus than the long
gauge length configurations and the higher values of
Weibull moduluswere obtained using 50/50 resin/hardener
ratio with the lens cleaning tissue — 6 mm configuration.
Thesmaller values of Weibull modulus were obtained using
30/70 resin/hardener ratio with the lens cleaning tissue —
6 mm configuration.

The 50/50 resin/hardener ratio showed the narrower
range of values, considering the three gauge lengths
evaluated.

4. Conclusions

A few sets of configurations were examined in this
work to measure carbon fiber strength properties and their
importance was verified by the obtained results, showing
that there is no sense in presenting just numbers without
describing in detail the test condition.

The 30/70 resin/hardener ratio showed much lower
values of tensile strength and a broad range of values.
Thisfact is attributed to anincompl ete resin curing process.
Young's modulus for 30/70 resin/hardener ratio showed
higher standard deviation caused by the larger range of
tensile strength values. However, both 50/50 and 70/30
resin/hardener ratios showed equally higher results for the
tensile strength and similar elongation values. For 50/50
resin/hardener ratio, tensile strength and elongation
presented similar values for both office paper and lens
cleaning tissue.

Both office paper and lens cleaning tissue showed
higher levels of tensile strength for 70/30 resin/hardener
ratio. Theelongation results, using office paper, werewithin
ashort range for all configurations. The measured Young's
modulus was higher than the reference value of 228 GPa
for the reasons already mentioned.

The lens cleaning tissue configuration combined
with 70/30 resin/ hardener ratio exhibited the closest
Young's modulus value to the reference (280 GPa). As
expected, high values of tensile stress were obtained for
shorter gauge lengths. This is credited to an increased
number of flaws when higher gauge lengths were used.

Because of the scattering of the tensile strength
values, a statistical procedure employing the Weibull
concept was used. The values of Weibull modulus varied
from 2.48 to 18.61. For most of the configurations, high
values of Weibull Modulus were obtained for shorter gauge
lengths. Higher values of Weibull modulus and narrower
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range of values were established for 50/50 resin/hardener
ratios, indicating homogeneous quality and unimodal
distribution of flaws. In the case of 30/70 resin/hardener
ratio, the incomplete resin curing process caused a broad
range of tensile strength values, leading to smaller values
of Weibull modulus. The resin/hardener ratio showed
influence on the Weibull modulus, while the type of support
tab showed almost no influence.
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BIIJIMB CITOCOBY IMPUT'OTYBAHHS 3PA3KIB
HAMIIHICTD BYITIEHEBOI'O BOJIOKHA
HA OCHOBITIAH

Anomauisn. Busueno eniue piznux konghicypayitl 3paskie y
npoyeci ix NpucomMy8aHHa HA MEXAHIYHI 8I1ACMUBOCTI BY2lelyesUx
6on0kon Ha ocrogi noniakpunonimpuny (ITAH). Jocniooxceno maxi
MeXaHiuHi 61ACMUB0CMI, IK MIYHICMb HA PO3PUBAHHSL, MOOYIb FOHea,
no0oegceHtss ma mooyaw Betioyina. [lokazano, wo eci cmaoii
nio2omoeKu 3pazka Mailoms 3HAUHUL GNAUE HA MeXAHiuHi
enacmugocmi 6upooy.

Knrwouogi cnosa: noniaxpunonimpun, gyeneyese 6010KHO,
MEXAaHiyHi 61acmuocmi, mecmy8anHs mamepiany.



