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Abstract:  The relationships between the mechanical properties and the microstructures of typical polyacrylonitrile-based carbon fi-
bers were studied on the basis of the elastic wrinkle model and Griffith microcrack theory. The effects of microcrystallite structure
and its preferred orientation on tensile modulus, the effects of microvoids and mass density changes on the tensile strength, and the
effects of internal residual compressive stress on the strain to failure, were analyzed, based on which the structural factors played a
key role in determining the mechanical properties of the fibers.
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1 Introduction nology, as well as the civilian fields like high-end
sporting goods and medical equipment'' ', Accord-
ing to literature, the mechanical properties of carbon
fibers are determined primarily by the structural de-
fects inside them or on their surface'®. The majority
of these defects are inherited from the precursor fi-
bers, which exist in the forms of micropores, surface
defects, etc. Their structural morphology, size and
distribution are linked closely to the process control
accuracy during the fabrication process'’*). With the

As a novel reinforcing material, carbon fiber has
a range of outstanding properties such as high specific
strength, high specific modulus, high electrical con-
ductivity, high thermal conductivity, low density and
heat resistance. Moreover, as a fiber, it also posses-
ses flexibility, self-lubricity, and can be knitted and
woven, which has thus gained broad applications in
the cutting-edge fields like aerospace, defense tech-
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advancement of carbon fiber fabrication process and
process control technology in recent years, a variety
of carbon fiber products with differing performances
have been introduced to the market successively,
which have become a prominent reinforcing material
among composites”>'. For these high-performance fi-
bers, the structural stability and refinement have
growingly become their common characteristics'”’.
Today, it is difficult to detect the defects on the sur-
face or inside of a typical commercial carbon fiber
simply by intuitive means such as electron microsco-
py. In other words, the high-precision carbon fiber
fabrication process and process control technology
have helped eliminate the existence of large-size de-
fects greatlym]. From another aspect, the high per-
formance of carbon fiber is achieved by precise con-
trol of the fine structure and large-scale defects. In
this context, carbon fibers with large-size defects have
been wiped out. Then, what are the roots or con-
straints for their mechanical properties?

From the comparison of mechanical properties a-
mong typical commercial carbon fibers, it is not diffi-
cult to find that aside from having high tensile
strength, the elongation at break of high-strength car-
bon fibers is also at a high level generally. Given the
high elongation at break, the modulus of such type of
fibers is rather low. High-modulus carbon fibers, on
the other hand, generally have a low elongation at

break, and accordingly their modulus increases rapid-
ly. As this study finds, the differences in mechanical
properties between the above two types of fibers are
correlated with their microstructure discrepancies and
the resulting differences in their fracture mechanisms.
Besides, the differences in mechanical properties can
also be explained by the diversity of microstructures.
On this basis, after systematic comparative analysis of
the crystalline structure, pore structure, radial struc-
ture heterogeneity, graphitization degree, internal re-
sidual stress, structural orientation and fractal phe-
nomenon for different types of carbon fibers, this
study explores the correlation between the mechanical
properties and microstructures of carbon fiber by em-
ploying the elastic wrinkle model and Griffith microc-
rack theory. Findings of this study are expected to
provide a support and theoretical guidance for the re-
search and stable production of high-performance car-
bon fibers in China.

2 Experimental

2.1 Specimens

The present experiment was conducted using va-
rious polyacrylonitrile ( PAN )-based carbon fibers,
all of which were purchased from Toray Industries.
Their basic information is shown in Table 1:

Table 1 Properties of carbon fibers from Toray Industries, Inc'®’.

Préiduict No: Filusiicnts Ienssnlil.%&;;ength Iens;l{i}];::dulus I:Iungull;;z at break L,);::?
T300B 6K 3.53 230 1.5 1.76
T series T7005C 12K 4.90 230 2.1 1.80
T800H 6K 549 204 1.9 1.81
T1000G 12K 6.37 204 22 1.80
M401B 6K 441 377 1.2 1.77
M1 series M551B 6K 4.02 540 0.8 1.91
M60IB 6K 392 588 0.7 1.93

2.2 Structural characterization

An AG-1 universal testing machine ( Shimadzu
Co. , Ltd. , Japan) was utilized to test the mechanical
properties of various types of carbon fibers in accord-
ance with the GB/T 3362-2017 Test Methods for
Tensile Properties of Carbon Fiber Multifilament. The
density of the carbon fibers was measured in a density
gradient column in accordance with the GB/T 30019-
2013 Measurement of Carbon Fiber Density. Raman
spectroscopy tests were performed on a XPLORA and
LabRam HR Evolution Raman spectrometers ( Jobin-
Yvon, Horiba).

Wide-angle X-ray diffraction (WAXD) was per-
formed on a PANalytical X’ Pert PRO X-ray diffrac-

tometer (Cu Ka, A = 0.154 1 nm, 40 kV, 40 mA).
The diffraction curves were fitted by the MDI Jade
5.0, and the structure parameters of all samples were
obtained as follows. The (002) peak from the equa-
torial scan was used to estimate the value of the aver-

age interlayer spacing, d yy,,, which was calculated
(6]

d o0 ) = ZS)\TG (1)

Where \ is the wavelength of the X-ray, and 6 is

the scattering angle. The (002) peak from the equa-
torial scan was also used to calculate the apparent
crystallite stacking thickness, L.. Meanwhile, the ap-
parent dimensions of crystallites parallel and perpen-

based on the Bragg’s law
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dicular to the fiber axis, L,, and L, were estimated

by using the meridian scan and equatorial scan of the

(100) peak, respectively. All the crystallite sizes, L,

and L, were calculated using the Scherrer’s formula'®’ .
KA

- Bcosh (2)

Where g is the full width at half maximum inten-
sity (FWHM) , and the form factor K is 0. 89 for L,
and 1.84 for L,'°'.

Small-angle X-ray scattering ( SAXS ) experi-
ments were performed on a SAXSess mc2 SAXS sys-
tem ( Anton Paar Co., Ltd., Austria). Approxi-
mately 1 mm thick bundles of fibers were arranged
parallel on the sample holder to conduct the experi-
ment. The scattered X-ray intensity was recorded u-
sing an image plate detector, and each measurement
was recorded for 1 h. The desmearing of collimating
error and the background correction of SAXS data
were done by the SAXS-quant 1. 01 software included
with the instrument'" "', For the determination of
parameters from SAXS several options were availa-
ble, namely Porod, Guinier and Debye-Bueche meth-
ods. They were generally well-established and appli-
cable for the quasi two-phase system of carbon fibers
as suggested in many related articles'"**). Based on
the Porod’ s law the influence of the local density
fluctuation on the structural analysis could be exam-
ined! - 13 .

Iobs<q>=l<q>+1ﬂ<q>=q—’iexp<bq2> (3)

Where I, (¢g) is the observed SAXS intensity u-
sing a pinhole collimating system, I(g) is the intensi-
ty component followed the Porod’s law, I,(¢g) is a
constant modelling the scattered intensity from elec-
tron density fluctuation in the phases, b is the Porod
factor which represents the deviation from a typical
two-phase system in this study, and the scattering
vector is calculated by g = 4wsind/A. Based on the
Debye-Bueche method, the intensity component
caused by microvoids could be separated from the to-
tal intensity and thus the radial dimension of micro-
voids could be determined by’

., loal(q)dgq (4)
I5q'1(q)dq

In a certain fractal system, the scattering intensi-

ty I(g) corresponding to each ¢ follows'"'*/
Inl(g) =Inl, — alng (5)
where [ is a constant, « is a parameter related to
the fractal dimension (0 <« <4). Surface fractal can
be determined if the In/(¢) ~Ing curve returned 3 < «
<4, and here the fractal dimension is given by "'/ ;
D, =6 -« (6)

Where D, is the surface fractal dimension which
to some extent represents the roughness of the internal
surface.

3 Results and discussion

3.1 Effects of the crystallite structure on tensile
modulus

It is universally acknowledged that the tensile
modulus of carbon fibers is affected directly by their
crystallite structure'®’. In this paper, a combination of
WAXD and Raman spectroscopy was used to analyze
the correlation between microstructure parameters and
tensile modulus of carbon fibers. In Fig. 1, the ten-
sile modulus variations of carbon fibers with crystallite
parameters are illustrated. It is clear that the tensile
modulus exhibits significant correlations with the ori-
entation angle z and the interlayer spacing d,, of crys-
tallites. As the interlayer spacing and orientation an-
gle increase, the tensile modulus of carbon fibers
tends to decrease gradually. Such trends approximate
linear relationships.

Similarly, with the increase of crystallite dimen-
sions ( stack thickness L., in-plane size L, ), both
types of carbon fibers exhibit significant increases in
tensile modulus, and such an increasing trend is not
directly related to the category of fiber series. This
phenomenon has been verified with both the reflection
and transmission mode of WAXD. Agreeing well
with the previous conclusion, the modulus may be
simply a mechanical parameter that is related to the
degree of perfection of fibers’crystalline structure, in-
cluding crystallite dimensions, interlayer spacing,
preferred orientation, etc.

Aside from the crystalline data obtained by
WAXD, other parameters like graphitization degree
derived from Raman spectroscopy are also correlated
to the tensile modulus of carbon fibers. In Fig. 2, the
correlation between the graphitization degree Ap/Aq
and the tensile modulus is depicted for carbon fibers.
As the data demonstrates, the graphitization degree,
which is closely related to the fiber crystallite struc-
ture, presents a similar pattern of effect on the tensile
modulus as the crystallite structure does. With in-
creasing the degree of graphitization, the tensile mod-
ulus decreases in a nearly linear manner, suggesting
that the enhancement of graphitization is conducive to
attaining high modulus. Additionally, the graphitiza-
tion degrees of fiber sheath and core have the similar
effects on the tensile strength and modulus. This sug-
gests that despite varying degrees of the radial struc-
ture heterogeneity among the carbon fibers, their im-
pact on tensile modulus is insignificant.
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Fig. 1 The dependence of Young modulus on (a) orientation angle, (b) interlayer spacing,
(¢) dimensions of crystallites and (d) stacking thickness.
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Graphitization degree A /A (a.u.) bove equation, it is clear that the tensile strength of
Fig. 2 The dependence of Young modulus on the graphitization carbon fibers is linearly correlated with the reciprocal

degree of the core and the skin of carbon fibers.

Similar to the effects of the crystalline structure
on the tensile strength and elongation at break, the a-
bove data all indicate that the tensile modulus of car-
bon fibers is correlated directly with the degree of
their crystalline structure perfection. To obtain a high-
modulus carbon fiber, the only way is to improve its
crystallite structure parameters and perfect the ordered
stacking of its disorderly graphite structure.
3.2 Effects of the microstructure on tensile
strength

The Griffith microcrack theory, as the foundation
of fracture mechanics for brittle materials, links de-
fects such as cracks in brittle materials to the tensile

square root of the defect size, and the data herein sup-
ports this point“ﬂ.

8

? L

Tensile strength (GPa)
w

2 . . .
0.7 0.8 0.9 1 1.1

Dimension of the microvoids /' (nm'2)

Fig. 3 The dependence of tensile strength on the radial
dimension of microvoids 7, .



- 806 - L

435 &

Owing to the advancement of fabrication
process, the large-size cracks, pores and defects in
high-performance carbon fibers have been eliminated
fundamentally. Hence, the internal defects that con-
stitute the fracture origin of carbon fibers are mostly
the internal nano-scale voids. In Fig. 3, the linear re-
lationship between the tensile strength of various types
of carbon fibers and the reciprocal square root of the
radial size of their internal pores is depicted. It can be
confirmed from the figure that the pore defects have a
direct impact on the tensile strength. However, the
functional relationship between the two is a straight
line with a slope and intercept, rather than a straight
line that passes through the origin (0,0). Obviously,
there are factors other than the voids affects the tensile
fracture process of carbon fibers, either directly or in-
directly.

Correlations are found regarding both the Porod
8
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coefficient and surface fractal dimension in the SAXS
analyses with the tensile strength. As shown in
Fig. 4, with the increase in these two parameters, the
tensile strength of carbon fibers presents a nonlinear
growth. The Porod coefficient characterizes the fluc-
tuation of mass density at the carbon fiber mi-
crodomains. And the surface fractal dimension is a
measure of the complexity of the microdomain struc-
ture, both of which may exert an impact on the tensile
strength by affecting the free surface energy of frac-
ture'""®'. This implies that for carbon fibers, the
stronger the microstructure fluctuations in mass densi-
ty and the higher the complexity of fracture surface,
the more work needs to be applied for achieving ten-
sile fracture. All in all, reducing the number of mi-
cro-defects and the size of micro-pores and enhancing
the complexity of microstructures all contribute to the
improvement of carbon fiber strength.
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Fig. 4 The dependence of tensile strength on (a) Porod factor and (b) surface fractal.
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Fig. 5 The dependence of elongation at break on (a) Raman G band shifts and (b) positions of (100)/(101) reflection.

3.3 Effects of the microstructure on elongation at
break

Elongation at break is an indicator that is easily
overlooked in the research of carbon fiber mechanical
properties. In fact, it is a very important indicator,
which characterizes the deformability of carbon fibers
under tensile stress, and interacts with the tensile
strength and modulus. A significant correlation is
found between the elongation at break and the micro-re-

sidual stress existing inside the carbon fibers. In Fig. 5,
the effects of Raman G peak shift and (100)/(101)
peak position on the elongation at break of carbon fi-
bers are illustrated. As the data demonstrates, with
the shift of G peak towards a high wavenumber or the
shift of (100)/(101) peak towards a high angle, the
elongation at break presents a gradual upward trend.
In our prior research, it is found by our group hat
the differences in Raman G peak shift and (100)/(101)
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peak position among various types of carbon fibers
should be attributed to the varying levels of compres-
sive residual stress inside. Such compressive stress
was released in a slow, gradual manner under the
temperature and stress fields, which further led to the
G peak shift towards a low wavenumber and the
(100)/(101) peak shift towards a low angle region.
The limit of such compressive stress during natural re-
lease is the ideal state of standard graphite. In other
words, under the action of temperature and stress fields,

i

¥ i ?

(a) (b)

Raman E,, vibrarion mode

Expansion of (100) planes

the limit of G peak shifts towards a low wave number at
~1580 cm™", namely the E,,, vibration mode of ideal
graphite, while the limit of (100)/(101) peak shift
towards a low angle region reaches ~0.213 5 nm,
namely the 100 plane layer spacing of ideal graph-
ite'”’. At that point, the compressive stress inside
carbon fibers is released sufficiently, the curled and
contracted state of graphite-like structure is eliminated
completely, and the C—C bond length is close to the
reported value for an ideal graphite, i.e. 0.142 1 nm.

Carbom fiber with microstrain

Fig. 6 Schematic diagrams of (a) in-plane E,,, vibration mode in Raman spectroscopy and

(b) the expansion of (100) planes along the fiber axis according to WAXD '3/

Fig. 6 shows the schematics of Raman E,, vi-
bration mode and 100 plane elongation along the fiber
axis in WAXD under tensile stress. Both methods of
characterization reflect the stress/strain changes along
the fiber axis in the graphite-net plane. The G peak
shift and (100)/(101) peak position are used as the
measures of residual compressive stress/strain state for
the carbon fibers. Their correlations with the elonga-
tion at break suggest that the strain of carbon fibers
under tensile stress is precisely a process in which the
internal compressive stress/strain undergoes deforma-
tion in response to the external stress. This constitutes
an important part of the tensile fracture mechanism for
the carbon fibers.

3.4 Discussion on the tensile fracture mechanism
of carbon fibers

Although the above results explain the microstruc-
tural factors that are critically influential to the tensile
strength, elastic modulus and elongation at break of
carbon fibers, a comprehensive and deeper probe into
the correlation between the microstructure and tensile
fracture mechanism are still needed, in order to under-
stand the tensile fracture mechanism of the fibers. In
prior studies, we analyzed the correlation between the
tensile modulus of carbon fibers and their structural

characteristics by using the elastic wrinkle model as the
theoretical basis, and found that the model used con-
formed basically to the laboratory data and production
parameters, which was capable of explaining many ex-
perimental phenomena in this paper as well ',

The relationship between tensile modulus and the
preferred orientation parameters is expressed by the fol-
lowing formula'? 2! .

1
B~ (8)

Where E_ denotes the tensile modulus that is cor-

rected with the following formula.

[,S, +km,

Ec =E0bsp_c <9>
Pobs

In the formula, p,, denotes the apparent bulk
density of carbon fiber, E . denotes the apparent ten-
sile modulus and p, is the crystal density determined
according to d,, and d,,, , whose value can be derived
with the method recommended by Northolt et al'",
Meanwhile, §,, denotes the in-plane flexibility of hex-
agonal carbon network, k denotes the environmental
resistance against the tilting of plane, and [,, m, are
the weighted means of function g(¢), both of which
are functions that characterize the preferred orientation
degree of carbon crystallites. The elastic wrinkle model
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emphasizes the contribution of the mechanical strength
of carbon hexagonal plane to the macro-mechanical
properties, which associates the macro-elastic modulus
to the mechanical properties and preferred orientation
characteristics of the carbon hexagonal plane. So it is
not hard to understand the presence of a direct correla-
tion between the tensile modulus of carbon fibers and
the preferred orientation angle z of their crystalline
structure. Noteworthy is that during the fabrication of
carbon fibers, with the application of high-temperature
and drawing tension, the crystallite orientation rear-
rangement and the internal compressive stress release
occur synchronously, and the crystalline structure ori-
entation optimization and the full-dimensional crystal-
lite growth occur simultaneously as well . The
well-crystallized carbon fiber crystallites also have a
high degree of preferred orientation in general, which
gives rise to the phenomenon of associations of crystal-
lite stack thickness L., in-plane size L,, interlayer
spacing d,, and orientation angle z with the tensile
modulus'®’, as shown in Fig. 1. What needs to be
clarified here is that according to the elastic wrinkle
model, the preferred orientation of the crystalline
structure is the primary influencing factor of elastic
modulus, while the remaining crystalline structure pa-
rameters may be in a subordinate position only *".
The aforementioned contents of internal compres-
sive stress form a supplement to the theory of elastic
crease removal. The elastic crease removal is precisely

Stress Internal stress

applicaton release

a process in which the internal compressive stress is
forced to be released, the crystallites are restructured
and rearranged, and the carbon fiber is elongated and
strained axially. Here, the correlations of elongation at
break with the Raman G peak shift and the (100/101)
peak position are also incorporated into the theory of e-
lastic crease removal, thereby summarizing the tensile
fracture mechanism of carbon fibers as follows:

(1) As shown in Fig. 7, the tensile fracture of
high-strength carbon fibers needs to undergo at least
three key stages, which, starting from the application
of stress, are the release process of internal stress, the
process of fracture origin formation and crack propaga-
tion and the final process of fracture failure, succes-
sively.

(2) After the application of external stress, the in-
ternal residual compressive stress is forced to be de-
compressed. At this point, with the gradual release of
residual stress, the Raman G peak shifts towards a low
wavenumber, while the (100)/(101) peak position
shifts towards a low angle direction ™. Of particular
noteworthy mention is that the release process of inter-
nal stress is also a process of internal crystallite orien-
tation fine-tuning and the elastic crease removal of
curled carbon layers. This is also why some research-
ers have found the enhancement of preferred orienta-
tion resulting from the optimization of the crystalline

structure upon application of tensile stress' %!

Crack initiation

and propagation failure

Fig. 7 Tensile fracture mechanism of carbon fibers'?! .

(3) The state of internal residual stress ( with ref-
erence to the initial positions of Raman G peak and
(100)/(101) peak) determines the tensile elongation
limit of carbon fibers, while the mechanical properties

of the crystallite carbon hexagonal plane and its degree
of orientation (with reference to the preferred orienta-
tion angle z of the crystalline structure) determines the
limit of tensile elastic modulus.
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(4) The occurrence of fracture origin depends on
the size and quantity of internal porous structure (with
a reference to the radial pore size and porosity derived
by SAXS), whereas the propagation of cracks is influ-
enced by parameters related to free surface energy of
fracture, such as the mass density fluctuation at the mi-
crodomains (with a reference to the Porod coefficient
derived by SAXS) and the surface complexity (with a
reference to the surface fractal dimension derived by
SAXS). The fracture origin and its propagation
process together determine when the tensile fracture oc-
curs, i.e. determine the tensile strength of carbon fi-
bers.

(5)No significant differences are noted in the ten-
sile fracture mechanism between the high-strength T
series and the high-modulus MJ series fibers. Never-
theless, the MJ series present enhanced preferred orien-
tation due to their smaller internal compressive stress
(both the G peak and (100)/(101) peak positions of
the MJ series are lower than those of the T series),
more intact crystalline structure and milder curled state
of crystallites. Therefore, they feature higher tensile e-
lastic modulus of carbon fibers. Meanwhile, it is also
precisely because of the smaller internal residual stress
that the internal stress release/elastic crease removal
process of this series is significantly shorter than the T
series. As a result, the elongation at break of MJ series
is significantly lower than the T series.

4  Conclusions

In this paper, the correlations between mechanical
properties and microstructures of carbon fibers are ex-
plored based on the elastic wrinkle model and Griffith
microcrack theory. The effects of crystallite structure
and its preferred orientation on tensile modulus, of mi-
crovoids and mass density fluctuation on tensile
strength, and of residual compressive stress on elonga-
tion at break are analyzed. Accordingly, the structural
factors which have played a critical role in the mechan-
ical properties of the fibers are identified, based on
which the tensile fracture mechanism is proposed and
discussed.
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