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Characterization of microvoids in
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The microvoids in PAN-based carbon fibres covering a wide range of crystallite size were
measured by the method using small-angle X-ray scattering on fibre bundles, and the frac-
tional content of voids and the parameters representing the cross-sectional size of voids
perpendicular to the fibre axis were determined. The variation in the shape and size distri-
bution of voids with crystallite thickness was considered by introducing an elliptical cross-
section model and a cross-sectional size distribution model. The electron density distribution
in the inside of a void was also considered. It is concluded that the electron density difference
between a void and the solid surrounding the void is relatively larger in the periphery than in
the inner part of a void, and that the electron density in the inner part of a void decreases with

increasing crystallite thickness.

1. Introduction

The small-angle X-ray scattering pattern of poly-
acrylonitrile(PAN)-based carbon fibres shows a lobe-
shaped streak along the equator [1]. The small-angle
X-ray scattering contains both density variations due
to voids and density fluctuations due to stacking
disorder [2], but its predominant component is
assumed to be due to the existence of voids that are
elongated parallel to the fibre axis. By using small-
angle scattering, Johnson and Tyson [3] have evalu-
ated the Porod distance of heterogeneity and the
specific internal surface of the microvoids in PAN-
based carbon fibres in relation to carbonization
temperature.

The small-angle X-ray scattering is often measured
on an apparenily isotropic specimen prepared by
grinding carbon fibres into powder. However, carbon
fibres are so brittle that changes in microstructure due
to the grinding may easily occur [4].

The present authors [5] have reported previously a
method which enables one to analyse the small-angle
X-ray scattering from the voids in a unidirectionally
aligned fibrous material, and have deduced the par-
ameters characterizing microvoids, such as the cross-
sectional area S;, the radius of gyration R,, the length
L,, and the width /;. Among the parameters the width
1y is of special interest, since the /; value is sensitive to
the electron density variation in the periphery of
voids. It will be possible, therefore, to discuss in a
quantitative manner the state of the periphery of voids
by considering the /; value in relation to the other
parameters which are insensitive to the state of the
periphery of voids.

In this paper the fractional content and size par-
ameters of the microvoids in PAN-based carbon fibres
arc evaluated by the previously developed method
applying small-angle X-ray scattering. Furthermore,
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the shape and size distribution of microvoids and the
electron density distribution in the inside of voids are
discussed by postulating appropriate models.

2. Materials

PAN-based carbon fibres of seven types, which cover
a wide range of crystallite size, were collected from
commercial sources and supplied for measurements.
These carbon fibres were in the form of tow, com-
prised of 6000 to 12000 filaments varying between
types. The representative characteristics of the carbon
fibres are shown in Table I, where the tensile modulus
and the tensile strength were determined on carbon
fibre—epoxy resin composite strands.

3. Methods of measurement

3.1. Density

The density of carbon fibres was measured at 25° C by
a sink/float method using a carbon tetrachloride—
ethylene dibromide mixture.

3.2. Wide-angle X-ray diffraction

About 20000 filaments of the carbon fibres were
aligned in parallel and were formed into a bundle of
rectangular cross-section with a matched die by using
a small amount of adhesive. The bundle was mounted
on a metal plate having a window for X-ray irradi-
ation and then placed in the X-ray path. The X-ray
diffraction measurement was made with a Rigaku
Denki diffractometer using pinhole collimation of
CuKuo nickel-filtered radiation.

The diffraction intensity distribution of the (00 2)
diffraction was measured along the equator by using a
position-sensitive proportional counter (PSPC) with a
height-limiting slit of 1.5mm width. The sample-to-
detector distance was fixed at 110 mm. The correction
for the X-ray absorption by a specimen was made on

4443



TABLE I Representative characteristics of carbon fibres
supplied for measurements
Sample Density Layer Tensile Tensile
(gem™3) thickness modulus strength
(nm) (GPa) (GPa)
LC15 1.816 1.49 202 2.94
LCl16 1.824 1.61 243 2.77
LC17 1.798 1.65 227 3.58
LCI19 1.793 1.93 269 2.68
LC32 1.750 3.22 311 2.09
LC48 1.841 4.83 394 1.38
LC53 1.890 5.27 333 1.67

the diffraction intensity as measured. The absorption
of a specimen was obtained from the ratio of the
aluminium diffraction intensities measured with
and without setting the specimen in the aluminium-
diffracted line. From the corrected diffraction inten-
sity the air scattering was subtracted, and then the
corrections for the polarization and atomic scatter-
ing factors were made on the resulting diffraction
intensity.

The average crystallite dimension in the ¢ direction
(layer thickness, L,) was calculated, using the Scherrer
equation

092
¢ (A20) cos 6,

where 1 is the X-ray wavelength, A20 the half-
height width of the diffraction intensity distribution
(measured in radians) and 6, the Bragg angle of the
(00 2) reflection peak.

L (M

3.3. Small-angle X-ray scattering
The small-angle X-ray scattering measurements were
carried out on the same specimens used for the wide-
angle X-ray diffraction measurements.

The incident X-ray beam was collimated by pin-
holes of 0.3 and 0.5mm in diameter. The sample-to-
detector distance was 360 mm. The equatorial scatter-
ing intensity was detected by a .PSPC with a pulse
height discriminator. No height-limiting slit was
adopted. The measuring time was 1000 sec.

The scattering intensity curve of the carbon fibres
was obtained as follows. First, the corrections for the
X-ray absorption by the fibres and air were made on
the scattering curve as measured for the specimen.
From the corrected scattering curve for the specimen
was subtracted the air scattering curve, on which the
absorption by air was corrected. The resulting scatter-
ing curve was determined as the scattering curve of the
carbon fibres.

The incident X-ray beam power was determined by
comparing the observed and theoretically calculated
scattering intensities of air [5]. The specimen thickness
was calculated from the X-ray absorption of a speci-
men, the density of carbon fibres and the mass absorp-
tion coefficient of carbon.

The parameters characterizing the voids in carbon
fibres were calculated according to the method
previously reported [5].

In this method the geometrical conditions for meas-
uring the scattering intensity are postulated as follows.
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The X-ray beam is incident on a fibre specimen per-
pendicularly to the fibre axis. The direction perpen-
dicular both to the X-ray beam and to the fibre axis
is defined as the x axis. The scattering intensity is
scanned in parallel to the x axis, and the origin of the
X axis is set at the intercept of the x axis with the centre
line of the X-ray beam. The scattering intensity 7(x)
represents the total scattering intensity which is
obtained by integrating in the direction parallel to the
fibre axis the scattering intensity distribution at a
distance x. Hence, I(x) has the dimensions of counts
per unit length. The sample-to-detector distance, D, is
assumed to be constant. These geomerical conditions
can be realized when measuring the equatorial small-
angle scattering intensity by a PSPC without using a
height-limiting slit.
The volume fraction of voids, v, is given as

2am*ct

6413(AQ)2DZ‘AIO L:O I(X)de (2)

where Ag is the electron density difference between the
voids and the solid, m the electron mass, ¢ the velocity
of light, e the elementary electric charge, ¢ the speci-
men thickness and AI; the incident X-ray beam flux.

Define /, as the average length of a segment which
is cut by the contours of a void from a straight line
being perpendicular to the fibre axis and passing
through an arbitrary point in the void. The length of
a void, /,, is calculated by the equation

o [ I(x)d
L = Q——~£’ B 3)
” L I(x)xdx

The small-angle X-ray scattering intensity distri-
bution at lower angles is represented as
2n*R3

_"—"'xz‘l‘ lnS3

In [(x) = D

2% o
+In (% i I(x)xdx> @)
In the above equation, S, expresses the average area of
a cross-section of a void, where the cross-section is
perpendicular to the fibre axis and includes an arbi-
trary point in the void. R represents the average of the
squared radius of gyration of that cross-section of a
void, where the average is taken by weighting the
squared radius of gyration with the cross-sectional
area. The plot of (x?, In I(x)) at smaller values of x
may be approximated by a straight line. From the
intercept and slope of this straight line the values of S,
and R, are determined by Equation 4.
The intensity distribution at higher angles may be
represented as

—2/3
)] = [jo‘” I(x)xdx}

) 4/3 \ 2/3 R
[G) < G) <] o

where /, is the average length of a segment defined by
the contours of a void from an arbitrary straight line
perpendicular to the fibre axis, and is calculated from
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Figure I (a) Fibre density, (b) void content parameter (Ag)*v and (c)
volume fraction of voids plotted against layer thickness L, for
various types of carbon fibre.

the slope of a straight line approximating the plot of
(x?, I{x)**). The parameter I, is referred to as the
width of a void.

The small-angle X-ray scattering intensities could
be practically measurable in the 26 range from a few
minutes of arc to a few degrees. The integrations of the
scattering intensities in Equations 2 to 5, therefore,
were performed on the extended intensity curves
obtained by extrapolating the linear portion of the
(x%, In I(x)) plot to x — 0 and that of (x% I(x)~**)
plot to x — oo.

4. Experimental results

For the carbon fibres of various types the density g,
the void content parameter (Ag)*v and the volume
fraction of voids v, are shown as functions of the layer
thickness L, in Figs 1a, b and c, respectively. In calcu-
lating the volume fraction of voids the electron density
difference was approximated by the average electron
density calculated from the fibre density. The density
shows a minimum at a layer thickness of about 3 nm,
while the void content indices (Ag)* and v seem to
take maxima at the same layer thickness.

In Figs 2a, b, ¢ and d the size parameters of voids,
Sy, Ry, L and [;, are plotted against the layer thickness.
It can be said that the average size of voids in the fibre
cross-section perpendicular to the fibre axis becomes
larger with increasing layer thickness.

5. Discussion

5.1. Cross-section models of voids

The size parameters S;, R;, [, and /; can be deduced
without postulating any assumptions about the shape
and size distribution of voids. However, the par-
ameters do not provide information on the shape and
size distribution of the cross-section of voids. Such
information cannot normally be deduced in a straight-
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Figure 2 Plots of void-size parameters against layer thickness L : (a)
cross-sectional area S,, (b) radius of gyration R,, () length /, and
(d) width /;.

forward manner from small-angle X-ray scattering
alone without making some assumptions about the
geometrical features of voids. Hence, in this paper,
models for the shape and size distribution of voids are
introduced. The experimental results of small-angle
scattering are analysed on the basis of the models, and
the nature of voids in PAN-based carbon fibres is
considered.

5.1.1. Elliptical cross-section model

Assume that all the cross-sections of the voids are
elliptical and the same in size perpendicular to the
fibre axis, and that the electron density distribution in
the cross-section is uniform and constant. The major
and minor axes of the elliptical cross-section are desig-
nated as ur, and r,, respectively. Then, the parameters
S3, Ry, I, and I, for this model are given from
Equations A9, A10, A1l and A12 in the Appendix as
follows:

Sy = mur; 6

Ry = 3+ D"r, ™
32 5

L= 35 Fl0 — 5P, ®)
U re

YT ORET - ®

where F(x) and E(x) stand for the complete elliptic
integrals of the first and second kinds, respectively.

4445



8._
(a)
2 4 \k&_&
A
0 I I i
1.0
- (b) r
p N
c
~— 05_
@ & °
| 1 | i |
0O 1 2 3 4 5
Lo (nm)

Figure 3 Plots of (a) aspect ratio and (b) minor-axis length, cal-
culated from elliptical cross-section model, against layer thickness
L

N

The values of y and r,, which were calculated by
using Equations 6 and 7 with the values of S; and R,,
are plotted against the layer thickness L, in Figs 3a
and b. With increasing L, the axial length r, increases
almost linearly, while the aspect ratio, u, decreases
with increasing L, up to about 3nm and shows a
constant value at larger values of L. than about 3nm.

In Fig. 4 the values of /, calculated from Equation 8
with the values of p and r, are compared with those
experimentally obtained. As is found in Fig. 4, the
calculated values are in good agreement with the
experimental values.

5.1.2. Cross-sectional size distribution mode/
Assume that all the voids in carbon fibres have cir-
cular cross-sections perpendicular to the fibre axis and
that the electron density distribution in the cross-
sections is uniform and constant. Designate the radius
of the cross-section of a void by r, and assume that the
distribution function of the radius r is represented as
follows:

o rV rY
SO = TG+ Djain, (7> exp[‘(%)]

(@>0 p>—1) (10)
3_
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Figure 4 Comparison between the /, value calculated from the
elliptical cross-section mode! and the /, value obtained experi-
mentally.
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TABLE 11 Distribution parameters of radii of void cross-
sections

Sample a 7y (nm)
LCI5 0.69 0.0562
LCl16 0.70 0.0605
LC17 0.89 0.159
LCI19 1.02 0.202
LC32 2.16 0.901
LC48 1.66 0.815
LCS3 1.88 1.05

where o, f# and r, are the constants which will be
determined experiméntally, and ' denotes a gamma
function. This model will be referred to as the cross-
sectional size distribution model. The parameters S;,
R;, [, and [ for this model are given from Equations
Al13, Al4, A15 and A6 in the Appendix as

_ LTI + 5]

S3 TE}"O m (11)
2 _ , TIB + T)/a]
BT NI S (2
_ 16 Ti(B + 4)/q
b= 307 T + 3)/a] (13)
L _ %, LB+ 3] "

2 T8 + 2)/4]

Equation 10 represents a Maxwellian distribution
when « = 2. For a Maxwellian distribution the par-
ameters S; and R, are written from Equations 11 and

12 as
5, = 23 (15)
P
B = 3fE2 16)

Since ff > —1, the following relation should be
satisfied:

2n > S3/R; > n 17

It was found from the experimental results in Fig. 2
that Equation 17 cannot hold for carbon fibres having
layer thicknesses smaller than about 3 nm. Therefore,
by determining that § = 1, and by assuming « and r,
as adjustable parameters, the values of these adjust-
able parameters were determined by computer simu-
lation, using Equations 11 and 12 with the values of S;
and R;. The results obtained are listed in Table II.
Fig. 5 shows the cross-sectional size distribution
curves thus determined.

The values of /, calculated from Equation 13 with
the values of o and r, are compared with those experi-
mentally obtained in Fig. 6. In Fig. 6 the calculated
values are in good agreement with the experimental
values.

As is indicated from Figs 4 and 6, both the elliptical
cross-section model and the cross-sectional size distri-
bution model can be applicable to the experimental
results of small-angle X-ray scattering. In other
words, it is difficult to assess from small-angle X-ray
scattering alone, which model is more appropriate for
describing the features of voids in the cabon fibres.
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Figure 5 Distribution f(r) of the radius r of void cross-sections,
calculated from cross-sectional size distribution model, for various
carbon fibres indicated.

5.2. Electron density

The [; value can be calculated on the basis of the
elliptical cross-section model or the cross-sectional
size distribution model, using Equation 9 with the
values pand r, in Fig. 3 or Equation 14 with the values
o and r, in Table 11, respectively. The results of cal-
culation are shown in Fig. 7 as the ratio of the experi-
mental value against the calculated value of /;, plotted
against the layer thickness. It is noted in Fig. 7 that the
£, values calculated from the two models for a par-
ticular sample are almost identical, and that the
value experimentally obtained is always smaller than
the calculated one. The experimental value of /; tends
to approach the calculated value with increasing layer
thickness.

The major reason for the discrepancy between the
experimental and calculated values of /; is considered
to be due to the fact that the parameter /; concerns, in
the procedure deducing it from the small-angle X-ray
scattering, the first slope of the autocorrelation of the
electron density function for the void cross-sections.
The electron density function may have a gradual
variation in the cross-section of a void. The experi-
mental value of [, therefore, will change with the
electron density distribution in the periphery of a void.
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Figure 6 Comparison between the /, value calculated from the
cross-sectional size distribution model and the /, vailue obtained
experimentally.
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Figure 7 The ratio of the experimental value /; to the calculated
value /; plotted against layer thickness L.. The /; values are cal-
culated from (a) the elliptical cross-section model and (O) the
cross-sectional size distribution model.

Consider a void having a circular cross-section per-
pendicular to the fibre axis, where the radius of the
cross-section is denoted as r,. Designate as /5 the [
value obtained when the electron density distribution
in the cross-section of a void is uniform and constant.
Then /; is given from Equation A16 in the Appendix
as

= =r (18)

The value /5 may be considered to correspond approxi-
mately to the [; value which is calculated from the
values S; and R;. On the other hand, when the
electron density difference in a void has a smooth fluc-
tuation Ag(z), by designating as 5 the /; value obtained
on this occasion, the value /5 is represented from
Equation A17 in the Appendix as

. [[1Me@)Pdz dz,
© T 2P,

Hence, from the comparison of Equations 18 and 19
it is known that the relation [ > [5 is valid when
|Ag(r)l > |Ap(2)| for r. > |z|. That is, the fact that
the experimental values of /, being always smaller than
the calculated ones from Equations 9 and 14 implies
that the electron density difference is smaller in the
inner part of a void than in the periphery of the void.
For simplicity, represent Ag(z) as

(19)

Ag@) = Ag(r) [(1 ) (7) + d (20)

From Equations 18 and 19

5—2 = M+ o+ D) 21)
The value of ¢ can be deduced by assuming that the
ratio [{/l; is equivalent to the ratio of the /; value
experimentally obtained to that calculated from the
elliptical cross-section model or from the cross-
sectional size distribution model. Fig. 8§ shows the
electron density distribution in the cross-section of a
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Figure 8 Electron density distribution Ag(2)/Ag(r.) in the void
cross-section for the various carbon fibres indicated.
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void, which is calculated by using the values ¢ and the
average radius obtained for the cross-sectional size
distribution model.

5.3. Scattering of size
In the S;, R, and /, values, larger cross-sections of the
voids in a fibre may be emphasized, since the averages
for these parameters are taken over all the points in
voids. It will be adequate, therefore, to adopt as a size
parameter corresponding to a visual image of the
voids the /; value calculated with two from the S;, R,
and [, values, rather than a value experimentally
obtained.

According to the elliptical cross-section model, by
using S, and R, the coefficient of variation of /5, a,/1;,
is represented as

3 ’ 128 23172 —2y1/2
(%) = 3 Fl0 = w0 = )P
@)

Similarly, for the cross-sectional size distribution
model the coefficient of variation is given as

gy__grm+®mnw+nm_l
L) 3@ {THB + 3y

(23)

The values of /; and g,/l;, which were calculated
from Equations 9 and 22 with the values of y and r. in
Fig. 3 and from Equations 14 and 23 with the values of
« and r,in Table II, are plotted against the layer thick-
ness L_in Fig. 9. With increasing layer thickness the
cross-sectional size of voids becomes larger, but its
coefficient of variation decreases rapidly and shows
almost a constant value of 0.5 at layer thicknesses
larger than about 3 nm.

6. Conclusions

The microvoids in PAN-based carbon fibres covering
a wide range of layer thickness are investigated by
measuring the absolute small-angle X-ray scattering
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Figure 9 Plots of (a) /; and (b) its coefficient of variation o, //; against
layer thickness L, : calculated (a) from elliptical cross-section model
and (O) from cross-sectional size distribution model.

from fibre bundles. The small-angle scattering was
analysed by the method previously reported, and the
fractional content of voids and the parameters rep-
resenting the void cross-sectional size perpendicular to
the fibre axis were determined. The void size tends to
be large for the fibres having larger layer thicknesses.
On the other hand, the void content takes a maximum
at a layer thickness of about 3nm. The density of
carbon fibres forms a minimum at the same layer
thickness.

In order to consider the shape and size distribution
of voids in the fibre cross-section, the elliptical cross-
section model and the size distribution model (assum-
ing a circular cross-sectional shape of voids) have been
introduced. The elliptical cross-section model has
shown that the cross-sections of voids in the fibres
having smaller layer thicknesses are ellipses of com-
paratively larger aspect ratios, and that the aspect
ratio becomes smaller with increasing layer thickness.
If the cross-section of voids is assumed to be circular,
then the distribution of radii of voids can be rep-
resented by the distribution function

o ¥ ryY
T@ar \r) "0 L™ \ro

where a and r, are adjustable parameters. This distri-
bution function is applicable to PAN-based carbon
fibres covering a wide range of layer thickness. These
two models can be applied to the experimental results
of the small-angle scattering. However, from the
small-angle scattering experiment alone it is difficult to
evaluate which model is more appropriate for describ-
ing the voids in the carbon fibres. Both models have
indicated that the coefficient of variation of the void
width is larger for the fibres of smaller layer thick-
nesses and decreases with increasing layer thickness.

The analysis of the void width Z; makes it possible
to consider the electron density distribution in the
inside of a void. It is concluded that the electron
density difference between a void and the solid sur-
rounding the void is relatively larger in the periphery
than in the inner part of a void, and that the electron
density in the inner part of a void decreases with
increasing layer thickness.
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Appendix

A.1. Definitions of size parameters

Designate the real-space vectors by z and a. The com-
ponents of z and a4, which are parallel to the direction
in which the scattering intensity is scanned, are rep-

all the thin sections, and N a total number of the thin
sections involved in the voids. Thus, Equations Al,
A2, A3 and A4 are rewritten respectively as

N<[ j j Agy(2) dz, dzz]2> Az,

resented by z; and a,, respectively. The components S, = (A5)
parallel to the incident X-ray beam are represented by N< H[AQ (2 dz, dz2> Az,
z, and a,, and those parallel to the fibre axis are
N<D [ Aou(g, + @)lal* da, daz}[f [ Aou(@) dz, dzz}> Az,
R = 5 (A6)
N<|: [ Acx@) dz, dzz] >A23
2
N< | [ j Agi(2) dz2] dzl>Az3
L = (A7)
N [[18e.@IF dz, dz, ) 8z
N [[ Aou(@) Aou(z = a1, ) dzy dzy ) Azy |
L= | —tim A8
s = | T hm (A8)

denoted by z; and a,. dv, is the volume element at a
position z. In the present experimental geometry, the
observed scattering intensity does not depend on the
correlation of the electron density distribution in the
direction of the fibre axis. That is, if we divide the
voids into infinitely thin sections perpendicularly to
the fibre axis, the assembly of these sections give the
same scattering intensity distribution as that from the
original voids. Therefore, by denoting Ag,(z) as the
electron density difference between the kth section of
voids and the solid, the definitions of the parameters
S;, R;, I, and [; [5] are expressed as follows:

3 | [[0@ 4 4z | dau(a ao,

S > (e @F de.
’ (A1)
) J[ﬁ Aol + @)laf? day daz] Au(2) do,
R =
zk: J[U Agi(2) dz, dZZ] Ag,(2) dv,
(A2)
Y [ [Ag(z) dzz] Agy(2) d,
h=- (A3)
Y. [[A0,@)F do,
k
. d
b= |-lma
; jAQk(Z) Ao(zy — ay, 23, z3) do, B
" Y. [ [Agi(@F do,
k
(A9)

where g, is the centre of gravity of the kth section, and
a; = 0. Inthe above expressions, £ can be replaced by
N{ >, where { ) is a number average with regard to

N([[10u(ar 6z, dz,) Az,

where Az, is the thickness of a thin section, and z, g,
and a are the two-dimensional vectors.

A.2. Elliptical cross-section model

Consider that all the cross-sections of the voids are
elliptical in planes perpendicular to the fibre axis and
that the electron density distribution in the cross-
sections is uniform and constant. Assuming that the
voids are distributed with cylindrical symmetry
around the fibre axis, and denoting the major and
minor axes of the kth elliptical cross-section as p, r,
and r,, respectively, we obtain

e
R} = %%@— (A10)
L - RGO
f = G ey A1

Replacing y, and r, in the above equations by u and
r., respectively, leads to Equations 6, 7, 8 and 9.

A.3. Cross-sectional size distribution model

Consider that all the cross-sections of the voids are
circular but different in size perpendicular to the fibre
axis. Assume that the distribution of the radius r of the
cross-sections is represented by Equation 10, and that
the electron density distribution in the cross-sections is
uniform and constant. Then, putting g, = 1 and
r, = rin Equations A9, A10, A1l and A12 leads to

L
S3 = T <—ri$ (A13)
2 l )
R3 - 2 <r4> (A14)
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16 (r*>

L, = 3% O (A15)
2
I, = g%; (A16)

By using Equation 10, Equations A13, A14, A15 and
A16 are rewritten as Equations 11, 12, 13 and 14,
respectively.

A.4. Electron density distribution in a void
Assume that all the cross-sections of the voids are
circular and the same in radius r, perpendicular to the
fibre axis, and represent the difference in electron
density between the void and the solid by Ap(z) as a
function of the distance z from the centre of the void
cross-section. Then

d
lim — ﬂ Ao(2) Ao(z, — ay, z,) dz, dz,

ay -0 dal
. d e
= lim — 4J
a; -0 dal z1=a1/2
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2_ 212
(22

x [, Ae@Ae — a, 2) dz; dz,

= 2 [l - D L (A1)
Arranging Equation A8 by using Equation A17 gives
Equation 19.
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