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ABSTRACT: The structural parameters and strength
properties of a new generation of polyacrylonitrile fibers
have been analyzed. These fibers, after being carbonized,
can be used in biomaterial engineering. They are character-
ized by a high tensile strength of 31-43 cN/tex. An advan-
tageous influence of nanoparticles added to the fiber matter
on the degree of crystallinity has been found. When nano-

particles of hydroxyapatite are incorporated into these fi-
bers, their degree of crystallinity increases by about 5%.
© 2006 Wiley Periodicals, Inc. ] Appl Polym Sci 101: 760-765, 2006
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INTRODUCTION

Carbon composites based on carbon fibers are among
the most common materials used in biomaterial engi-
neering. Such composites have found wide applica-
tions in many medical fields, such as orthopedics and
traumatic surgery, in which they are used in the re-
construction of knee joints"? and Achilles tendons.?

The incorporation of a biologically active compound,
such as hydroxyapatite (Hap), into precursor polyacry-
lonitrile (PAN) fibers makes it possible to prepare carbon
fibers with new, incomparable properties. A biocompos-
ite made from carbon fibers containing nanoparticles of
Hap can become an alternative to other materials used
currently in orthopedics and traumatic surgery. The rea-
son for using active Hap as a biologically active com-
pound is that it is one of the most common bioceramic
materials* used for top layers of titanium implants.” Its
main advantage, however, is that it is very similar to the
inorganic part of bony tissue.®

Thus, carbon fibers prepared from a PAN precursor
containing nano-Hap will be designed for implants
that include in their structure elements with osteocon-
ductive and osteoproductive effects.

If carbon fibers are to be used for implant prepara-
tion, they should possess not only appropriate biolog-
ical properties but also high strength and increased
porosity. Both the strength and porosity of carbon
fibers depend directly on the structure of the precur-
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sor fibers created during their solidification and the
subsequent drawing process.”” There is also an in-
verse effect of the spinning parameters on both these
properties.'” It has been stated that the incorporation
of 3-5% SiO, nanoparticles into the fiber-forming
polymer results in increased fiber porosity and de-
creased strength, in comparison with fibers spun un-
der the same conditions but without any addition of
nanoparticles.'!

The main aim of investigations into obtaining PAN
precursor fibers, which include biologically active
Hap, is such a parameter selection of the fiber-forma-
tion process, which would secure obtaining fibers of a
strength appropriate for carbonization and, at the
same time, with increased porosity. This latter param-
eter is especially important for medical applications of
carbon fibers, and it is dependent on the porosity of
the precursor fibers.” A detailed analysis of the influ-
ence of the particular parameters of the fiber-forma-
tion process on the porous structure and the proper-
ties of PAN fibers with Hap nanoparticles included is
presented in our earlier publication.'?

The aim of this study is to determine the relation
between the parameters of the porous and supermo-
lecular structure and the strength properties of pre-
cursor PAN fibers with Hap. An analysis carried out
by us enables the explanation of why it is possible to
obtain PAN fibers with high strength properties, not-
withstanding the fact that the fiber polymer matter
includes non-fiber-grade nanoparticles.

EXPERIMENTAL

A spinning solution was prepared from a PAN ter-
polymer, produced by Zoltek (Hungary), with the
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TABLE 1
Characteristics of the Polymer and Spinning Solution
Intrinsic Concentration Rheologtical
viscosity  of the solution = Hydroxyapatite _parameters
(dL/g) (%) content (%) n K
1.29 22 3 0.955 324

n,K = rheological parameters of the model Ostwald de
Vaele.

following composition: 93-94 wt % acrylonitrile units,
5-6 wt % methyl acrylate, and about 1 wt % sodium
allylsulfonate.

Dimethylformamide (DMF) was used as a solvent.

Hap, delivered by the Academy of Mining and
Smelting Engineering (Krakow, Poland), was used in
the form of particles with dimensions within the range
of 10-100 nm [determined on the basis of scanning
electron microscopy (SEM) images].

The characteristics of the spinning solution were
determined on the basis of separate measurements,"”
and the results are shown in Table I. The presence of
nanoparticles and their distribution in the fiber matter
were confirmed on the basis of SEM images and en-
ergy-dispersive spectrometry analysis presented in
our earlier publication.'?

Fibers were spun by the wet process from the solu-
tion with the use of a laboratory spinning machine
that allowed us to stabilize the technological parame-
ters at predetermined levels and under continuous
control. A spinneret with 240 orifices, 0.08 mm in
diameter each, was used. The solidification process
was carried out in a bath containing an aqueous solu-
tion of DMF with a concentration in the range of
30-70%. Fibers were drawn in two stages: in a plasti-
cizing bath (containing an aqueous solution of a low
DMEF concentration) and under superheated steam at a
temperature within the range of 110-140°C. After be-
ing rinsed, the fibers were dried at 20-40°C under
isometric conditions. Precise values of the technolog-
ical parameters are protected under patent law.'* The
study comprised eight types of Hap-containing PAN
fibers processed with various values of the as-spun
draw ratio and the total draw ratio (Table I). PAN
fibers without the addition of nanoparticles (PW1)
were used as reference samples.

The following strength and structural parameters of
the fibers were determined: the fiber tenacity, the total
orientation coefficient, the degree of crystallinity, and
the crystallite dimensions.

The fiber tenacity was determined according to Pol-
ish Standard PN-85/P-04761/04 with the use of an
Instron tensile testing machine.

The total orientation coefficient was determined by the
sonic method. The velocity of wave propagation in the
fibers under investigation was measured and related to
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the wave propagation velocity of isotropic fibers. Mea-
surements were carried out with a PPM-5R dynamic
modulus tester from Morgan Co., Inc. (United States).

The degree of crystallinity and the size of the crys-
tallites were determined with the wide-angle X-ray
scattering (WAXS) method. Diffraction patterns were
recorded in a symmetrical reflection mode with a Se-
ifert URD-6 diffractometer and a copper-target X-ray
tube [wavelength (A) = 1.54 A] operated at 40 kV and
30 mA. Cu Ka radiation was monochromatized with a
Ni filter. WAXS curves were recorded from 6.5 to 60°
with a step of 0.1°. The investigated fibers were pow-
dered and pressed into a sample holder. Samples 1
mm thick with a radius of 2 cm were prepared.

RESULTS AND DISCUSSION

The analysis of the WAXS curves and the calculation
of the degree of crystallinity were performed with the
OptiFit computer program.’>'® In the first stage, a
linear background was determined on the basis of the
intensity level at small and large angles and sub-
tracted from the diffraction curve. Moreover, the
curves of all samples were normalized to the same
value of integral intensity scattered by a sample over
the whole range of the scattering angles recorded in
the experiment. Next, the experimental diffraction
curves were approximated by theoretical curves that
were composed of the sum of the functions represent-
ing the particular crystalline peaks and the amorphous
component. The theoretical curve was fitted to the
experimental curve with a multicriterium optimiza-
tion procedure and a hybrid system that combined a
genetic algorithm and a classical optimization method
of Powell.'® Both the crystalline peaks and the amor-
phous halos were represented by a linear combination
of Gauss and Lorentz profiles:

2(x — x,) |
Fi(x) ZﬁHiexp{ —ln2[w} }

(1 - f)H
1+ 26— x)/wp Y

where x is the scattering angle 26, H; is the peak
height, w; is the width at the half-height, x,; is the peak
position, and f; is the shape factor (f; = 0 for the
Lorentz profile or 1 for the Gauss profile).

The initial values of the crystalline peak positions
were calculated from the PAN unit cell dimensions
given by Stefani.'” According to Stefani, the unit cell of
PAN is orthorhombic with dimensions of 2 = 10.2 A,
b =61A,and ¢ = 5.1 A. With these data, the inter-
planar distances for individual families of lattice
planes (d,,;) were calculated:

a) -GG e
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Figure1 WAXS pattern of a PAN H1 sample resolved into
crystalline peaks and amorphous components. The black
points are the experimental curve after normalization and
background subtraction. Al and A2 are amorphous maxima.

Next, with Bragg’s law, the positions of peaks related
to a given family of planes were calculated:

Zd hklsin@ =nA (3)

where 7 is a natural number.

The data related to the unit cell of PAN presented in
ref. 18 are considerably differentiated. This is because
of the weak and diffuse crystalline peaks of PAN.
Moreover, PAN can crystallize in three different poly-
morphous forms. Calculations performed in this work
indicate that the peak positions calculated with the
data of Stefani'” are best fitted to the experimental
data obtained by us. The amorphous component was
approximated by means of two broad maxima located
at 20 ~ 24°, and 26 ~ 36°.

The degree of crystallinity was calculated as the
ratio of the total integral intensity of the crystalline
peaks to the total integral intensity scattered by a
sample over the whole measurement range. Figure 1
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presents an example of a WAXS pattern resolved into
component parts for a sample containing Hap.
Moreover, Sherrer’s formula was used to calculated
the size of the crystallites (D,,;) in the direction per-
pendicular to the family of (110) lattice planes:

(4)

where w is the width at half-height of a peak related to
(110) lattice planes. The highest crystalline peak, lo-
cated at about 20 ~ 17° in the WAXS pattern of PAN,
is related to these planes.

The calculated crystallinity values (Table I and Fig.
2) indicate only a very slight influence of the funda-
mental technological parameters, such as the as-spun
draw ratio and the total draw ratio, on their magni-
tude. Despite the wide range of changes in these pa-
rameters, the crystallinity changes do not exceed 5%.
However, the highest values of crystallinity occur for
the samples with extreme values of the as-spun draw
ratio: —60 and 0.0%. Tempering the solidification pro-
cess by lowering the temperature and increasing the
solvent content in the coagulation bath does not influ-
ence significantly the degree of crystallinity either. Its
changes do not exceed 5% (Table I). A detailed anal-
ysis of the temperature influence on the PAN fiber
properties is presented in ref. 12.

A direct comparison of the diffraction patterns for
the fibers containing Hap also shows very small dif-
ferences between them. This fact is illustrated in Fig-
ure 3, in which the WAXS curves of two samples with
the largest crystallinity difference are presented.

Much better visible differences exist between the
WAXS curves of fibers containing Hap and that of the
reference sample PW1 with no nanoadditives (Figs. 1
and 4). The differences confirm that Hap affects the
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Figure 2 Dependence of the degree of crystallinity on the as-spun draw-out ratio and the total draw ratio for PAN fibers
containing Hap. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 3 WAXS patterns of two samples containing Hap
with the highest (PAN H10, 52%) and lowest (PAN, 47.8%)
degree of crystallinity. The figure presents WAXS patterns
after background subtraction and normalization.

crystalline structure of the fibers. Despite a relatively
small increase in the crystallinity value caused by the
presence of Hap, an unambiguous increase can be
observed in the average size of the crystallites (Table I)
as well as a considerable improvement in the quality
and perfection of their crystalline structure. This con-
clusion results from a comparison of the diffraction
patterns recorded for these two types of fibers (Figs. 1
and 4). As is well known, the chains of macromole-
cules in the regions of PAN called crystalline are in
most cases ordered only in the direction perpendicular
to their axes,'* > whereas in the parallel direction no
order exists. It is a mesomorphic type of chain aggre-
gation, an intermediate between crystalline and amor-
phous phases. Therefore, these regions are frequently
called paracrystalline ones. When only this type of
order exists in a sample, its WAXS pattern contains
only reflections related to the lattice planes parallel to
the chains axes, that is, with Miller indices of the (hk0)
type. As one can see in Figure 4, this is the case for
fibers without Hap.

However, PAN can also form a completely crystal-
line structure,'”**** as confirmed by the existence of
crystalline lamellae and spherulites in the solid state of
PAN. Only in such cases can some reflections related
to the lattice planes, which are nonparallel to the chain
axes, appear in the WAXS patterns. The third Miller
index (I) for such planes is non-zero. As one can see in
Figure 1, a reflection of this type is clearly visible in the
WAXS curve of the PAN H1 sample at the scattering
angle of 20 ~ 31.9°. The same reflection is visible in
WAXS curves of all remaining samples containing
Hap. This fact proves that in all samples with nano-
additives, the mesomorphic structure, which is
present in the reference sample PW1, is transformed
into a more ordered, typically crystalline structure.
This also means that the presence of nanoadditives
causes the macromolecular chains to become ordered
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in the direction parallel to their axes. Most likely, the
ordering occurs because of epitaxial growth of PAN
crystallites on the Hap grains.

Other evidence in support of a positive influence of
the nanoadditive on the crystalline structure quality of
the investigated fibers results from the analysis of the
angular position of the highest crystalline peak in
WAXS patterns, which is related to the family of (110)
lattice planes. For the PW1 sample with no Hap, this
peak is located at the lowest 26 value. For the samples
containing the nanoadditive, this angle is noticeably
higher and slightly but systematically increases with
the increasing crystallinity of the sample (Table I).
According to Bragg’s law, an increase in the peak
position indicates a decrease in the average interpla-
nar distance (d;,,) and consequently an increase in the
degree of packing of macromolecules in a crystallite.
This means that the density of the crystallites in-
creases. Figure 5 shows the d,,, values calculated for
all samples. The described effect remains in full agree-
ment with the interpretation previously presented. An
increase in the density of ordered regions in PAN
fibers is related to the transformation of the mesomor-
phic structure into a crystalline structure. The decrease
in dq;o with an increase in the degree of crystallinity,
which can be observed for the group of fibers includ-
ing Hap, results from the fact that fibers of higher
crystallinity contain more crystallites of a better or-
dered, modified structure. To such a crystalline struc-
ture are connected higher strength properties in-
creased to the level of 38 cN/tex. This property in-
crease is in accordance with the demands formulated
for precursor fibers and also those that are destined for
manufacturing carbon fibers for medical applications,
as an exact correlation exists between the crystalline
structure and tenacity of the precursor fibers and the
tenacity of carbon fibers obtained from them."
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Figure 4 WAXS patterns of the PW1 sample without Hap
resolved into crystalline peaks and amorphous maxima. The
black points are the experimental curve after normalization
and background subtraction. Al and A2 are amorphous
maxima.
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In the case of the overall orientation determined by
the sonic method, the basis of its determination is the
reference of the velocity of sonic wave propagation in
the examined fiber to that in unoriented fiber. Even
though the changes in the total orientation are only
within the range of 0.59-0.66, in light of the whole
range of technological parameters, they also have a
significant influence on the tenacity value. The slight
increase in the total orientation, which was observed
by us while working with more negative values of the
as-spun draw ratio and at the same time with higher
values of the total draw ratio (Fig. 6), is consistent with
the accepted principle of spinning high-tenacity fibers
by the wet-spinning-from-solution method."’ Fibers
made under these conditions show the highest values
of tenacity. It is also known that the value of the total
orientation is considerably affected by pores and
empty spaces inside the fibers, which decrease signif-
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icantly the velocity of sonic wave propagation and
result in decreasing the total orientation. This has been
confirmed by our previous studies'? of the porous
structure of PAN fibers containing nano-Hap, for
which it was found that fibers spun with extremely
low as-spun draw ratios showed a total pore volume
of 0.125 cm®/g. On the other hand, fibers spun with
increasing positive values of the as-spun draw ratio
showed increased total pore volume up to 0.26 cm?/g.
Moreover, the incorporation of nano-Hap into PAN
fibers considerably decreases their total orientation
(Table II), in contrast to the influence on the degree of
crystallinity. This may be connected to the susceptibil-
ity of Hap to form agglomerates.

The PAN fibers prepared by us, which include non-
fiber-forming additions, show high values of tenacity
(Table II). The change in the as-spun draw ratio to-
ward more negative values is accompanied by increas-
ing fiber tenacity, and this is consistent with the trend
of changes in the total orientation. Its value depends
on the basic technological parameters, that is, the as-
spun draw ratio and the total draw ratio (Fig. 6). In
general, however, despite the presence of non-fiber-
forming nano-Hap in the polymer, these fibers show
increased values of tenacity of 31-38 cN/tex. Their
tenacity is higher by about 12 cN/tex than that of PAN
fibers containing nanosilica, and in the extreme case
(sample H5), it is similar to the values obtained for
fibers without nanoaddition, such as sample PW1."
Lower strength properties of PAN fibers with nano-
Hap, in comparison with fibers without nanoaddi-
tives, despite the advantageous influence on the crys-
talline structure, may be connected to the trend to-
ward agglomeration, which in turn is connected with
the generation of structural defects.
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Figure 6 Dependence of the degree of overall orientation on the as-spun draw-out ratio and total draw ratio for PAN fibers
containing Hap. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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TABLE 1I
Properties of PAN Fibers with and without Nanoaddition
As-spun Total pore Degree of Degree of
draw-out Total draw volume Crystallite (110) peak crystallinity overall Tenacity
Sample® ratio (%) ratio (%) (em®/g) size (A) position (°) (%) orientation (cN/tex)
PAN
H5 —60 1074.0 0.125 49.8 16.88 50.9 0.65 43.61
PAN
H1 —50 887.6 0.253 482 16.83 48.5 0.60 38.19
PAN
Hé6 —40 817.0 0.239 47.8 16.84 49.1 0.64 35.47
PAN
H2 -30 583.9 0.232 48.0 16.82 47.8 0.59 27.02
PAN
H3 —-10 717.3 0.188 48.5 16.87 49.5 0.60 31.18
PAN
H4 0.0 765.9 0.264 48.6 16.88 51.6 0.60 33.06
PAN
H10 —40 1014.5 - 482 16.92 52.0 0.66 38.66
PAN
H11 —40 1022.2 - 47.7 16.84 489 0.64 39.66
PW1 —40 1054.0 0.071 43.5 16.78 46.8 0.72 47.02

“PAN HI1 to PAN H6 were fibers formed in a coagulation bath of 60% DMF at 15°C, PAN H10 was fibers formed in a
coagulation bath of 60% DMF at 7°C, PAN H11 was fibers formed in a coagulation bath of 60% DMF at 10°C, and PW1 was
PAN fibers without nanoaddition formed in a bath of 60% DMF at 15°C.

CONCLUSIONS

The presence of nano-Hap in fiber-grade polymer
matter is connected with an increase in the degree of
crystallinity and the crystallite dimensions, as well as
the transformation of the mesomorphic phase existing
in fibers without nanoadditives, in a crystalline struc-
ture. This results in an increase in the strength of
precursor fibers, which is advantageous for the
strength properties of carbon fibers.

The fiber strength properties depend significantly
on the as-spun draw ratio and the deformation during
the drawing stage. These properties are the outcome
of changes in the supermolecular and macroscopic
structure of the fiber polymer matter, which depends
on the technological process parameters as well as the
influence of the nanoadditives in the composite ob-
tained. Suitable control of the process parameters en-
ables obtaining a structure of precursor fibers, which
would be appropriate for medical applications of the
resultant carbon fibers.

Despite the inclusion of non-fiber-forming nanoad-
ditives in the polymer matter of precursor PAN fibers,
which stimulate an increase in the polymer’s crystal-
linity, the fibers are characterized by strength proper-
ties significantly higher than the assumed level of 25
cN/tex. This feature predisposes these fibers to ob-
taining carbon fibers, which would support bone re-
construction, the presence of calcium and phosphorus
in the fiber matter being taken into consideration.

The authors thank S. Btazewicz (Academy of Mining and
Smelting Engineering, Krakow, Poland) for providing nano-
Hap.
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