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ABSTRACT: Three synthesized acrylonitrile-graft-silk fibroin copolymers (AN-g-SF),
denoted as COP-65, COP-87, and COP-106, were used as potential compatilizers for
acrylic polymer—silk fibroin blend fibers. Due to their different molecular weights and
architecture, the compatibilizing efficiency is in the order of COP-106 > COP-65
> COP-87. To maintain the “sheath-core” structure of the blend fiber, COP-65 was
chosen as the compatilizer. It was found that the addition of a small amount of COP-65
(up to 2 wt %) results in finer and more even distribution of the SF fibrils. On the
contrary, excess COP-65 will cause flocculation and coalescence of the SF phase.
Similarly, mechanical properties are enhanced with an optimum amount of the com-
patilizers. However, when excess COP-65 is added, the mechanical properties of the
blend fibers are even worse than that of the uncompatilized samples. The mechanism
of these findings is also discussed. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 73:

2255-2264, 1999
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INTRODUCTION

Silk fibroin (SF) and acrylic polymers are impor-
tant materials in the textile industry. Although
both of them possess some outstanding character-
istics, they suffer from some inferior properties.
Thus, many attempts have been made to improve
their properties.’”® It has been reported in our
laboratory that acrylic polymer—SF could form
useful blend fibers, which would combine the mer-
its of the two fibers and enlarge the range of their
applications.”'° However, due to the incompati-
bility of these two polymers, the mechanical prop-
erties of the fibers would be deteriorated upon
blending.
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It is believed that the poor mechanical proper-
ties of the blend fibers can be improved by adding
a properly chosen copolymer, or, a compatilizer.
In the first article of this series, the graft copoly-
merization of acrylonitrile onto SF were investi-
gated in detail.'! In this article, the relationships
between the mechanical behavior of the blend
fibers and their composition, as well as the mo-
lecular weight and architecture of the compatiliz-
ers were studied with respect to morphological
changes. The tensile parameters of strength,
modulus, and elongation were investigated,
which are interpreted in accordance with the mor-
phological observations.

EXPERIMENTAL

Materials

Acrylic polymer (denoted as PAC, MW = 60,000—
80,000) used in this study was kindly supplied by
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Table I Characterization Data of the Graft Copolymers

MW of Grafted PAN PAN/SF* MW,/

Polymer Code (Kd) (mol/mol) copb
COP-65 65 2.2 0.9-1.2
COP-87 87 4 0.7-0.9
COP-106 106 1.5 0.6-0.8

SF, silk fibroin; PAN, polyacrylonitrile.

2 The value of PAN/SF indicates the numbers of PAN branch (average) on the SF backbone,

according to the definition in the literature.!!

* MW,,, and MW, denote the molecular weight of PAC used in this study and that of the

grafted PAN of the copolymers.

Jinshan Acrylic Fiber Factory, Shanghai, P.R.
China. Pyrolytic chromatography results, which
were provided by the manufacturer, showed that
the acrylic polymer was made of acrylonitrile
(91.7%), methyl acrylate (7%), and sodium methyl
propenyl sulfonate (1.3%).

In our previous article,'! the synthetic method
of the compatilizer, i.e., the homogeneous graft
copolymerization of acrylonitrile onto silk fibroin,
initiated by potassium persulfate—sodium bisul-
fite redox system in 60 wt % ZnCl, aqueous solu-
tion, has been reported in detail. Also, the influ-
ence of the reaction conditions on the molecular
architecture of the graft copolymers has been dis-
cussed. According to this, the graft copolymers
used in the present study were synthesized; their
molecular parameters are listed in Table I. It
seems all the graft copolymers are broadly simi-
lar, except they differ from each other in the num-
bers of branch [the value of polyacrylonitrile
(PAN)/SF] and the molecular weights of grafted
PAN.

Preparation of the Blend Fibers

Degummed silk fibroin from waste Bombyx mori
silk fiber, PAC, and compatilizers were dissolved
in 55 wt % aqueous NaSCN solutions, separately.
The polymer concentration of these solutions was
made up to be 12% by weight. A fixed PAC/SF
ratio, i.e., 70/30 (wt/wt), was used throughout this
work. Varied amounts of the compatilizer solu-
tions, expressed as compatilizer/(SF + PAN)
weight ratios, were added to the PAC-SF blend
solutions, and stirred for at least 2 h to obtain
homogenous solutions. After degassing, the blend
solutions were extruded from a 30-hole (0.08 mm
diameter) die into a 10% NaSCN aqueous coagu-
lation bath at 0 ~ 5°C to form the fibers. The
as-spun fibers were washed and drawn in boiling
water (the draw ratio is four for all the samples),
then dried at 120°C for 30 min.

Measurements

Tensile tests were carried out on an Instron ma-
chine model 1121 (Instron, UK). All tests were
performed on single filament using a gauge
length of 50 mm and crosshead speed of 20 mm/
min. The average of 50 readings was presented
for each sample.

A HITACHI S-520 scanning electron micro-
scope (Hitachi, Japan) was used to study the mor-
phological structure of the blend fibers. To improve
the contrast of the images, the samples were par-
tially immersed in 9.5 mol/L LiBr aqueous solution
around 80°C for some time to dissolve out SF. The
resultant fibers were then washed and dried. After
tensile test, the cross sections of the fibers were
examined. All the samples were then coated with
gold under vacuum for microscopic inspection.

RESULTS AND DISCUSSION

Effect of Various Compatilizers on
Dispersed Phase Size

As it has been pointed out,'? the addition of effec-
tive compatilizers to an incompatible blend sys-
tem would: 1. reduce the interfacial energy be-
tween the phases; 2. permit a finer dispersing
during mixing; 3. provide a measure of stability
against gross segregation; and 4. result in im-
proved interfacial adhesion. The efficiency of
these processes depend on many factors such as
mixing conditions, molecular weight, architecture
and concentration of the compatilizers, interac-
tion of the compatilizer with the various phases,
and the rate of absorption of the compatilizers at
the interface.

Figure 1(A) shows the longitudinal section of a
70/30 blend fiber containing no compatilizer after
treatment with LiBr aqueous solution. Because
SF is the minor component of the blend fiber, it is
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Figurel SEM photomicrographs of the longitudinal sections of the 70/30 blend fibers
treated with LiBr aqueous solution. The fibers contained different compatilizers: (A)
control, scale bar: 6.0 um; (B) 2 wt % COP-65, scale bar: 4.3 um; (C) 2 wt % COP-87,
scale bar: 6.0 um; and (D) 2 wt % COP-106, scale bar: 4.3 um.

believed that after treatment with hot 9.5 mol/LL
LiBr aqueous solution for some time, most of the
SF component was dissolved out. It is seen that
SF forms long fibrils along the flow direction of
the blend fiber, which must be caused by the
elongational flow during the fiber formation. The
fibrils are bundled together, indicating gross
phase separation and poor adhesion between SF

and PAC. However, on adding 2 wt % COP-65,
COP-87, and COP-106 into the blend fiber, the
diameter of the SF fibrils, which exhibits more
homogenous distributions, decreases sharply
[Fig. 1(B-D), respectively]. Since the domain size
is directly proportional to the interfacial tension,
this finding definitely indicates good compatibiliz-
ing effect of the graft copolymers.



2258 SUN ET AL.

Also noteworthy about these SEM photomicro-
graphs is that although all the graft copolymers
exhibit compatibilizing effect, their efficiencies
are different—the SF fibrils diameters in the
COP-87 compatilized sample are relatively large,
suggesting that COP-87 is not an effective com-
patilizer. On the contrary, COP-106 shows excel-
lent compatibilizing effect—the SF fibrils are
barely detectable, indicating good dispersion of
SF and enhanced adhesion between the two
phases.

These phenomena can be explained by the mo-
lecular weight and architecture of the copolymers.
As pointed out by Paul and Newman,'? among the
requirements on an effective compatilizer, two of
them stand out: 1. the architecture of the copoly-
mer should be as simple as possible; and 2. the
molecular weight of individual segments has to be
equal or higher than those of corresponding ho-
mopolymers. In the present study, because of the
associated entropy loss, the multiple branches of
COP-87 (see Table I) would certainly restrict the
opportunities for the backbone to penetrate its
homopolymer phase. COP-106 is an effective com-
patilizer because each SF backbone has only one
PAN branch (one should keep in mind that this
value is a matter of average), and the MW,/
MW,,, is less than 1. As to COP-65, its MW,/

cop

MW,,, is around 1, and each SF backbone has
about two PAN branches. Consequently, the or-
der of the compatibilizing efficiency of the copoly-
mers is COP-106 > COP-65 > COP-87.

It should be pointed out that in some cases the
goal of compatibilization is always to disperse the
minor phase into the finest drops.'®!* In the
present study, however, if SF and PAC are too
compatible, it will prevent the formation of the
“sheath-core” structure'® of the blend fibers, as
can be seen in Figure 1(D), which will thus dete-
riorate some desired properties of the blend fi-
bers, such as handle, luster, etc. As a conse-
quence, although COP-106 is the most effective
compatilizer, it is not suitable to be used in this
work. We believe that COP-65 is a more suitable
compatilizer—it will enhance the adhesion be-
tween the two polymers, while the “sheath-core”
structure can be maintained.

Morphology of the COP-65 Compatibilized
Blend Fibers

Figure 2 shows the longitudinal section of various
concentrations of COP-65 compatibilized fibers
after treated with LiBr aqueous solution. It can
be seen that when a small amount of COP-65 was

added to the blend fibers (up to 2 wt %), the SF
fibrils are more evenly distributed and finer in size
than the uncompatibilized blend [note particularly
the difference between Figure 1(A) and Figure 2(A—
C]. For blends containing more than 2 wt % of
COP-65 [Fig. 2(D-F)], however, SF fibrils are poorly
distributed and thicker than when 2 wt % COP-65
was added to the blends. When 8 wt % COP-65 was
added, poorly distributed thick fibrils as well as
gross stubby particles can be detected.

Figure 3 shows the SEM micrographs of the
fractured surfaces after tensile testing. For the
uncompatibilized fiber [Fig. 3(A,B)], gross cracks
are observed. This kind of failure is supposed to
occur by cracking or slipping, along the planes
close to the fiber surface.’® Due to the inhomoge-
neous fibril structure there would be shear stress
in these planes. While the slippage grows slowly,
the remaining fiber cross section continues to de-
form plastically to some extent. At a point deter-
mined by the sizes of the crack and of the remain-
ing cross section and by the fiber properties, rapid
transverse crack propagation occurs. These find-
ings indicate poor adhesion between SF and PAC.
When a small amount of COP-65 was added to the
blend fibers, evenly distributed fibrils, instead of
large cracks, can be observed in the immediate
region of the fracture area [Fig. 3 (C—H)]. The
interfacial adhesion looks good (pull-out fibrils
are barely detected), suggesting that the compati-
bilization takes place at the interface. However,
similar to the results mentioned above, the di-
mension of SF domains increase after an opti-
mum value of 2 wt % COP-65 content is reached.
When the concentration of COP-65 is 8 wt %,
large cracks, instead of fibrils, can be observed
[Fig. 3 (M,N)].

These findings suggest that when a small
amount of COP-65 (up to 2 wt %) is added to the
blend fibers, good compatibilizing effect can be
obtained. However, excess compatilizer will lead
to “flocculation” of the SF domains. It is generally
accepted that flocculation of the dispersed phase
occurs because of strong interparticle interac-
tions,'® as has been observed in other compatibi-
lized systems.”18 In the present study, some spe-
cial interactions, such as hydrogen bonds between
the grafted and ungrafted SF, may prevent some
of the graft copolymers from locating at the inter-
face. As a result, instead of size reduction, excess
COP-65 tends to coalesce the dispersed SF phase
before fibrils are formed, and thus result in poor
dispersion of SF in PAC matrix, which will dete-
riorate the mechanical properties of the blend
fibers, as discussed below. The same trend is also
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Figure2 SEM photomicrographs of the longitudinal sections of the 70/30 blend fibers
treated with LiBr aqueous solution. The fibers contained various amounts of COP-65:
(A) 0.5 wt %, scale bar: 6.0 um; (B) 1 wt %, scale bar: 6.0 um; (C) 2 wt %, scale bar: 4.3

pm; (D) 4 wt %, scale bar: 4.3 um; (E) 6 wt %, scale bar: 6.0 um; and (F) 8 wt %, scale
bar: 6.0 um.
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Figure 3 SEM photomicrographs of the fracture surfaces of the 70/30 blend fibers
after tensile testing. The fibers contained various amount of COP-65: (A) 0, scale bar:
43 um; (B) 0, scale bar: 7.5 um; (C) 0.5 wt %, scale bar: 43 um; (D) 0.5 wt %, scale bar:
4.3 pm; (E) 1 wt %, scale bar: 20 um; (F) 1 wt %, scale bar: 4.3 um; (G) 2 wt %, scale bar:
25 um; (H) 2 wt %, scale bar: 4.3 um; (I) 4 wt %, scale bar: 60 um; (J) 4 wt %, scale bar:
4.3 pm; (K) 6 wt %, scale bar: 30 um; (L) 6 wt %, scale bar: 6.0 um; (M) 8 wt %, scale
bar: 60 um; and (N) 8 wt %, scale bar: 6.0 um.
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Figure 3 (Continued from the previous page)

observed in COP-87 compatibilized blends as detected in the present study, suggesting that
shown in Figure 4. As for the COP-106 compati- there is a high level of compatibility in this ter-
bilized system, however, no such trend can be nary blends system, which will be studied further.
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Figure 3 (Continued from previous page)

Mechanical Properties of COP-65
Compatilized Blend Fibers

Figure 5(A) shows the tensile strength of the
blend fibers vs COP-65 content. It can be seen
that the tensile strength is significantly increased
with the increase of added COP-65. When 2 wt %
COP-65 is added, the tensile strength is about 2.3
cN/dtex, which is about 50% higher than that of
the uncompatilized fiber. This increasing trend
can be attributed to a more uniform distribution
and finer SF fibril formation on the addition of the
compatilizer. However, when COP-65 content is
higher than 2 wt %, further increasing the con-
centration will lead to depression of the tensile
strength. When the COP-65 content is 8 wt %, a
tensile strength of 1.38 cN/dtex is obtained, which
is about 10% lower than that of the uncompatil-
ized sample. This decreasing trend must be
caused by the flocculation and coalescence of the
SF phase. As discussed above, excess compatiliz-
ers lead to poor distribution of the SF phase.
When 8 wt % of COP-65 is added, the SF phase
forms fibrils as well as gross stubby particles.
These poorly dispersed SF thick fibrils and/or par-
ticles may include part of the compatilizer, which
acts as a defect in the fiber. As a result, the tensile
strength of the blend fibers containing excess
COP-65 (more than 2 wt %) becomes even worse
than that of the uncompatibilized sample.
Figure 5(B) shows the relationship between
initial modulus and COP-65 content in the
blends. A similar trend to that of the tensile
strength can be observed; the initial modulus in-
creases with the increase of COP-65 content until
an optimum value, say, 2 wt % is reached, and
thereafter, it decreases. This finding further

strengthens the “flocculation” idea mentioned
above, and it is reasonable to conclude that a
small amount of COP-65 improves the mechani-
cal properties of the blend fibers, whereas excess
compatilizers will deteriorate the performance of
the compatilized fibers.

The relationship between elongation at break
of the blend fibers and the COP-65 content is
shown in Figure 5(C). It is noteworthy that simi-
lar to the strength and modulus, a peak of elon-
gation at 2 wt % COP-65 can be observed. These
phenomena can be ascribed to the improved ad-
hesion between SF and PAC when a small
amount of COP-65 was added. As pointed out by
other authors in other systems,'® improved adhe-
sion increases the friction between the dispersed
SF fibrils and PAC matrix. Thus, SF fibrils will
connect tightly to the crack gaps between the
matrix until additional work is in operation. Con-
sequently, it is not unexpected that the elongation
at the break will be increased on adding a small
amount of COP-65. However, excess compatiliz-
ers lead to flocculation and coalescence of the SF
phase, which will decrease the total contacting
area. As a result, the decreasing trend of elonga-
tion can be observed.

It should be pointed out that there is no reason
to believe that the spinning conditions used here
are the optimum parameters. Therefore, more
suitable spinning conditions may be used when
the process is examined on a cost-benefit basis.
However, it can be seen that on addition of a
small amount of COP-65, the mechanical proper-
ties of the blend samples are greatly improved,
which have already characterized them as usable
fibers.
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Figure4 SEM photomicrographs of the longitudinal sections of the 70/30 blend fibers
treated with LiBr aqueous solution. The fibers contained various amount of COP-87: (A)
2 wt %, scale bar: 60 um; (B) 6 wt %, scale bar: 43 um; and (C) 10 wt %, scale bar: 60

pm.

CONCLUSIONS

The results of present study can be summarized
as follows:

1. Due to the differences in molecular weight
and architecture of the selected three AN-
g-SF copolymers, their compatibilizing effi-

ciency for SF-PAC blend fibers is in the
order of COP-106 > COP-65 > COP-87. To
obtain improved mechanical properties and
maintain the “sheath-core” structure of the
blend fibers, COP-65 is chosen as the com-
patilizer for this blend system.

. The addition of a small amount of COP-65

(up to 2 wt %) results in finer distribution of
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Figure 5 Relationship between (A) the tensile
strength; (B) the initial modulus; and (C) the breaking
elongation of the 70/30 blend fibers and the amounts of
added COP-65.

the SF fibrils and improved adhesion be-
tween the phases. However, excess of

COP-65 causes flocculation and coalescence
of the SF phase.

3. The strength, initial modulus, and elonga-
tion of the compatibilized fibers increase
with the increase of the COP-65 content un-
til an optimum value, and thereafter these
values decrease.
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