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Phase Continuity in Polystyrene-Nylon 6 , l O  
Graft Copolymers 
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Synopsis 

Using a mcdified interfacial polymerization route, a graft copolymer of nylon 6,lO 
and polystyrene was prepared. First, an aqueous suspension of styrene monomer was 
encapsulated with nylon 6,10, followed by polymerization of the styrene to form the 
graft copolymer. When the material was subsequently molded below the crystalline 
melting point of nylon 6,lO (220°C), modulus-temperature behavior intermediate be- 
tween polystyrene and nylon 6,IO was observed. However, when this graft copolymer 
was molded above the melting point of nylon 6,10, behavior more like pure polystyrene 
was observed. Phase contrast microscopy revealed that material molded below 220°C 
showed a continuous cellular-phase structure of about 30 microns in diameter, the in- 
terior of the cells being composed of pclystyrene and the cell walls being composed of 
nylon 6,lO. Phase inversion phenomenon was observed in the graft copolymer as the 
molding temperature was vaised above 220°C. The nylon 6,lO phase became discon- 
tinuous, small globules being formed. This behavior is analogous to spheroidization in 
steel. It is thought that molten nylon 6,lO spheroidizes to attain a lower surface-energy 
state. 

INTRODUCTION 

Polymer blends, blocks, and grafts have achieved importance because 
they form two complementary phases, not in spite of it. In  graft copoly- 
mers, phase morphology, particularly phase continuity, depends on the 
order of polymerization, mode of synthesis, and relative quantity of mate- 
riaI.l-lo In many known materials, the more continuous component 
exerts the dominant influence on the overall properties. 

Both thermal and anionic techniques have been employed to graft 
polymerize nylon onto a polystyrene backbone."-18 Such polystyrene- 
nylon grafts offer an opportunity to intimately mix a tough, crystalline 
phase with a brittle, amorphous phase. However, the synthetic modes 
employed often favor greater phase continuity for the major component 
which is the brittle polystyrene. In  the present paper, a synthetic mode 
which achieves phase continuity for the nylon Component will be developed. 
By controlling the molding temperature of suspension-polymerized graft 
copolymers of polystyrene and nylon 6,10, it was found that phase con- 
tinuity could be controlled.19 
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The materials discussed herein will be referred to as graft copolymers re- 
gardless of the extent of true chemical covalent bonds between the com- 
ponents, as this is conventional in modern nomenclature. Thus, the term 
graft copolymer, which can refer to either the chemically bonded materials 
or the general mode of synthesizing one polymer in the presence of the other, 
will be used more in the latter sense. 

EXPERIMENTAL 

Synthesis of Polystyrene-Nylon 6,lO Grafts 

When the experimental work was begun, it was hoped that i t  would be 
possible to synthesize the polystyrene and nylon 6,lO simultaneously. 
However, simultaneous polymerization proved difficult, and the materials 
were synthesized more or less sequentially, nylon 6,lO being first. 

Nylon 6,lO was polymerized by an adaptation of the well-known inter- 
facial polymerization technique20 to suspension polymerization. When 
hexamethylenediamine (HMD) and sebacyl chloride (SC) are allowed to 
react, nylon 6,lO is obtained: 
HzN-(CHz)s-NHz + Cl-C-(CH2)s-C-C1 

I1 
0 

II 
0 

HMD 

sc 
NaOH 

H(-NH-(CH2)~-NH-C-(CH~)~-C-),CI + nNacl (1) 

K il 
nylon 6,lO 

As a general rule for interfacial polymerizations, it is desirable to use con- 
centrations of reactants such that 1 to 3 g polymer will be produced for 
every 100 ml combined water and organic solvent.21 However, more con- 
centrated solutions were used in the following experiment. 

The organic “solvent” used in the present synthesis was monomeric 
styrene. To prepare 
a 10% nylon 6,lO graft copolymer, the following proportions were used: 

The synthesis was carried out in a three-neck flask. 

Solution I Solution I1 Solution I11 
water, 300 ml. styrene, 100 water, 100 ml 
poly(viny1 alcohcl), 1 g sc, 10 g HMD, 4.9 g 

NaOH, 3.36 g benzoyl peroxide, 1 g 

All solutions were initially a t  room temperature. Figure 1 schematically 
illustrates the synthesis technique. 

Initially, solution I is introduced in the flask. The poly(viny1 alcohol) 
in solution I behaves as a surfactant which keeps the oil phase dispersed. 
The flask is fitted with a stirrer, and solution I is stirred a t  moderately high 
speed. Solution 111, containing HMD, is kept in an addition funnel and 
attached to one of the necks of the flask. N2 is introduced in the flask for 
some time to remove the oxygen. Solution I1 is then rapidly added to the 
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Fig. 1. Schematic diagram of the synthesis technique. 

flask through the third neck. When solution I1 (oilphase) is uniformly 
dispersed, solution I11 from the addition funnel is quickly allowed to run 
into the flask. HRID immediately reacts with SC present in the droplets, 
and a nylon film is formed a t  the interface. In this way, each droplet of 
styrene monomer is encapsulated with nylon 6,lO film. The addition fun- 
nel is then removed and the flask is fitted with a thermometer and a reflux 
condensor. The temperature of the flask is then increased to 80°C and 
maintained a t  that temperature for 6 hr to ensure the complete polymeriza- 
tion of ~ t y r e n e . ~ ~ . ~ ~  After the reaction is over, the polymer is filtered out 
and washed thoroughly. The polymer is then dried a t  50°C in a vacuum 
oven. 

The dried suspension-sized polymer particles are then compression 
molded between aluminum foils a t  different temperatures through the 
range of 125-230°C for about 25 min, and under a pressure of 14 psig. 

Discussion of the Synthetic Technique 

The concentrations of HMD and SC used in the experiment are much 
higher than recommended.21 Higher concentration of reactants gives a low 
molecular weight nylon. In the experiment described above, we could 
decrease the concentration of SC by either increasing the amount of styrene 
or introducing another organic solvent along with styrene. Let us examine 
each of these possibilities carefully. If the amount of styrene is increased 
to obtain the desired concentration of SC, then the percentage of nylon in 
the final polymer will be much too low. Secondly, if another organic sol- 
vent like carbon tetrachloride or xylene is introduced, then the final polymer 
will be plasticized and the morphology of the polymer may be different from 
what is anticipated. The high concentration of the reactants and con- 
comitant low molecular weight nylon was accepted as the best alternative. 
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SC hydrolyses easily in the presence of water. The hydrolysis of the 
diacid chlorides is given by the following reaction equation : 

R(COC1)z - 
H20 - R(CO0H)z + 2HC1 (2) 

Wasley et al.24 have shown that the hydrolysis of diacid chloride diminishes 
considerably with an increase in the molecular weight of these chlorides. 
The use of high molecular weight diacid chloride would still lead to the 
formation of a polyamide by interfacial polymerization. 

To avoid extensive hydrolysis of SC, it is advisable to add HRilD as 
soon as possible, precluding the simultaneous polymerization of styrene 
and nylon 6 , l O .  (In an early attempt a t  simultaneous polymerization, 
solution I1 was dispersed in solution I, and the temperature was then raised 
to 80°C. Solution 111, which contains HAID, was added very slowly so 
that the addition took about 3 hr. In  this u-ay, nylon 6 , l O  and styrene 
were presumably polymerized simultaneously. However, when the poly- 
mer formed in this manner was analyzed for its nitrogen content, surpris- 
ingly the sample had an abnormally low percentage of nitrogen, suggesting 
prior extensive hydrolysis of SC.) 

In  suspension polymerization, the particle size and size distribution are 
affected by the suspending agent and stirring rate. In the particle range 
of 10 to 1000 microns, Fondy and Batesz5 found that particle diameter 
varied inversely with impeller tip speed raised to the 1.8 power for a variety 
of impeller design. In  our experiments, the particle size had a direct 
bearing on the size of the phase domain in the graft copolymer. However, 
in this work, no attempt was made to determine the size distribution of the 
suspension particles. 

The possibility of a reaction between nylon 6 , l O  and poly(viny1 alcohol) 
does exist. ShimizuIz6 for example, has shown that polyamides could be 
modified with poly(viny1 alcohol) under certain conditions. While this 
possibility was not extensively investigated, the experimental results de- 
veloped below suggest that any such reaction products were linear rather 
than crosslinked. 

Instrumentation and Measurements 

A Gehman Torsion St,iffness TesterZ7J8 was used to measure the shear 
modulus, GI as a function of temperature. In this work the Young's 
modulus, El is taken as three times the shear modulus G. The study was 
conducted from the room temperature to 180°C. Silicone oil was used as a 
bath fluid, with a rate of heating of about l"C/min. 

Since the grafts were synthesized by suspension polymerization, the size 
of the phase domains was expected to be of the order of several microns, 
therefore optical microscopy was expected to reveal the phase structure of 
these grafts. The samples were-cut to a thickness of about one to two 
microns with a Porter-Blum RIT-2 ultramicrotome equipped with a dia- 
mond knife. Phase contract illuminationz9 was found to  be adequate to 
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produce the desired phase contrast between the two phases. 
structure was also studied by staining nylon phase with toluidine 

The phase 

RESULTS AND DISCUSSION 

Modulus-Temperature Study 

When these graft copolymers were compression molded, it was expected 
that they would mold only above 220°C, which is the crystalline melting 
point of nylon 6,lO. Surprisingly, it was found that these grafts could be 
molded a t  about 125"C, which is much lower than the melting point of nylon 
6,lO. Figures 2 and 3 show the modulus-temperature behavior of these 
grafts when molded above and below the melting point of the nylon 6,lO 
component. 

The results indicate a marked difference in behavior, depending on the 
molding temperature with respect to the melting point of nylon 6,lO. The 
grafts molded above the melting point of nylon 6,lO show polystyrene-like 
behavior, while grafts molded below the melting point of the nylon 6,lO 
show an average of nylon 6,lO-like and polystyrene-like behavior. Thus, it 
was established that the crystalline melting point of nylon 6,lO is the key 

D 

Fig. 2. Modulus-temperature behavior of 16/84 nylon 6,10/PS graft copolymers as 
a function of molding temperature. Graft copolymers molded below the melting tem- 
perature of the nylon component have higher moduli above 100°C than expected. 
Data for nylon 6,lO homopolymer from ref. 34. 
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Fig. 3. Modulus-temperature behavior of 24.7/75.3 nylon 6,10/P6 graft copolymers as 
a function of molding temperature. 

variable in determining the properties of such grafts. It may be more 
proper to call the low-temperature molding operation a sintering phenom- 
enon. 31 

Figure 4 illustrates how the modulus (measured a t  12OoC) of the graft 
copolymers changes with the molding temperature. The grafts molded 
below the melting point of nylon 6,lO have a significantly higher modulus at 
120°C than that of the grafts molded above the melting point of nylon 6,lO. 
The width of the transition zone in Figure 4 has been set arbitrarily. More 
experimental data are required to ascertain the exact width of the transition 
zone. 

These results prompted us to examine the morphological change occurring 
in the graft copolymers due to high temperature molding. 

Optical Microscopy 

Because of the opacity or translucency, a multiple-phase structure was 
evident in the graft copolymers. The grafts were slightly yellowish in 
color. Two compositions of grafts, each molded above and below the melt- 
ing point of nylon 6,10, were examined. 

The most &eresting result of this portion of the investigation was the 
distinct difference between the morphologies of the grafts molded below and 
above the melting point of nylon 6,10, as illustrated in Figures 5-7, which 
were obtained via phase contrast microscopy. The white area (Figs. 5-7) 
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Fig. 4. Modulus a t  120°C vs. molding temperature. 

represents the nylon 6 , l O  phase, which was verified by staining the nylon 
6 , l O  phase with toluidine blue30 (Fig. S). 

Grafts molded below the melting point of nylon 6 , l O  show a continuous- 
phase structure of nylon 6 , l O .  The size of the polystyrene phase domains 

Fig. 5. Optical micrograph of 16/84 nylon 6,10/PS graft copolymer molded a t  125" 
C via phase contrast microscopy. The cell walls (white 
area) are made of nylon 6,lO component, and the interior of the cells (dark area) is com- 
posed of polystyrene phase. 

A cellular structure is seen. 
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Fig. 6. Optical micrograph of 16/84 nylon 6,10/PS graft copolymer molded a t  150°C. 
The white cell walls, which represent nylon 6,lO phase, 

Dark dots in the white area represent the presence 
The cellular structure still exists. 
are not completely homogeneous. 
of a finely dispersed polystyrene phase. 

is about 10-30 microns, which represents the expected size of the suspen- 
sion particles. The nylon 6,lO film surrounding the polystyrene-phase 
domains is not completely homogeneous, however, as shown in Figure 6. 
There are small islands of polystyrene scattered throughout the nylon 6,lO 
film. During synthesis when nylon film is formed, it is highly swollen with 

Fig. 7. Optical micrograph of 16/84 nylon 6,10/PS graft copolymer molded a t  230°C. 
Oellular structure has been destroyed and phase inversion has taken place. Nylon 6,lO 
component (white dots) has formed into small globules, and polystyrene (dark area) 
has become the continuous phase. 
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Fig. 8. Optical micrograph of 24.7/75.3 nylon 6,10/PS graft copolymer molded at 
150°C. The phase 
structure seen here confirms the phase structure observed by the phase contrast micros- 
COPY. 

The nylon 6,lO phase has been stained with toluidine b1ue.m 

styrene monomer. As polymerization proceeds, islands of polystyrene are 
formed within the film by subsequent phase separation. This structure is 
thought to help in molding such grafts below the melting point of nylon 
6,lO. When the same graft copolymer is molded above the nylon 6,lO 
melting point, phase inversion occurs. The nylon 6,lO becomes the dis- 
continuous phase, while polystyrene becomes the continuous phase, as illus- 
trated in Figure 7. The continuous-phase structure of polystyrene is then 
responsible for the polystyrene-like behavior upon molding above 22OOC. 

Minimum 
hardness and maximum ductility of steel can be produced by a process 
called spheroidizing, which causes the iron carbide to form in small spheres 
or nodules in a ferrite matrix. How- 
ever, if the pearlite steel were held just under the eutectoid temperature for 
prolonged periods of time, the carbide spheroidizes to form its more stable 
and lower surface-energy state of small rounded globules. Similarly, in this 
graft copolymer, when i t  is molded above the melting point of nylon 6,10, 
nylon presumably spheroidizes to attain the lower surface-energy state. 

This behavior is analogous to spheroidization in 

In  pearlite, the carbide is lamellar. 

CONCLUSIONS 

The novel synthesis technique discussed herein forms a continuous-phase 
structure of nylon and a discontinuous phase of polystyrene, although the 
former is the minor component in the graft copolymer by weight. 

The mechanical properties of these graft copolymers were found to de- 
pend on the phase structure and nylon concentration. The continuous- 
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phase structure of nylon 6,lO significantly improves the high-temperature 
modulus of these grafts, as shown in Figure 4. Conventional blending tech- 
nique would have favored a discontinuous-phase structure for nylon 6,10, 
since it was the minor phase. The grafts having discontinuous-phase struc- 
ture of nylon havc poorer high-temperature mechanical properties than 
those of grafts having continuous-phase structure of nylon. Increasing the 
nylon concentration results in better mechanical properties of these graft 
copolymers (Fig. 4). 
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