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SYNOPSIS 

The results of this article are accepted as a provisional patent by a unisearch limited of 
the University of New South Wales in Australia in 1994. The low-impact behavior of 
polyamide 11 when modified by a butadiene-acrylonitrile copolymer (“nitrile rubber”) was 
studied. The effect of the level of rubber addition and the acrylonitrile content is described. 
The rubber particle size and particle-size distribution were found to be important factors 
in controlling blend properties, including impact strength. SEM studies showed that tough- 
ness can be predicted by morphology. The mechanism of energy dissipation at low con- 
centrations of rubber (220%) is crazing, plastic deformation, voiding, and matrix shear 
yielding. On the basis of these studies, it can be concluded that toughening of polyamide 
11 is possible with nitrile rubber and that these blends are industrially compatible. 0 1996 
John Wiley & Sons, Inc. 

INTRODUCTION 

Polymer blending is widely used for toughening of 
thermoplastic elastomers and has assumed greater 
industrial and scientific importance over the past 
two decades.’-4 Most of the widely used thermo- 
plastic materials, such as isotactic polypropolyene 
(PP), polystyrene (PS), poly(viny1 chloride) (PVC), 
and polyamide (PA), show marked limitation in their 
end use because of poor impact resistance and 
toughness, particularly below their glass transition 
temperature. These limitations may be overcome to 
a certain extent by adding to the thermoplastic lower 
Tg rubbery components, by melt mixing, copoly- 
merization, or other techniques. 

The rubber particles dispersed in the rigid matrix 
stop craze growth, which can lead to the formation 
and development of failure cracks during impact, 
and at  the same time, the particles act as stress con- 
centrators, forming a barrier to the extension of 
crazing. The important factors in rubber toughening 
are “rubber concentration” and “rubber particle 
size,” since these parameters fix the “interparticle 
distance,” which is a very important factor in rubber 
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toughening as it determines the stress state in front 
of the crack tip. 

Generally, crazing, shearbanding, and cavita- 
tion occur prior to impact fracture and theories 
which explain micromechanisms of toughening 
include the role of rubber particles as stress con- 
centrators and craze Initially, rubber 
particles were taught to bridge cracks13 and this 
“microcrack” theory was extended by the multiple 
crazing theory of Buknall and Smith,14 where rub- 
ber particles both initiate and control craze 
growth. Newman and Strella15”6 postulated en- 
hancement of matrix shear yielding, while cavi- 
tation has also been propo~ed.’~.’’ 

Rubber cavitation under triaxial tension arises 
from elastic instability of “precavities,” and so 
voiding in the blend is predicted to depend entirely 
upon the rubber modulus. Further refinements of 
rubber cavitation/matrix plastic deformation the- 
ories have also appeared.’g*20 

One group of thermoplastic elastomers of partic- 
ular interest are the polyamides. Dry polyamides are 
semiductile materials at  room temperature. Above 
their Tg, they are tough and exhibit reasonably high 
tensile strength and elongation to break. Polyamides 
have high impact strength but are notch-sensitive. 
They have good resistance to crack initiation, but 
poor resistance to crack propagation. 
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Table I Mechanical and Oil Swelling Properties of PA1 l/NBR(LAN) : 80/20 Blends, ABS, and HIPS 

Oil Swell, Increase (%) 70 h, 125'C, 
ASTM Oil No. 3 

Impact Elongation Tensile 
Strength at Break Strength Hardness In In In 

Sample (J/m) (%) (MPa) D Scale Weight Thickness Width 

PA11 25 300 50 72 1.30 0.25 0.2 
I 55 52 2 1  61 3.56 1.55 0.31 
I1 100 116 25 60 1.59 0.25 0.15 
111 1840 132 27 60 1.05 0.20 0.10 
ABS 333 26 43 78 19.32 30.90 9.16 
HIPS 92 11 28 75 101.30 The shape is changed 

There are three ways to improve the impact 
strength of polyamide: (a) plasticizing with water, 
(b) addition of a copolymer (block copolymerization) 
as a soft segment, and (c) the incorporation of a 
dispersed rubber phase by reaction blending. Poly- 
amides are usually toughened by incorporation of 
rubber or of elastomers as impact modifiers such as 
hydrocarbon rubber,*'."' acrylic rubber,23 ethylene- 
ethyl a~rylate ,*~ SEBS, and SEBS-g-MA (Refs. 25 
and 26) EPR, and mostly with EPDM and EPDM- 
g-MA.z7,29 Generally, the polyamides used are based 
on PA6 and PA6,6 which are important commercial 
polyamides. Although it is possible to toughen poly- 
amides as described above, it has not been possible 
to produce polyamides that are comparable with 
tough engineering plastics such as high-impact 
polystyrene (HIPS) and acrylonitrile-butadiene- 
styrene (ABS). 
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Figure 1 
bution of PAll/NBR(L.AN) : 80/20 blends, sample I. 

Rubber particle size and particle-size distri- 

EXPER I MENTAL 

The thermoplastic used throughout was a natural 
grade of polyamide 11, Rilsan, BMW. This has a 
fine particle size and is white and of an unmodified 
injection-molding grade provided by Atochem, 
France. The butadiene-acrylonitrile ( nitile ) elas- 
tomer employed was krynac 19.65 ( 19% AN), pro- 
vided by Polysar, Canada. 

Blend Preparation 

Blends were prepared by a melt-mixing technique, 
and to explain the effect of the processing technique 
and particle size on the mechanical properties in a 
low rubber content PAll /NBR (L.AN), 80/20 
blends, three samples are made as follows: Sample 
I: Pelletized NBR is completely physically mixed 
with dried polyamid 11 powder and the mixture is 
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Figure 2 
bution of PAll/NBR(L.AN) : 80/20 blends, sample 11. 

Rubber particle size and particle-size distri- 
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Figure 3 
bution of PAll/NBR(L.AN) : 80/20 blends, sample 111. 

Rubber particle size and particle-size distri- 

used in a Johns CF 550 injection-molding machine. 
Samples I1 and 111: Pelletized NBR is completely 
physically mixed with dried polyamid 11 powder and 
the mixture is then put into a Bradender DSK twin- 
screw extruder. Then, the pletized extrudate is used 
in the injection-molding machine. The difference 
between samples I1 and I11 is additional mixing and 
shearing to reduce the particle size. Samples I, 11, 
and I11 have a 3.01, 1.63, and 0.12 pm mean particle 
size, respectively. In each procedure, polyamide 11 
powder was dried to remove moisture for 18 h a t  
60°C and the rubber was pelletized using a Cromp- 
ton Parkinson granulator before use. 

Mechanical Characterization 

The injection-molding procedure employed a four- 
cavity mold, two cavities providing suitable samples 
for routine tensile and impact testing. At  least three 
and typically five replicate samples were tested for 
both tensile and impact data. Tensile bars con- 
formed to ASTM D-638, Type 11, and were strained 
using a cross-head speed of 50 mm min-' in an In- 
stron 1115 universal testing machine. 

Impact bars 60 X 12 X 6 mm (thin bars) and 55 
X 14 X 10 mm (thick bars) were sharp-notched (2.5 
mm) using a razor blade rather than employing the 
45" notch specified in ASTM D-256. Impact testing 
was performed in Zwick 5102 pendulum machine 
(for thin bars) and a Satec System Model SI-ID3 
pendulum machine with a 33.9 Joules head (for thick 
bars). 

The rubber particle size and particle-size distri- 
bution of the blends are measured by an image an- 
alyzer (Optomax System) from SEM micrographs 
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Figure 4 
: 80/20 blends, with different processing. 

Storage modulus traces of PAll/NBR(L.AN) 

of the fracture surface. Solvent resistance was mea- 
sured by immersing 20 X 20 X 4 mm pieces of each 
blend in ASTM oil #3 for 70 h at  125"C, in accor- 
dance with ASTM D-471. Changes in weight and 
dimensions were recorded. 

Thermal Behavior 

Dynamic mechanical properties of the blends were 
performed using 23 X 10 X 4 mm injection-molded 
test pieces by using a DuPont 983 DMA and Series 
2100 analyzer. The DMA system possessed liquid 
nitrogen cooling facilities (LNCA I1 ) which allowed 
testing to be completed over the temperature range 
of -100 to 180°C at  20°C/min. 

RESULTS AND DISCUSSION 

In a previous article,30 we explained the effect of 
rubber content and acrylonitrile content and we 

0 

Figure 5 
blends, with different processing. 

Tan 6 traces of PAll/NBR(L.AN) : 80/20 
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Figure 6 
from left to right: samples I11 and 11. 

Optical micrograph of stress-whitened zone of PAll/NBR(L.AN) : 80/20 blends, 

concluded that by increasing the rubher content and 
decreasing the %AN content the impact strength 
increase. In the present article, the effect of particle 
size and processing conditions on impact modifi- 
cation are described. The results of these studies are 
accepted as a provisional patent in Australia. 

To  improve further the impact strength for low 
rubber content blends, we decided to reduce the 
rubber particle size and to optimize mixing condi- 
tions. For this to  be achieved, there are several tech- 
niques including changing shear rate, temperature, 
etc. We used a twin-screw extruder to  achieve a 
smaller particle size and better particle-size distri- 
bution (better mixing). 

Table I shows the mechanical and oil swelling 
properties of PA1 1 / NBR ( L.AN ) : 80 / 20 blends 
which are made with different procedures and dif- 
ferent particle sizes. For comparing our results with 
other tough engineering plastics, we chose high-im- 
pact polystyrene (HIPS)  and the high-impact ac- 

rylonitrile-butadiene-styrene copolymer ( ABS ) , 
which are commercial tough engineering plastics. 
The same conditions were applied for testing the 
ABS and HIPS and the results are also shown in 
Table I. 

It can be seen from Table I that by changing the 
processes the impact strength increases with sample 
I11 having a very high impact strength “supper- 
tough.” The elongation a t  break and oil swelling re- 
sistance are also improved. Comparing the results 
of sample I11 with ABS and HIPS, PAl l /NBR 
(L.AN) : 80/20  blends constitute both a supertough 
polyamide 11 and a good engineering plastic. 

Figures 1-3 show the rubber particle size and 
particle-size distribution of sample 1-111, respec- 
tively. It can be seen that by changing the processing 
history the rubber particle diameter decreased, from 
3.01 pm in sample I (Fig. 1 ), to 1.63 pm in sample 
11, and to 0.12 pm in sample 111. We conclude that 
the improvement in mechanical properties of the 

Figure 7 Optical micrograph of stress-whitened zone, from left to right: PA11/ 
NBR(L.AN) : 80/20 blend, HIPS, and ABS. 



IMPACT MODIFICATION OF POLYAMID 11 2309 

Figure 8 Optical micrograph of Charpy notched fracture surface of (top from left to right, 
respectively) ABS, HIPS, and sample I1 and (bottom) sample 111 (“supertough” polyamide 11). 

sample I11 is due to small particle size and better 
particle-size distribution. 

Thermal Behavior 

DMA and DSC show that  by changing the process 
partial miscibility is increased. Figures 4 and 5 
show the storage modulus and tan  6 of PA11/ 
NBR(L.AN) : 8 0 / 2 0  blends with different pro- 
cessing techniques ( corresponding to  samples I- 
I11 in Table I ) .  I t  can be seen tha t  (Fig. 4) by 
decreasing the particle size the storage modulus 
decreases, which is correlated with impact im- 
provement. T a n  6 (Fig. 5 )  traces show a slight 
increase in the Tg of NBR, which is related to  im- 
provement of partial miscibility. 

Morphological Observation 
The  notched Charpy fracture surface of samples 
1-111 a t  low rubber content were studied optically 
and by using SEM. High toughness values are 
consistent with the fracture morphology, with the 
toughened polyamide (sample 111) being grossly 
whitened and plastically deformed a t  and below 
the  fracture surface. This  is seen to  be more ex- 
tensive than tha t  for the other polyamide samples 
(different processing) and the HIPS  and ABS 
Polymers (Figs- 6 and 7 1. 

Figure 6 shows the stress-whitened zones for 
samples I1 and 111. I t  can be seen tha t  by decreas- 

Figure 9 Stress-whitened zones of Charpy notched im- 
pact fracture surface of (top) sample 111, (middle) HIPS, 
and (bottom) ABS. 
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Figure 10 
80/20, sample 11, at notch tip. 

SEM micrograph of Charpy impact fracture surface of PAll/NBR(L.AN) : 

ing the particle size (sample 111, left) which is su- 
pertough, the stress-whitened zone continued up 
to  end of the fracture surface and high plastic de- 
formation; for sample I, no stress-whitened zone 
was observed. Figure 7 shows the stress-whitened 
zones for the tough polyamide 11 ( le f t ) ,  HIPS 
(middle), and ABS ( r igh t ) .  This  figure clearly 
shows for HIPS that  there is little plastic defor- 
mation below the fracture surface, while for ABS, 

there is some. However, for the tough polyamide 
11, the stress-whitened zone is much greater, in- 
dicating that  i t  is very tough. 

Figure 8 shows a Charpy notched fracture surface 
and a surface stress-whitened zone of thin samples 
(thickness 6 mm) , to  which the heaviest pendulum 
head (4 Joules) of a Zwick 5102 pendulum machine 
was applied. The figure shows that for the super- 
tough polyamide 11 (sample 111, bottom) the rupture 

Figure 11 
80/20, sample 111, a t  notch tip. 

SEM micrograph of Charpy impact fracture surface of PAll/NBR(L.AN) : 
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Figure 12 
80/20, sample 111. 

SEM micrograph of Charpy impact fracture surface of Pll /NBR(L.AN) : 

was incomplete, but that  for sample 11, the HIPS 
and ABS controls were broken. 

Figure 9 shows the Charpy notched fracture sur- 
face of large samples (thickness 10 mm) tested with 
a Statec System, SI-ID3 pendulum machine, with a 
maximum load head of 33.9 Joules. It can be seen 
that the stress-whitened zone for the supertough 
polyamide 11 ( top)  and ABS (bottom) continues 
from the notch tip toward the end of the fracture, 

but for HIPS (middle), about half of fracture surface 
is whitened. The tough PA11 fracture surface in- 
dicates greater toughness than for the ABS or HIPS, 
which have a smooth fracture surface. 

The Charpy notched fracture surfaces of the 
samples a t  room temperature and low temperature 
were studied by SEM. Figures 10 and 11 show the 
fracture surface of samples I1 and I11 a t  the notch 
tip a t  the same magnification. It can be seen that 

Figure 13 
80/20, sample 111, at low temperature, at notch tip. 

SEM micrograph of Charpy impact fracture surface of PAll/NBR(L.AN) : 
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Figure 14 
at the end of the notch. 

SEM micrograph of Charpy impact of PAll/NBR(L.AN) : 80/20, sample 111, 

sample I11 had a very tough fracture surface com- 
pared with sample 11. Figure 12 also shows the plastic 
deformation, shear bands, and matrix drawing of 
the tough fracture surface of sample 111. 

At high magnification, both samples I1 and I11 
show cavitation and matrix drawing a t  the notch 
tip. The cavitation and matrix drawing are much 
more extensive for sample I11 and continues up to 
end of the fracture surface. For sample 111, even a t  

low temperatures (below 0°C) , cavitation and ma- 
trix drawing were observed at  the notch tip (Fig. 
13). Figures 14 and 15 show the crazing and shear 
bands which occur in supertough polyamide 11 
(sample 111). 

On the basis of optical and SEM micrographs, 
the mechanism of energy dissipation in “supertough 
polyamide 11” is multiple crazing due to small rubber 
particles and shear bands due to matrix plastic de- 

Figure 15 
shear bands are observed in micropraph. 

SEM micrograph of charpy impact of PAll/NBR(L.AN) : 80/20, sample 111; 
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Figure 16 
NBR(L.AN) : 80/20, sample 111, a t  low temperature, stained with OsO4. 

SEM micrograph of rubber particles in Charpy fracture surface of PA11/ 

formation. On the other hand, rubber particles re- 
lieve the hydrostatic tension ahead of the crack tip, 
by creating voids. 

We observed the rubber particles further away 
from notch tip for samples I1 and I11 in low-tem- 
perature fracture surfaces. Figure 16 shows rubber 
particles for sample I11 a t  high magnification 
( x20,000). 

CONCLUSION 

On the basis of these studies, it can be concluded 
that by changing the processing history and de- 
creasing the rubber particle size we can make “su- 
pertough” polyamide 11 with NBR. By decreasing 
the particle size in PAl l /NBR : 80/20 blends, the 
stress-whitened zone increases, and at a particle size 
about 0.12 pm, the stress-whitened zone continued 
to the end of the fracture surface and below the frac- 
ture surface, with high plastic deformation. 

SEM and optical studies showed that the major 
mechanism of energy dissipation in “supertough 
polyamide 11” is multiple crazing due to small rubber 
particles and shear bands associated with matrix 
plastic deformation. Voiding and cavitation are also 
two forms of energy dissipation. Some energy may 
also dissipate by stretching, deformation, and tearing 
of rubber particles and matrix shear yielding. 
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