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Tensile dilatometry of injection-moulded HDPE/PA6 
blends 
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In order to understand the mechanism of deformation of injection-moulded HDPE/PA6 
(25vol%/75vol%) blends both with and without compatibilizer, the volume change has 
been monitored using tensile dilatometry. Dog-bone specimens were either directly 
moulded or cut from rectangular plaques. Both neat materials and their blends were tested. 
For the directly moulded dog-bone specimen, a pure shear yielding mechanism was 
observed for all materials tested, i.e. PA6, HDPE, and their blends in the same proportion as 
above. In the case of a deformable minor phase (HDPE), the dispersed phase appeared to 
bear its share of stress and the flow-induced orientation mimics the effect of interfacial 
modification. This was not the case of a rigid minor phase (glass beads) at the same 
concentration; the effect of surface treatment changed the mechanism of deformation from 
mixed mode cavitation shear yielding (45%) to almost pure shear yielding (85%). Machined 
specimens made of neat PA6 and HDPE deformed through pure shear yielding. The addition 
of 25vo1% HDPE to PA6 resulted in a mixed mode cavitation (55%)/shear yielding 
mechanism of deformation in the transverse direction, while in the longitudinal case, the 
mechanism which prevailed was almost pure shear yielding (80%). This can be attributed to 
the flow-induced orientation as above. When adding 10% (based on the weight of the 
dispersed phase) of an ionomer as a compatibilizer, the blend deformed via shear yielding 
(85%) and in the longitudinal direction both compatibilized and non-compatibilized blends 
display similar behaviour. Varying the specimen thickness by changing the mould cavity, led 
to a significant variation in the dilatational behaviour. Dilatometric behaviour is shown to be 
closely related to the morphology generated as a result of flow-induced orientation. The 
skin/core ratio, which is an indication of the proportion of the oriented dispersed phase to 
the non-oriented one, plays a key role in influencing the mechanism of deformation 
involved. 

1. Introduction 
Polymer blends represent an area of growing interest 
to both scientific and industrial communities. These 
materials are physical blends of two or more polymers 
most often compatibilized through the introduction 
of a third agent or developed in situ through reactive 
processing [1 4]. 

In order to assess the mechanical performance in 
tension, it is standard procedure to rely on the usual 
stress-strain curve to obtain the stress at break and 
yield, the elongation at break and yield, the modulus, 
and Poisson's ratio. However, through the combined 
use of longitudinal and transverse extensometers 
much more information can be obtained. In the latter 
case the volume strain of the sample can be monitored 
and subsequently related to the various processes of 
deformation which may take place during the course 
of the experiment. 

Injection-moulded parts are known to exhibit 
a three-layer structure: skin/subskin/core. Depending 
on the thickness of the part, the size of each layer may 
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vary due to orientation, cooling and/or crystallization 
considerations [5, 6]. This is expected to have a pro- 
found effect on the mechanism of deformation in such 
systems. 

Volume strain can be a useful indicator of the vari- 
ous processes which may occur during the course of 
the usual stress--strain experiment. Prior to yielding, 
there is primarily an elastic volume dilatation, nor- 
mally expressed as the Poisson's ratio. After yielding, 
the volume behaviour reflects the relative extent of 
phenomena which do not display any volume change 
(shear yielding, shear-band deformation and cold 
drawing), as compared to cavitational phenomena 
(crazing, microvoiding). In the literature, different 
methods have been developed to study dilatational 
phenomena: (1) liquid displacement dilatometer 
[7-11], (2) the use of two or three extensometers 
[12-16], (3) the use of strain gauges [17]. 

The dilatometry technique was initially developed 
to obtain information on deformational mechanisms 
[7, 10-16, 18~1].  Bucknall and Clayton [12] were 
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the first to introduce this approach, to evaluate quant- 
itatively, the deformation mechanism responsible for 
toughening. This technique was used to study craze 
formation in rubber-modified plastics during a creep 
experiment. The rate of volume change can be related 
directly to the rate of crazing. Bucknalt and Clayton 
[22] applied this technique to compression-moulded 
HIPS during a creep test. Three deformation steps 
were observed: (1) an instantaneous dilatation at- 
tributed to an elastic response, (2) a slow dilatation, 
(3) a rapid dilatation. Steps 2 and 3 are attributed 
to crazing. In a recent paper, Naqui and Robinson 
[ 16] applied tensile dilatometry to polymethylmethac- 
rylate (PMMA) and talc-filled polypropylene (PP). 
The engineering constants (tensile modulus and lateral 
contraction ratio) were measured and found to be 
viscoelastic. The volume strain response revealed 
a significant cavitation-type mechanism in the case of 
talc-filled PP, whereas PMMA showed a shear yield- 
ing mechanism. The volume strain was found to be 
directly related to the bulk modulus for these mater- 
ials. The authors suggest a new method of presenting 
the results: volume strain versus stress. 

Other authors have used tensile dilatometry to 
assess interfacial bonding in multiphase systems 
[-7, 11, 23-25]. The technique has been applied to 
polystyrene (PS)/low-density polyethylene (LDPE) 
blends by Coumans et al. [-7] to measure the sample 
volume change. It was found that Poisson's ratio 
was highly dependent on the presence of the com- 
patibilizer. The authors also reported that shear band- 
ing increases with the level of compatibilizer. 

The volume change of injection- and compression- 
moulded high-density polyethylene (HDPE)/polysty- 
rene (PS) and (HDPE/polyether copolymers (PEC))/ 
PS compatibilized with various amounts of a triblock 
copolymer (SEBS) based on styrene-butadiene was 
studied during uniaxial mechanical straining [-11]. 
A reduced volume dilatation on adding SEBS, was 
observed, indicating better interracial adhesion be- 
tween the components of the first blen& The dilata- 
tional behaviour of the second blend was substantially 
less, suggesting more effective compatibilization. 
Microscopy results confirmed the above findings by 
showing the existence of good interfacial adhesion. 
Compression-moulded samples behaved differently, 
and these differences were attributed to morphological 
phenomena. In some cases, the authors reported that 
the volume dilatation peaks at the yield stress, but 
decreases after yielding as a result of reduced load on 
the sample. 

Despite a certain body of literature on the subject of 
tensile dilatometry, no detailed work has been under- 
taken to elucidate the mechanism of deformation 
involved in injection moulded parts with variable 
geometry. This lack of information becomes even 
more crucial when it comes to multiphase systems in 
general and polymer blends in particular. It was there- 
fore the aim of this work to consider the use of tensile 
dilatometry to investigate the process of deformation 
involved in injection-moulded HDPE/PA-6 and glass 
beads-filled PA-6. The role of interfacial modification 
on both systems in affecting the mechanism of defor- 

mation will also be shown. In addition, the influence 
of the geometry of the mould cavity to emphasize 
molecular and dispersed phase orientation and its 
influence on the deformation mechanism, will also be 
considered. 

2. Experimental procedure 
2.1. M a t e r i a l s  
The polyamide-6 (PA-6) is a Zytel 211 from E.I. 
Dupont Inc. with a number average molecular weight, 
M~ = 25 000 gmol -  1. A high-density polyethylene 
from Dow Chemical Canada (Dow 06153C) having 
a melt flow index of 6.3g/10min, Mn = 20200 
gmol 1, and Mw = 81300gmol -z was selected as 
a minor phase. The compatibilizing agent having 
Mn = 25000 gmo1-1 is an ionomer (Surlyn 9020, 
Dupont Canada Inc.) terpolymer consisting of 80% 
polyethylene and 20% mixture of methacrylic acid 
and isobutyl acrylate. The methacrylic acid is 70% 
zinc neutralized. The polyethylene is stabilized with 
0.2% antioxidant (Irganox 1010 of Ciba Geigy). Glass 
beads (untreated and silane treated), obtained from 
Potters Ballotini, were used as fillers in complement- 
ary experiments. The average bead diameter was 
about 45 gm. 

2.2. Compounding 
The first operation consisted in mixing the polyethy- 
lene with 0.2 wt % antioxidant in a single-screw ex- 
truder. Then, using a twin-screw extruder, 10 vol % 
ionomer (I) were admixed to the stabilized PE. 
Finally, 25 vol % polyethylene (PE) with or without 
compatibilizer, or 25 vol % glass beads, were incor- 
porated into polyamide-6 (PA6). Prior to a typical 
mixing operation, the sample mixture was dried over- 
night at 90 ~ under vacuum to minimize hydrolytic 
degradation of the polyamide during processing. 
The polymer blending was carried out on a ZSK-30 
(Werner-Pfleiderer) intermeshing, co-rotating twin- 
screw extruder with a screw length to diameter ratio, 
L/D, of 40. Feeding was performed under nitrogen and 
vacuum was applied in the decompression zone. The 
blending conditions can be found elsewhere [26, 27]. 
Neat PA6 has been twin-screw extruded to give it the 
same thermal history as the PA6 in the blends. 

2.3. Injection moulding 
The injection-moulding machine used was a Batten- 
feld type BA-C 750/300, with a clamping force of 
80 ton. Two experimental moulds, both with inter- 
changeable cavities were employed. A rectangular 
plaque ( 1 2 7 m m x 7 6 m m x 2 ,  4 and 6 m m  cavity 
depth) is used. It is provided with a 2 mm deep flash 
gate fed with a trapezoidal duct having a section 
varying from 30-50 mm 2. Tensile test bars were cut at 
different locations and termed as type II specimens 
(Fig. 1). Directly moulded 3 mm dog-bone tensile bars 
(type I in Fig. 1) were produced. As-received neat PA6, 
HDPE, as well as the prepared compounds were injec- 
tion moulded. The moulding conditions were the same 
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Figure 1 Mould cavities used in this work. (a) Type I, moulded 
tensile specimens. (b) Type II, rectangular plaque with location at 
which samples were machined. 

for both types and have been reported elsewhere 
[26, 27]. 

2.4. Tensile testing 
Prior to testing, all samples were conditioned at 23 ~ 
and 50% R.H. for several days. The ASTM D638 
standard was followed. Type I samples were tested 
directly while a special dog-bone shaped sample was 
designed to make the best use of the type II plaques. 
Samples were machined transversally at different posi- 
tions (B, M and E) and longitudinally (L) from plaques 
as illustrated in Fig. 1. A universal tensile machine 
was used with a crosshead speed of 5 mm min -  t, and 
2.5 kN maximum load, to generate the stress-strain 
curves. For the latter case, an MTS extensometer 
(632.13C.20) with a 10 mm gauge length was used. The 
load and axial extension were recorded using a data 
acquisition software. 

2.5. T e n s i l e  d i l a t o m e t r y  
The tensile test was carried out according to ASTM 
D638. The volume change measurement was carried 
out during the tensile test using the above-mentioned 
axial extensometer, and an Instron transverse exten- 
someter model 2640.007. It is assumed that the defor- 
mation in the thickness is equal to that in the width 
[24]. Both extensometers were attached to the speci- 
men. Lateral and axial extension were recorded simul- 
taneously on a PC using a data acquisition software. 
From the axial strain, aa, and the transverse strain, aT, 
one can compute the volume strain, AV/Vo, as 

AV/Vo = ( l + a a ) ( 1  +a~r) 2 - 1  (1) 

and Poisson's ratio as 

aT 
v - ( 2 )  

aa 

Note that a~r assumes a negative value. In addition to 
that, in a plot of AV/Vo versus ~,, a post-yield slope of 
1 indicates that the mechanism of deformation is due 
to pure crazing, while for a nil post-yield slope, the 
mechanism which prevails is pure shear yielding with 
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Figure 2 Stress versus elongation curves showing the behaviour in 
both the lateral and transverse directions. Two samples, type II 
2 and 6 mm, 75% PA/25% HDPE (non-compatibilized) are shown. 

no volume change. A mixed mode mechanism of de- 
formation will situate itself between the two extremes. 

In order to verify that the transverse and lateral 
elongations were the same, tests were carried out on 
the specimens considered to be the most anisotropic 
(non-compatibilized Type II 2 and 6 mm samples). 
The results of stress, cy, versus elongation, a, for both 
samples in the lateral and transverse directions are 
shown in Fig. 2. It is quite clear that, within experi- 
mental error, the curves superimpose. In addition, for 
all samples studied, the deformation within the gauge 
length was homogeneous. 

2.6. S c a n n i n g  e l e c t r o n  m i c r o s c o p y  
The surfaces of samples which had been deformed up 
to 15% axial strain, were freeze fractured, coated with 
a layer of gold/palladium, and observed under a Jeol 
820 scanning electron microscope at 10 kV. 

3. Results  and d i scuss ion  
Most of the published literature concerning the mech- 
anical properties of injection-moulded articles, reports 
the use of a directly moulded dog-bone type specimen. 
In actual applications, however, a plaque-type mould 
is more representative. For  this reason a comparison 
was carried out between the two specimen types. 
Another advantage of using plaques is that the mould 
thickness can be varied hence allowing one to modify 
the skin/core ratio and evaluate the influence of ori- 
entation. Plaque specimens also allow for the meas- 
urement of the transverse properties. 

3.1. D i r e c t l y  m o u l d e d  d o g - b o n e  specimens 
( t y p e  I) 

3. 1. 1. Inf luence o f  a r ig id  or  de formable  
m i n o r  phase 

3.l . l . l .  Neat polymers. The behaviour of PA-6 can be 
described as follows: in the range of strains studied 
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Figure 3 Stress versus strain curves for type 1 specimens for different 
materials: PA-6, HDPE,  GB-T, treated glass bead-filled PA-6; 
GB-NT, untreated glass bead-filled PA-6; C, NC, with and without 
compatibilizer, respectively, for HDPE/PA-6  blends. 
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Figure 4 Volume change versus axial strain of type I specimen. 
Same notat ion as in Fig. 2. 

( < 10%) the PA-6 stress strain curve has not reached 
a maximum (Fig. 3). However, during the first elastic 
stage which is observed at (0%-1%) the Poisson's 
ratio is 0.48. It is worth noting that the volume change 
versus axial deformation is almost linear after the 
initial increase due to the elastic effect, as shown in 
Fig. 4. The AV is essentially negligible, and the mecha- 
nism of deformation which prevails is shear yielding 
(post-yield slope = 0.06 as shown in Table I), as al- 
ready reported in the literature [24]. 

With respect to the behaviour of HDPE, there is 
a AV increase of approximately 0.5% up to the yield 
point due to elastic deformation, and beyond that 
no volume change is observed (Fig. 4). This indicates 
a shear yielding process of deformation (Table I). 

T A B L E  I Post-yield and Poisson's  ratio, v, at 0 5 %  axial deforma- 
tion. Directly moulded (Type I) specimens. C, NC, with and without 
compatibilizer, respectively. 

Materials Slope Poisson's ratio 

PA-6 0.06 0.47 
H D P E  0.04 0.42 
NC 0.16 0.45 
C 0.10 0.465 
25-NT a 0.45 0.46 
25-T a 0.15 0.47 

a 25 vol % glass bead-filled PA-6, (T) treated and (NT) not treated. 

3.1.1.2. Blend with rigid dispersed phase. The com- 
parison of various materials used in this work at small 
strains provides a very valuable insight into their 
behaviour as shown in Fig. 3. To draw the stress- 
strain curves, the strain was assumed to be identical to 
the extensometer displacement. Fig. 3 shows the 
stress strain curves of both blends, of the polyamide-6 
filled with 25 vol % glass beads (untreated and silane 
treated), as well as those of both neat starting mater- 
ials (PE and PA6). In the polyamide containing poorly 
adhering glass beads (curve GB-NT), the stress 
reaches a maximum at about 2% strain. The yield 
stress of this material is approximately equal to that of 
the unfilled polyamide, reduced by the factor repres- 
enting the area occupied by glass beads. This confirms 
work in a previous study where it was shown that at 
yield essentially all the glass beads debonded from the 
matrix [28]. With untreated glass beads and with the 
non-compatibilized blend (NC) the interracial debon- 
ding begins at about the same level of strain, i.e. 1.5%. 
However, the material filled with untreated beads di- 
lates at a significantly faster rate (0.45 slope) than the 
uncompatibilized blend (0.16 slope) as shown in Fig. 4 
and Table I. SEM observations of the untreated glass 
bead-filled PA-6 shown in Fig. 5a and taken after 
mechanical testing, clearly show debonding and signif- 
icant cavitation. 

3.1.1.3. Blend with deJbrmable dispersed phase. When 
25 vol % HDPE is added to PA6 a slight decrease in 
the tensile stress (Fig. 3) is recorded. This decrease has 
been reported in the literature [-29] and is attributed 
to the poor interface, but it is apparent that the PE 
minor phase appears to bear its share of stress because 
the untreated HDPE/PA-6 blend displays similar be- 
haviour to neat PA-6. In addition, as seen in Fig. 4 for 
the untreated blend, an increase in AV with axial 
strain is observed. The dependence of AV is linear and 
reaches 2% at 12% axial strain. Some stress whitening 
was observed on the specimen. The mechanism which 
prevails is predominantly shear yielding (slope 0.16). 
When compared to neat PA6, with a post-yield slope 
of 0.06 the difference is very small (Table I). SEM 
observations for the untreated HDPE/PA-6 blend 
clearly show extensive dispersed phase orientation in 
the sample. Fig. 6 shows differences between the core 
and the subskin region. In fact, detailed study of the 
skin, subskin/core ratio shows it to be 30/1. These 

5525 



Figure 6 Micrograph of fracture surface of type I non-com- 
patibilized blend (transverse to flow view). 

Figure 5 Micrograph of fracture surface of type I glass bead-filled 
PA-6 (transverse to flow view), (a) untreated, (b) treated glass beads. 

samples, therefore, are essentially highly oriented ex- 
cept for a narrow portion in the middle. 

In summary, PA-6 filled with a rigid dispersed 
phase shows significant differences in both the 
stress-strain and dilatometric behaviour (increased 
cavitational phenomena) when compared with neat 
PA-6. With untreated glass beads as the minor phase, 
there is no chance for them to deform. Under loading, 
glass beads debond, leading to loss of strength and 
formation of voids or cavitation. PA-6 with a deform- 
able HDPE minor phase, however, displays much less 
variation with respect to neat PA-6. Morphological 
observations demonstrate significant cavitation at the 
interface for untreated glass beads filled PA-6 (Fig. 5a) 
and significant orientation of the dispersed phase in 
HDPE/PA-6 blends with a skin/core ratio equal to 
30/1 (Fig. 6). These results strongly indicate that dis- 
persed phase orientation plays a predominant role in 
determining the mechanism of deformation (cavita- 
tion/shear yielding) for non-compatibilized systems. 
This supposition will be examined in more detail later 
in the paper. 

3. 1.2. Effect o f  interracial modif ication 
3.1.2.1. Blend with a rigid dispersed phase. The 
stress-strain curve of treated glass-bead filled PA-6 is 
shown in Fig. 3. When glass beads are treated with 
silanes, little or no debonding takes place in the range 
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of strains considered [28], and the stress borne by the 
material at a given strain exceeds that of the neat PA6 
(curve GB-T). The rate of volume change in this sys- 
tem is very slow (slope 0.15) indicating the good inter- 
facial adhesion achieved through the use of silanes 
(Figs 3 and 5). Fig. 5 illustrates the effect of surface 
treatment. While the matrix debonded from untreated 
beads creating elongated cavities (Fig. 5a), the treated 
beads appear to be solidly anchored to the matrix 
(Fig. 5b). This results in a more compact structure 
with no chance of debonding and the mechanism of 
deformation which prevails is shear yielding (Fig. 4 
and Table I). 

3.1.2.2. Blend with a deformable dispersed phase. As 
shown in Fig. 3, the addition of a compatibilizer to the 
HDPE/PA-6 blend results in tensile properties very 
similar to the non-compatibilized case in the range of 
strains considered. The compatibilizer also has little 
effect on the dilatometric behaviour as observed in 
Fig. 4 and Table I. The volume strain recorded with 
the compatibilized blend (post-yield slope 0.10) is 
small. In fact it is very similar to that recorded for both 
that of the neat polymer (post-yield slope 0.06) as well 
as the polymer filled with treated glass beads (post- 
yield slope 0.15). 

This result shows that in both blends tested under 
these conditions the dispersed phase bears its share of 
stress. This may seem surprising in view of the data 
obtained by the tensile dilatometry (Fig. 4). Despite 
some debonding, the dispersed phase of the non- 
compatibilized blend can bear the same load as in its 
compatibilized counterpart. An elongated dispersed 
phase particle of variable cross-section and shape 
trapped in the matrix appears to deform along with 
the matrix in spite of the lack of interracial adhesion. 
It is apparent from these results that the influence 
of flow-induced orientation mimics the effect of 
compatibilization. 
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Figure 7 Volume change versus axial strain for 4 mm type II speci- 
mens. Neat PA6 and non-compatibilized (NC) are compared in the 
transverse (at position M) and the longitudinal (L) directions. 

TABLE II Post-yield slope and Poisson's ratio, at 0.5% axial 
deformation for Type II specimens with 2, 4, 6 mm thickness. C, NC, 
with and without compatibilizer respectively. Samples were taken 
longitudinally (L) and transversally at position (B, M, E) 

3.2 .  M a c h i n e d  f r o m  p l a q u e  ( t y p e  II) 

s p e c i m e n s  

3.2. 1. Effect of  HDPE minor phase 
For the case of the plaque specimen, Fig. 7 shows that 
in the transverse as well as in the longitudinal direc- 
tion, neat PA6 deforms by pure shear yielding (a nil 
post-yield slope). A rapid volume increase up to 1.5% 
axial strain, due to the Poisson effect, is followed by 
a very slow volume increase suggesting isotropic prop- 
erties for neat PA6. When PE is added, and after 3 % -  
4% axial deformation which corresponds to the onset 
of yielding, a drastic volume increase can be observed 
in the transverse direction. A post-yield slope of 0.55 is 
obtained, indicating a mixed mechanism of deforma- 
tion with 55% cavitation contribution, the remainder 
is due to shear yielding (Table II). The volume increase 
is related to the poor  interface and is also due to the 
fact that the specimen is tested perpendicular to the 
direction of flow. Excessive whitening is observed. In 
the longitudinal direction the addition of PE causes 
a linear volume increase up to 2.8% at an axial strain 
of 15% leading to 0.18 post-yield slope, greater than 
for neat PA6 (slope 0.007). This may be attributed to 
the poor  interface between the components of the 
blends, favouring more void formation [11]. 

Materials Slope Poisson's ratio 

PA-6 (M) 0.007 0.48 
PA-6 (L) 0.007 0.48 
2-NC (M) 0.35 0.47 
2-NC (L) 0.15 0.42 
4-NC (M) 0.55 0.45 
4-NC (L) 0.18 0.41 
6-NC (M) 0.45 0.42 
6-NC (L) 0.32 0.48 
4-NC (B) 0.45 0.48 
4-NC (E) 0.40 0.48 
4-C (M) 0.12 0.45 
4-C (L) 0.15 0.40 
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Figure 8 Volume change versus axial strain of 4 mm thick type II 
specimens. Compatibilized (C) and non-compatibilized (NC) 
samples are compared in the transverse (at position M) and the 
longitudinal direction (L). 

3.2.2. Effect of  interfacial modification 
Fig. 8 illustrates the influence of adding a com- 
patibilizer in a 4 mm thick sample. In the longitudinal 
direction the addition of a compatibilizer has little 
effect on the dilatometric behaviour, because the non- 
compatibilized sample experiences significant disper- 
sed phase orientation and mimics the compatibilizing 
effect as discussed before (curves NC-L and C-L). The 
orientation phenomena is shown by SEM observa- 
tions in Fig. 1 la and b below. In the transverse direc- 
tion, the effect of interracial modification is more 
evident, because a drastic reduction in AV is observed: 
This supports previous findings El, 11]; a better inter- 
face is achieved, although it can be affected by other 
factors such as crystallinity [30, 311. The volume in- 
crease reaches 2% at an axial strain of 15%. The 
post-yield slope, as shown in "Fable II, changes from 
0.55 for the non-compatibilized blend to 0.12 for the 
compatibilized one, indicating the profound effect of 
interracial modification on the mechanism of deforma- 
tion of such blends in the transverse direction. 
Poisson's ratio (Table II) is slightly increased upon 
addition of the compatibilizer indicating a better inter- 
face [7]. 

3.2.3. Effect o f  s p e c i m e n  pos i t ion  
The volume change versus axial deformation of non- 
compatibilized 4 m m  thick specimens taken longitud- 
inally (L) and transversally at positions B, M, E as 
shown on Fig. 1, is plotted in Fig. 9. A similar volume 
increase (starting at approximately 3% axial strain) 
can be observed for the samples cut transversally 
(position B, M, and E). This corresponds, as already 
mentioned, to the onset of yielding. Overall the effect 
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Figure 9 Volume change versus axial strain for 4 mm thick type II 
specimens. Non-compatibilized (NC) samples taken at positions: 
B, M, E, L (see Fig. 1). 

of position is negligible, and the dilatational proper- 
ties are not highly affected (see post-yield slopes in 
Table II). Finally, the longitudinal specimen displays 
a linear volume increase (up to 3% at 15% axial 
deformation) right from the beginning. This can be 
attributed to orientation considerations. The aniso- 
tropy in the sample is clearly visible as well as the close 
relationship between the structure developed during 
processing and the resulting mechanical properties. 
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Figure 10 Volume change versus axial strain of non-compatibilized 
(NC) type II specimens with variable plaque thickness (2, 4, 6 ram), 
compared in the transverse direction (at position M) and longitud- 
inally (L). 

core as expected is larger reaching 4000 ~tm leaving 
a skin (with subskin) of 2000 gm. The ratio of the 
oriented zone (skin) to the non-oriented zone (core) 
equals 10 for 2 mm, 1 for the 4 mm and 0.5 for the 
6 mm (Fig. l ld ,  e). This clearly supports the previous 
findings that longitudinal dispersed phase orientation 
incurred during injection moulding plays a strong role 
in determining the mechanism of deformation. 

3.2.4. Effect of plaque thickness 
The influence of plaque thickness was carried out for 
type II specimens with 2, 4 and 6 mm thickness, ana- 
lysed transversally (at position M) and longitudinally 
(L). The results are illustrated in Fig. 10. Generally 
speaking, after yielding, the volume change in the 
transverse direction is significantly greater than that in 
the longitudinal direction (post-yield slopeT >slOpeL 
as shown in Table II). After a constant volume change 
up to 2 % - 3 %  axial deformation corresponding to the 
limit of elasticity, AV starts rising drastically. This is in 
contrast to the longitudinal direction where the AV is 
linear right from the beginning. In the transverse di- 
rection, the volume changes at a given axial strain 
can be classified as follows: 2 mm < 4 mm < 6 mm, 
although the difference with respect to specimen thick- 
ness is minimal. In the longitudinal direction, 
the volume difference is much more noticeable with 
the same order as before (2 mm < 4 mm < 6 mm). For  
the thick specimen, the core region is larger leading to 
more internal cavitation as opposed to the highly 
oriented skin as shown in Fig. 11. This will lead evi- 
dently to a higher volume change at a given axial 
strain. It appears that the skin-to-core ratio plays 
a major role in this case. SEM observations of samples 
with variable thickness concluded that the 2 mm thick 
specimen is composed of 150 ~tm core and 1850 gm 
skin (including subskin), the 4 mm thick sample is 
composed of a 2000 ~tm core and a 2000 ~tm skin 
(subskin included), while in the 6 mm thick sample, the 

3.2.5. In f luence  o f  m o u l d  t ype  
SEM studies illustrate a skin/core ratio of 30/1 for the 
3 mm dog-bone specimen (Fig. 5). For  the case of the 
plaque (type II specimen) the skin/core ratios as dis- 
cussed previously were evaluated to be 0.5/1 for 6 mm, 
1/1 for 4 m m  and 10/1 for 2 mm thick specimens 
(Fig. 1 ld, e). Despite these differences, very little vari- 
ation is observed in the longitudinal direction during 
tensile dilatometry between types I and II specimens 
(Fig. 12). However, this study has shown that the non- 
compatibilized blend, analysed in the transverse direc- 
tion, due to high levels of longitudinal orientation, 
displays significantly increased cavitation behaviour 
(slope of 0.55 in the transverse direction compared to 
0.18 for the longitudinal one) as shown in Fig. 8 and 
Table II. This emphasizes the need to consider both 
longitudinal and transverse directions and illustrates 
the benefit of using plaques as opposed to directly 
moulded dog-bone specimens. The compatibilized 
blends showed little differences in their slopes (0.12 for 
the transverse compared to 0.15 for the longitudinal 
case). 

The most striking results in this study indicate that 
the deformation mechanism in injection-moulded 
non-compatibilized blends is largely controlled by ori- 
entation phenomena. Tensile dilatometry experiments 
taken in the direction of orientation display a pre- 
dominantly shear yielding process and mimic the be- 
haviour of compatibilized systems. The importance of 

5 5 2 8  



Figure 11 Non-compatibilized type II samples, (a) in the skin, (b) 
subskin, (c) core, all observed longitudinally. (d, e) Fracture surfaces 
of 2 and 4 mm thick samples observed transverse to flow. 

orientation is confirmed in studies varying the plaque 
thickness where the skin/core ratio is modified and 
also by the significant difference in longitudinal versus 
transverse properties. Scanning electron micrographs 
clearly show the significant orientation in these sys- 
tems. This phenomenon appears to be principally re- 
lated to the orientation of the dispersed phase because 
neat PA-6 behaves in an isotropic fashion. 

4.  C o n c l u s i o n  

Tensile dilatometry has been carried out for injection- 
moulded HDPE/PA6 blends. Directly moulded (type 
I) and machined from plaques (type II) tensile bars 
were used. In type II specimens, cut transversally to the 
flow direction, the addition of HDPE to PA6 dramat- 
ically transforms the deformation from essentially 
a pure shear yielding process to a mixed mode cavita- 
tion/shear yielding type mechanism. In type II cut 
longitudinally as well as type I specimens, the flow- 
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Figure 12 Volume change versus axial strain of non-compatibilized 
(NC) blends. Comparison between type I and type II specimens 
(4 mm thick), taken at positions M and L. 

induced orientation mimics the effect of the com- 
patibilizer and the mechanism of deformation which 
prevails is almost pure shear yielding. The minor 
phase in the uncompatibilized blend bears its share of 
stress despite the debonding. This effect is even more 
evident when a rigid minor phase (glass beads) is 
substituted for HDPE where significant mechanical 
loss and increased cavitation is observed. The addition 
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of interfacially modified glass beads results in a return 
to a predominantly shear yielding type mechanism. 
The most significant result in this study demonstrates 
a correlation between dispersed phase orientation and 
dilatational phenomena. Significant orientation in the 
longitudinal direction appreciably reduces the extent 
of cavitation in the unmodified blends in these sam- 
ples. In fact, the oriented but unmodified blends 
closely resemble the performance of interfacially modi- 
fied samples. The dilatational behaviour of the samples 
appears to be highly dependent on the skin/core 
thickness ratio. 
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