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Mechanical properties and fracture morphologies
of poly(phenylene sulfide)/nylon66 blends—effect
of nylon66 content and testing temperature
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Poly(phenylene sulfide) (PPS) was melt blended with Nylon66 and the mechanical
properties and corresponding fracture morphologies were investigated. The thermal
distortion temperature (HDT) of PPS/Nylon 66 blend showed that the inherent thermal
stability of pure PPS can be maintained up to 30 wt% Nylon66, but then it started to
decrease linearly thereafter to that of pure Nylon66 based on the rule of mixtures
relationship. Tensile tests of PPS/Nylon66 blends at testing temperatures of —30, 25, 75,
and 150°C showed that the maximum stress decreased up to 30 wt% Nylon66, and started
to increase thereafter. Strain at break showed little change at low nylon content regardless
of testing temperature, however, a large strain at break increase could be observed at more
than 30 wt% Nylon66 and at 150°C testing temperature. At the same testing temperatures,
the impact strength of PPS/Nylon66 blends was investigated, and it was found that an
impact strength increase at all testing temperatures could be observed at more than

30 wt% Nylon66. © 2000 Kluwer Academic Publishers

1. Introduction and testing temperatures, and a possibility of finding a
Poly(phenylene sulfide) (PPS) was first commercial-new PPS/Nylon66 blend which can maintain the inher-
ized by Philips Petroleum Co. in 1973. PPS has a glassnt high mechanical properties of PPS as well as impact
transition temperature of 80-90 and melting tem- strength and toughness of Nylon66 was pursued.
perature of 280C. PPS has good dimensional stability,
high strength, high modulus, chemical and fatigue resis:
tance, and can be a metal substitute engineering plasti
PPSis synthesized from p-dichlorobenzene and sodiu i L L . .
PS used in this investigation is a commercial

sulfide in an organic solvent. However, PPS has brittl UNTRA S-500 grade (Mw: 30,000 g/mol) produced

nature, low strain at break and slow crystallization rate X
thus itis generally used as a glass fiber reinforced comby SK Chemicals, and Nylon66 was Zytel 101L grade

posite form. Regarding these weaknesses, there ha éoduced by Du Pont. Zytel 1011 has a glass transition

: ture of 50-6C and a melting temperature of
been papers on the crystal structure [1-3], rheologic mpera X )
properties in a melt state [4-8], and melt crystalliza- S0°C. PPS and Nylon66 was melt blended using twin

: L TOL screw compounder (Toshiba, co-rotating intermeshing
tion behavior [9-13]. Also, there are papers on the car be.¢ — 35 mm), and Nylon66 content was set t0 0. 10,

bon, glass and aramid fiber reinforced PPS composite 0,30, 50, 70, 100 Wi%, respectively. Screw speed was

[14-18], PPS/thermoplastic polymer blends [19—23],350 rpm and processing temperature was 315°G20

and PPS/liquid crystal polymer blends [24—26]. These ; . e
papers generally deal with the method of improving theSpeumens_ for mechanical property tests were injection
brittle nature and low strain at break of PPS by analyz-rmlotlj.eoI tustlf?g AEQ_?:AI ESZ.‘:LO/ 7t'5p 'nJ&Ctl'g? moldert ac-
ing the rheological properties, crystallization behavior©" Tgeg eI' q tspeC| |cta lons. 385 e2r3§eradure
and mechanical fracture morphologies, however, sysWas ; Cylinder temperature was —<doan

tematic studies on the interrelationships between thes%crelW dspteE&:V\;as ;EZ]—:L?O rpm. Al speumzns \I/vetre an-
characteristics are still in its early stages. Moreover€&i€da or s loremove any residual stress

studies on the PPS blends are limited to the blends WitH1 an oven before the test.

general-purpose plastics such as polyethylene (PE).

Thus, in this investigation, Nylon66 with high tough- 2.2. Heat distortion temperature (HDT)

ness and chemical resistance was blended with PPS. measurement

Their mechanical properties and corresponding fracturélDT was measured according to ASTM D648 using
morphologies were studied at various Nylon66 contentan ATS Farr (HDT-VICAT tester MP/3). At least 5

. Experimental procedure
1. Materials
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specimens were tested and the average value was us 0.7
for the data plot.
B Matrix : PPS

2.3. Tensile test "1 [ Matrix : Nylon6
Tensile testing was performed using Lloyd Instrument
(LR 50K). ASTM D638 type specimens were used,anc  ¢.5 |
the crosshead speed was 50 mm/min and gauge leng

was 100 mm. Tensile tests were performed at four dif-
ferent temperatures-@30, 25, 75, 150C) in order to § 0.4
evaluate the effect of testing temperature change witly
respect to the glass transition temperatures of the bler-3
components. All tests were conducted in an environ5 . |
mental chamber with a storage time of at least 1 hr. Tcg ™
evaluate the effect of storage time on the mechanice™ i
properties, specimens were stored up to 10 hrs, how
ever, testresults were the same after 1 hr storage time.
minimum 5 specimens for each blend composition were &

tested and the average value was used for the data pl [
0.1 f

2.4. Notched Izod impact strength

At least 10 specimens were used according to ASTN 0
D256 specification, and tests were performed using 0 10 20 30 40 50 60 70 80 90 100
Testing Machines Inc. (model 43-02) impact tester. Nylon66 content (wt%)

Identical testing temperatures were used as in the ten-

sile tests. and the sample storage time was set to 1 hrFigure 1 Average particle size and size distribution (Bar indicates 95%
’ confidence limit).

2.5. Morphological observation According to Chen and Su [19] who studied the mor-
In order to observe the fracture surface morphologyphology of PPS/polyethylene (PE) blends, more elastic
change from the tensile and impact tests as well aparticles tend to increase the interfacial tension within a
composition change, a scanning electron microscopeelatively low elastic matrix, thus it becomes more sta-
(JEOL, JSM-5200) was employed and the operatingle to the applied deformation and results in an uneven
voltage was set to 20 kV. For the observation of dis-distribution of particles. Thus, as the dispersed phase
persed particle size and size distribution, specimengontent increases, the distance between the dispersed
were fractured under the liquid nitrogen condition, andparticles becomes reduced and leads to the coalescence
the fracture surface was observed with the SEM. Thesgf dispersed particles. In other words, these authors
SEM photomicrographs were scanned with scannestated that dispersed PE was more elastic compared to
(HP ScanJet4p), and the scanned images were analyzgte PPS matrix, and as the PE content increased PE
using Image Pro Plus for windows v.1.2 by Media Cy- became less well dispersed and led to the increase of
bernetics. First, several zones were selected from theg particle size. When PPS is a dispersed phase, there
scanned image, and the dispersed particles from ea&hould be no change in PPS particle size. However, in
zone (more than one hundred particle size) were anaheir investigation, viscoelastic theory could be applied
lyzed using the above program and from this the averag® the particle size increase when PE was a dispersed
particle size and standard deviation were determined. Iphase, but when PPS was a dispersed phase, there was
order to compare the dispersed particles of blends witihot enough analysis for the PPS particle size and size
different compositions, all specimens were treated withncrease.
an identical processing condition. In this investigation, the Nylon66 particle size
and distribution increase phenomenon with increasing
Nylon66 content can be explained using the above men-
3. Results and discussion tioned relative differences in elasticity. Also it can be
3.1. Phase morphology observation explained that Nylon66 dispersion is severely limited
Fig. 1 shows the dispersed particle size and distribuwithin the higher melt viscosity PPS matrix. This parti-
tion of PPS/Nylon66 blends before and after the phaséle size and distribution increase was clearly observed
inversion. When Nylon66 is a dispersed phase, the pa@at 30 wt% Nylon66.
ticle size increases as the Nylon66 content increases.
Generally, the particle size was around 0.13—Qub®
and size distribution was narrow up to 20 wt% Nylon66,3.2. Heat distortion temperature (HDT)
however, at 30 wt% Nylon66, the particle size and dis- measurement
tribution increased about twofold compared to 10 wt%Fig. 2 shows the HDT results of PPS/Nylon66 blends.
Nylon66, and the particle size was around 0;25.  Ascan be seen, PPS/Nylon66 blends with up to 30 wt%
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120 this investigation, the reason for the observed increased
interfacial bonding when PPS is the dispersed phase is
due to the nucleating agent role of fast-solidified PPS

100 particles within the Nylon66 matrix.

3.3. Tensile test and fracture surface
observation
Fig. 3 shows the maximum stress of PPS/Nylon66
blends. Generally, maximum stress decreased up to
20 wt% Nylon66, and started to increase thereafter to
that of pure Nylon66. And the tensile behavior with
respect to the testing temperature change shows two
distinctive behaviors depending on the glass transition
temperatures of constituents PPS and Nylon66. Below
the glass transition temperature of PPS and Nylon66
such as-30 and 25C testing condition, tensile behav-
ioris almostthe same. However, at 75 andI5testing
20 F condition, tensile properties indicate that this behav-
ior is due to the thermal deformation characteristics of
Nylon66 and PPS at above their glass transition temper-
atures. Also with regard to 30 wt% Nylon66, it shows a
brittle fracture nature up to 20 wt% Nylon66, and duc-
0 10 20 30 40 50 60 70 80 90 100 fjle fracture at more than 30 wt% Nylon66. These are in
Nylon66 content (wt%5) good agreement with the strain at break results shown
in Fig. 4, and especially, the strain at break change was
Figure 2 Heat distortion temperature vs. Nylon66 content of PPS/ large at 75 and 15C testing conditions.
Nylon66 blends. Fig. 5 shows the tensile fractured surface morphology
of PPS/Nylon66 blend. Fig. 5a shows the tensile frac-
tured surface of pure PPS at T&Dtesting condition.
As can be seen, even though the testing temperature is
higher than the HDT of pure PPS (100Cj), the frac-
ture surface is more like a glass fracture surface rather
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Nylon66 have HDTs similar to pure PPS (100Cj,
however, at more than 30 wt% Nylon66, the HDT de-
creases linearly to that of pure Nylon66 (7&}. Che-
ung et al. [21] who studied the thermal behavior and
morphology of PPS/polysulfone (PSF) blends insisted
that when the component with lower glass transition
temperature was a dispersed phase (less than 50 vol%
then the HDT of the blend was not affected by the dis-
persed phase. Thus, when Nylon66 which has lowe 80 |
glass transition temperature compared to PPS is .
dispersed phase (up to 30 wt% Nylon66), the blend -, L
can maintain the HDT of pure PPS. This enables the
PPS/Nylon66 blend up to the phase inversion point
to retain the high temperature dimensional stability ofA 60
pure PPS regardless of dispersed particle size, dIStI’IbLE
tion, dispersion mode and interfacial bonding. 2 50
However, in the opposite case such as the compoe
nent with higher glass transition temperature as thee
dispersed phase, then the HDT behavior of the blen(e
follows the rule of mixtures relationship, with either %
positive or negative deviation from this rule. In our in- = 30
vestigation, when PPS is the dispersed phase, the HD
shows a linear decrease. From these results, when PF
is the dispersed phase, as Jog and Nadkarni indicate
in their study on the PPS/polyethylene terephthalate
(PET) blend [13], there occur interactions between the 10 F
constituents. In this case, the word interaction mean:
that, in the melt crystallization process, a fast-solidified A S S S T R S W
dispersed particle can act as a nucleus to the matrix the
is still in the melt state. From the molecular point of
view, Nylon66 matrix chains can start the crystalliza-
tion process around the already solidified PPS partiCleSigure 3 Maximum stress vs. Nylon66 content of PPS/Nylon66 blends
and resultin anincrease of interfacial bonding. Thus, irat various testing temperatures.
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than ductile fracture morphology which can be deduced
from the sharp crack propagation path.

In contrast, when Nylon66 is the dispersed phase
(20 wt% Nylon66), the dispersed particle in the fracture
surface is not observed even though there is a testing
temperature change as shown in Fig. 5b and ¢, and this
indicates that the effective fracture energy dispersion
is difficult. From this observation it can be concluded
thatthe fracture energy dispersion during the tensile test
occurs at the weak interface between PPS and Nylon66,
and brittle PPS deformation. Fig. 5b shows the tensile
fractured surface morphology of dispersed PPS tested at
150°C. Atthis temperature, with the softening of matrix
Nylon66, as was already discussed in the HDT results,
PPS particles can be found remaining in the matrix due
to the increased interfacial bonding resulting from the
nucleus role of PPS within the Nylon66 matrix.

Fig. 6 shows the modulus of elasticity of PPS/
Nylon66 blends. As in the case of HDT results, the
modulus of elasticity linearly decreased with increas-
ing Nylon66. At—30, 25 and 15TC testing condition,
the modulus of elasticity change is not great, however,
at 75 C testing condition, the modulus of elasticity de-
crease was profound. This is due to the fact that at
75°C testing condition, pure PPS retains high modu-
lus, whereas, Nylon66 has lower modulus because it

Figure 4 Strain at break vs. Nylon66 content of PPS/Nylon66 blends atis ghove its glass transition temperature. Generally
various testing temperatures. ’ !

Figure 5 SEM photomicrographs of tensile fractured surfaces of (a) pure PPS aC.1f0) 80 wt%/PPS/20 wt% Nylon66 blend at°Zh
(c) 80 wt%/PPS/20 wt% Nylon66 blend at T8 (d) 30 wt%PPS/70 wt% Nylon66 blend at 280
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3500 a glass fracture, and also from the observation of inter-
30T facial bonding state of dispersed Nylon66 particles, it
can be easily concluded that the bonding force is not
good. However, this brittle matrix fracture character-
istic is slightly improved as can be known from the
observation of fracture morphology shown in Fig. 8b
tested at 150C. However, even though there occurs ma-
trix wetting by PPS plastic deformation and Nylon66
softening, from the observation of clear protrusion of
dispersed particles and almost sphere like fracture mor-
phology, itcan be concluded thatthis is not good enough
to improve the low impact resistance.

Meanwhile, the matrix deformation state and parti-
cle dispersion type as shown in Fig. 8c and d is quite
different from the morphology shown in Fig. 8a and

b. When Nylon66 is the matrix, the fracture charac-
teristic at—30°C testing condition includes the rough
s00 b morphology and partially exposed dispersed particles,

which indicate matrix ductility. The reason for this is
the increased interfacial bonding resulting from the nu-
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0 S S S S S cleating role of PPS particles by different crystalliza-
0 10 20 30 40 S0 60 70 80 90 100 tion behavior already ment_loned in the HDT _d|scus—
Nylon66 content (wt%) sion. Even though the matrix ductility is good, if there

is a weak interfacial bonding, then the dispersed PPS
particles will protrude and offer a crack propagation
path as the crack grows and result in a fracture charac-
teristic which moves along the densely populated PPS
regions. However, as indicated from the observation
of particle size, PPS has bigger particle size and ir-
%gular distribution than when the Nylon66 is the dis-
ersed phase. And the fact that it exhibits high impact
strength indicates that this is due to the increased in-
terfacial adhesion by the nucleating agent role of PPS.
Even though occasional separation of PPS particles is
observed, overall morphology characteristics are like

Figure 6 Modulus of elasticity vs. Nylon66 content of PPS/Nylon66
blends at various testing temperatures.

blending with other polymers results in a modulus

be observed from this analysis, it can be concluded th
modulus change of PPS/Nylon66 blend is not greatl
affected by Nylon66 content increase.

3.4. Notched Izod impact test and fracture
surface observation
Fig. 7 shows Izod impact test results with Nylon66 con- 25
tent and test temperature change. Generally, asin HDT
and tensile tests, the impact strength did not change
much up to 30 wt% Nylon66. However, at more than
this content, in other words, at above its phase inver- 20
sion content, impact strength increased regardless of &
test temperature. Especially at 280 impact strength
increased dramatically. Generally, when the deforma-
tion occurs by external stress, fracture energy disper-
sion can be absorbed at the matrix, the dispersed phas
and the interface between matrix and dispersed phas
Thus, external stress can be dispersed in a variety of
ways such as matrix plastic deformation, interfacial < 10
separation between matrix and dispersed phase, craze &
pinning by the dispersed phase, and even fracture of
the dispersed phase itself. In a polymer blend, this type
of effective energy dispersion can be greatly affected st
by the interfacial bonding between the dispersed phase
and matrix.

Fig. 8 shows the impact fractured surface of PPS/
Nylon66 blend. Fig. 8a and b show the impact fractured 0 P
surface when 30 wt% Nylon66 is a dispersed phase, and
Fig. 8c and d show the impact fractured surface when Nvlonts ”
30 wt% PPS is a dispersed phase-&0 and 150C, ylon6G content (wt%%)
respectively. As can be seen in Fig. 8a, the matrix fraCrigure 7 Notched I1zod impact strength vs. Nylon66 content of PPS/
ture surface is a typical PPS brittle fracture and is likeNylon66 blends at various testing temperatures.
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Figure 8 SEM photomicrographs of impact fractured surfaces of (a) 70 wt%/PPS/30 wt% Nylon66 bleBarat, (b) 70 wt% PPS/30 wt%Nylon66
blend at 150C, (c) 30 wt%/PPS/70 wt% Nylon66 blend-aB0°C, (d) 30 wt% PPS/70 wt% Nylon66 blend at 280

softened Nylon66 matrix covering the PPS disperse®References

particles. Thus, the high impact strength at A50s 1
due to the proper interfacial bonding between PPS and
Nylon66 as well as Nylon66 plastic deformation result-
ing from the high temperature test condition.
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4. Conclusion
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properties could be observed.
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