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High density polyethylene (HDPE) was added to the polypropylene (PP)/ethylene-propylene
diene terpolymer (EPDM) binary blend, and the effect of testing temperatures on the
modulus of elasticity, impact behavior and corresponding fracture morphology was
analyzed. Modulus of elasticity generally decreased as the EPDM content increased
regardless of the testing temperatures. However, it was found that the modulus of elasticity
of PP/EPDM/HDPE ternary blend increased compared to PP/EPDM binary blend when tested
at —30 and —60 °C. Notched Izod impact strength changed depending on the testing
temperatures, however, there was not much difference between binary and ternary blends
up to 20 wt% EPDM. However, at more than 30 wt% EPDM content, ternary blends showed
higher impact strength compared to binary blends. Especially, at —30 °C, brittle-ductile
transition was observed between 20 and 30 wt% EPDM. Subsurface morphology was also
analyzed, and the relationship between the impact strength and the stress whitening zone
was investigated. Scanning electron microscopy observation of impact fractured surfaces
was conducted, and overall morphology was analyzed with respect to HDPE addition and
testing temperature change. © 2000 Kluwer Academic Publishers

1. Introduction in mechanical properties and fracture mechanisms on
Since the first successful stereoregular synthesis bgdding EPDM to the PP/HDPE binary blends [10].
Nattain 1954, polypropylene (PP) has been widely used hey found that EPDM can act as an interfacial agent to
in a variety of applications. PP has many advantagesicrease the interfacial bonding between the PP matrix
such as low density, good moldability, high softeningand dispersed HDPE particles. Stehlieigal. studied
point as well as good mechanical properties, however, ithe fracture morphology of PP/EPDM/HDPE ternary
has poorimpact strength at low temperature. In order tdlends, and examined the state of dispersed phase quan-
overcome this disadvantage, ethylene-propylene-dienétatively as well as impact and modulus of elasticity
terpolymer (EPDM) was incorporated into PP, and therdoehavior [11]. They concluded that the melt residence
have been many studies regarding crystallization, metime during processing affected the phase morphol-
chanical and rheological behaviors [1-8]. Even thoughogy. These previous studies on the PP/EPDM/HDPE
PP/EPDM blends can increase the low temperature imternary blends covered the mechanical and morpholog-
pact strength, it also results in a decrease of moduluisal properties, but there have been no systematic stud-
and tensile strength. Thus, in order to overcome thises covering the test temperature effect on the modu-
behavior, high density polyethylene (HDPE) is occa-lus of elasticity, impact strength and the corresponding
sionally added to the PP/EPDM binary blend. Regardfracture morphology with HDPE addition.

ing these PP/EPDM/HDPE ternary blends, Choudhary Thus, in this investigation, a fixed amount of HDPE
et al. studied the morphological, rheological and me-was added to the PP/EPDM binary blend, and sys-
chanical behavior with changing EPDM content addedematic studies correlating the modulus of elasticity,
to a PP/HDPE binary blend with fixed composition [9]. impact strength and corresponding fracture morpholo-
They found that by adding EPDM to the PP/HDPE bi-gies were conducted. The testing temperature was
nary blend, EPDM can act as a lubricant as well as comearefully selected by considering the glass transition
patibilizer, and form a core-shell structure within the PPtemperature Tg) of each component (PP—-9.8 °C,
matrix. Meanwhile, D’Oraziet al.studied the changes EPDM= —454°C, and HDPE= —1057 °C), thus the
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testing temperatures were set-&0 °C, —30°C and
23°Cin order to investigate thg, effect on the above
properties.

2. Experimental
2.1. Materials

Polypropylene (PP) and high density polyethylene

(HDPE) used in this investigation are commer-
cial grades H730F (M.=3.5¢/10 min) and JH910

(M.1. =7.5¢g/10 min) manufactured by SK Co., respec-

tively. Ethylene-propylene diene terpolymer (EPDM)

used in this investigation is a commercial grade

KEP570P (MIl.=0.14g/10 min) manufactured by
Kumho Polychem. Co.

2.2. Sample preparation

fractured notch tip areas were examined to observe the
plastic deformation such as crazes using transmission
optical microscopy. Also, impact fractured surfaces of
PP/EPDM binary and PP/EPDM/HDPE ternary blends
were observed using the SEM (scanning electron mi-
croscope, JEOL model JSM-5200). In the case of
PP/EPDM/HDPE ternary blend, in order to observe the
fracture morphology change according to EPDM con-
tent and HDPE addition, EPDM was selectively etched
using xylene at 23C for 10 min in an ultrasonic cleaner
(Bransonic Co., 2210R-DTH). Impact fractured sur-
faces were coated with gold before the SEM obser-
vation, and the operating voltage was 20 kV.

3. Results and discussion
3.1. Mechanical test results

PP/EPDM binary and PP/EPDM/HDPE ternary blends™19- 1 shows the modulus of elasticity of PP/EPDM bi-

were manufactured using a twin screw extrude
(Brabender Plasticorder PLE 651). The processing te
perature was between 200-220, and screw speed
was 65 rpm. All blends were treated identically dur-

ing the processing. Specimens for mechanical propert
tests were manufactured using injection molder (Enge

ES 240/75P), and all injection molded specimens wer
conditioned in an oven at 5@ to remove any residua
stress before the test. Compositions of the PP/EPD
binary blends were 100@, 90/10, 8¢/20, 7¢/30 and

pary and PP/EPDM/HDPE ternary blends at three dif-
pferent testing temperatures. Generally, all binary and

ternary blends showed a modulus decrease with in-
creasing EPDM content. At 2, the modulus shows

nd—60°C (below theTy of PP), the modulus of the
inary blend is much higher. Also, the modulus of the

gtle change with the HDPE addition, however-a80

| ternary blend is about twice that of the binary blend at
v 30 and—60°C. In the case of the binary blend-a80

and—60°C, this behavior is because the testing temper-

50 wt% PP/50 wt% EPDM, respectively. The compo-ature is below th@g of the PP matrix, thus the matrix is
sitions of the PP/EPDM/HDPE ternary blends were thd" @ 91assy state and results in a higher modulus. How-

same as the PP/EPDM binary blends except for an acf

ditional 20 phr of HDPE.

2.3. Mechanical property test

ASTM D-638 type specimens were used for the tensile
tests. Tensile tests were performed using Lloyd Instru-
ments Co. (model LR50K). Testing temperatures were
chosen considering the glass transition temperatures ¢
PP, EPDM and HDPE, thus the chosen testing tem-
peratures were-60, —30 and 23°C. All tests were
performed using the environmental chamber, and lig-

ver, in the case of the ternary blend at the same testing

temperatures, the modulus is much higher than that of
the binary blend. At-30 °C, the added HDPE and
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uid nitrogen was used as a coolant. All specimens weres
stored at least for 5 hours, and at least 10 specimens,
were used and the average values were used for thz., |
data plot except maximum and minimum values. 27

Notched Izod impact tests were performed using <
ASTM D-256 type specimens and the impact tester< 1500 k
was Testing Machines Inc. (model 43-02, notched Izod £
type). The same testing temperatures were used as i
the tensile tests, low temperature tests were performers
using an attached environmental chamber. Carbon diox
ide was used as a coolant. At least 10 specimens wer
used and the average values were used for the data pli
except maximum and minimum values.
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2.4. Morphology observation 0
In order to observe the cross sections in a plane per
pendicular to the notch root of impact fractured spec-
imens, they were ground and polished using sand pa-

pers (240, 320, 400 and 600 grit) and alumina past@igyre 1 Modulus of elasticity vs. EPDM content of PP/EPDM binary
(1.0 and 0.3um). The final thickness of the polished and PP/EPDM/HDPE ternary blends at various testing temperatures (un-
specimens was about 100-15f . Then, the impact filled symbol : binary blend, filled symbol : ternary blend).
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900 thermoplastic, it is known that there exists an optimum
particle size for this transition occur. Also, the impact
strength of the ternary blend was higher than that of

800 the binary blend at more than 30 wt% EPDM, but the
difference was not great considering the impact test
700 nature.
E However, at—60°C, which is a temperature below
E 600 the Ty of PP and EPDM, all blends showed low im-
& pact strength regardless of composition. In the case of
2 the binary blend, this phenomenon is expected since
o 500 both PP and EPDM are in a glassy state. In the case
2 of the ternary blend, EPDM can envelop the dispersed
E 400 HDPE particles which will be discussed in the morphol-
'5 ogy observation of impact fractured specimens. Thus,
= at this temperature, the dispersed phase and the PP ma-
2 300 trix are also in a glassy state, and result in low impact
2‘5 strength. Also, the addition of HDPE brings very little
200 effect in increasing the impact strength at low EPDM
content due to the above reason, but starts to show the
effect at higher EPDM content (50 wt% EPDM), and at
100 this composition, the ternary blend has about two times
higher impact strength compared to the binary blend.
0 1 1 [l
0 10 20 30 40 50
EPDM content (wi%) 3.2. Fracture subsurface morphology

observation
Figure 2 Notched Izod impact strength vs. EPDM content of PP/EPDM Figs 3 and 4 show transmission optical micrographs of
binary and PP/EPDM/HDPE ternary blends at various testing tempera€ross sections in a plane perpendicular to the notch root
tures (unfilled symbol : binary blend, filled symbol : ternary blend). of impact fractured PP/EPDM/HDPE ternary blend
tested at 23 and-30 °C, respectively. As can be seen
EPDM are still in rubbery state, but the material still in Fig. 3, as the EPDM content increased, the crack
can have higher modulus due to the rule of mixturedength fromthe notchtip decreased, and a stress whiten-
relationship since the added HDPE has higher moduing zone area proportional to the impact strength was
lus than EPDM at this testing temperature.-40°C,  observed. Fig. 3a shows the subsurface fracture mi-
EPDM is in a glassy state, thus it has higher modulusrostructure of the ternary blend with 10 wt% EPDM,
compared to that at30°C, and results in a still higher and the crack propagates about 9 mm from the notch
modulus in a ternary blend. tip and a localized stress whitening zone was observed
Fig. 2 shows the impact strength of PP/EPDM bi-along the crack surface. In Fig. 3b and ¢ which are for
nary and PP/EPDM/HDPE ternary blends at three difternary blends with 20 and 30 wt% EPDM, an expanded
ferent testing temperatures. At 2@, the notched Izod stress whitening zone is observed centered on the crack,
impact strength increased up to 20 wt% EPDM re-and the crack length also decreased from about 5.5 to
gardless of the HDPE addition. However, at more thart.5 mm as the EPDM content increased. From this in-
20 wt% EPDM, the ternary blend has a much highervestigation, we can conclude that the impact strength
impact strength compared to the binary blend. At mords related to the size of stress whitening zone as well
than 30 wt% EPDM, the impact strength of both binaryas crack length. Normally, the appearance of the stress
and ternary blends started to decrease, but the impagthitening zone in animpact fractured PP/EPDM binary
strength of the ternary blend was still higher than thatolend is due to the occurrence of numerous multicrazes
of the binary blend. near the notch tip, and this phenomenon was not ob-
At —30°C, very low impact strength was observed served in a pure PP, and as the EPDM contentincreased,
up to 20 wt% EPDM, however, at 30 wt% EPDM, the the stress whitening zone increased. This tendency is
impact strength increased more than ten times. Sincalso clearly observed in Fig. 3a through 3c. However,
the Ty of PP is about-10°C, at—30 °C testing con-  as is shown in Fig. 3d, in the case of 50 wt% EPDM,
dition, the PP matrix is in a glassy state, but the HDPEonly a localized stress whitening zone was observed
and EPDM is still in a rubbery state, thus, the PP ma-ahead of the notch tip since at this composition, phase
trix will have brittle behavior. However, between 20— inversion probably took place.
30 wt% EPDM, an abrupt brittle-to-ductile transition  Fig. 4 shows the subsurface fracture microstructure
is observed, and this is probably due to the forma-of impact fractured ternary blends tested-&80 °C.
tion of dispersed particles of critical size which will All ternary blends up to 20 wt% EPDM broke, but the
be discussed in the morphology observation section apecimens with more than 30 wt% EPDM did not break
impact fractured specimens. Generally brittle-ductileduring the impact testing. This result is in good agree-
transition depends on the rubber type, dispersed particiment with the observed brittle—ductile transition in the
size and interfacial bonding between matrix and rubberimpact test results, and the subsurface morphology of
and in the case of rubber reinforced glassy amorphouthe specimens with 20 and 30 wt% EPDM (Fig. 4a
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Figure 3 Transmission optical micrographs of notched Izod impact tested specimens near the crack tip regiad at @8 90 wt% PP/10 wt%
EPDM/20 phr HDPE ternary blend, (b) 80 wt% PP/20 wt%/EPDM/20 phr HDPE ternary blend, (c) 70 wt% PP/30 wt% EPDM/20 phr HDPE ternary
blend, (d) 50 wt% PP/50 wt% EPDM/20 phr HDPE ternary blend.

and b). Fig. 4a shows the subsurface morphology ofthe PP matrix. Rather there are partly filled holes in
20 wt% EPDM, and no stress whitening zone is ob-the micrograph of the ternary blend. It shows a dense
served near the fracture surface which is in good agreeesidue with some attachment to the PP matrix. Accord-
ment with the observed low impact strength. Fig. 4bing to Stehlinget al. [11] when PP rich ternary blends
shows subsurface morphology after the brittle-ductileare mixed, EPDM and HDPE combine to form com-
transition at-30°C, and it shows the dark colored stressposite particles dispersed in PP. At short melt residence
whitening zone along the crack surface and ahead of théme, EPDM does not completely surround the HDPE
crack tip, and at this composition, it did not break from particles and HDPE is partly attached to the PP matrix.
the impact test and its crack length was about 4.5 mm Upon subsequent extraction, the HDPE particles are
which is almost the same as in 23 testing condition. retained in the partly empty cavity by the PP-HDPE
In the case of 50 wt% EPDM, similar morphology was attachments. At long melt residence time, however, the
observed as for the 23C test condition. Also, as in PP-HDPE attachments are displaced, and the HDPE
a 23 C test condition, the crack length from the notch particles become completely enveloped by EPDM.
tip decreased as the EPDM content increased. And, th&/hen EPDM is extracted from the fracture surface, the
crack length from the notch tip seems to be almost thénsoluble but unattached HDPE particles are flushed
same for 30 and 50% EPDM if the specimen does noaway, leaving an empty hole. The tendency for EPDM
break from the impact test regardless of the test temto envelop HDPE, rather than vice versa, in a PP ma-

perature change. trix is reasonable from interfacial energy considera-
tions. If PP, EPDM and HDPE are completely insol-

3.3. Impact fractured surface morphology uble, then the HDPE-within-EPDM structure(HDPE
observation core-EPDM shell structure) will be thermodynamically

Fig. 5a shows the impact fractured surface morphologyavorable over an EPDM-within- HDPE structure if
of PP/EPDM/HDPE ternary blend with 30 wt% EPDM yppeppm < Ypr-HpPe, Where y is the interfacial en-
tested at-60°C, after etching EPDM with xylene. As ergy. As can be seen in Fig. 5a, HDPE particles are
can be seen, ternary blends do not consist of EPDMbserved with some HDPE attachment to the PP ma-
particles and HDPE particles separately imbedded irtrix. D’Orazio et al. also observed this structure in their
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20 wt% EPDM, and severe plastic deformation is ob-
served. Fig. 5¢ shows a fracture surface of the ternary
blend with 30 wt% EPDM. As can be seen, stria-
tions perpendicular to crack propagation direction is
observed, and overall fracture surface is not greatly dif-
ferent from Fig. 5b. Fig. 5d shows the etched surface of
Fig. 5¢, and extended HDPE attachments are observed
within the PP matrix. Flaris and Stachurski studied the
toughening mechanism of PP/EPDM/LLDPE ternary
blend [12]. They found that EPDM and LLDPE can
form a skin-core microstructure and be dispersed within
the PP matrix, and proposed two toughening models
for this behavior. One is the toughening effect via the
extension of dispersed LLDPE particles and the other
is the toughening effect by the addition of EPDM to the
brittle matrix. In our system, by adding HDPE to the
PP/EPDM binary blend, dispersed HDPE particles are
surrounded by EPDM and form a skin-core microstruc-
ture. Then, the partially enveloped HDPE patrticles can
be extended perpendicular to the crack propagation di-
rection, thus it can effectively dissipate the impact en-
ergy and result in an increase of impact strength in a
ternary blend.

Fig. 6 shows the impact fractured surface of a ternary
blend tested at30°C. Fig. 6a shows the fracture sur-
face of ternary blend with 20 wt% EPDM, and com-
pared to the 23C condition (Fig. 5b), matrix plastic
deformation is not observed. Generally, when the ma-
trix is brittle, severe plastic deformation on the frac-
ture surface is not observed on impact failure, and a
() relatively glass like clean fracture surface is obtained.
If the interfacial bonding between the matrix and dis-
persed phase is weak, then the dispersed phase will
separate from the matrix. From the observation of the
fracture surface, even though the EPDM is not etched,
separation of the dispersed phase from the matrix is
observed. Fig. 6b shows the etched surface of 6a, and
the fracture surface is clean as a glass, and a very in-
homogeneous dispersed phase is observed. Some of
the dispersed phase is completely empty which indi-
cates that EPDM enveloped the HDPE particles com-
pletely. But, some of the dispersed phase shows HDPE
phases in the hole still attached to the PP matrix via
HDPE attachment. Fig. 6¢c shows the fracture sur-
face of the ternary blend with 30 wt% EPDM which
shows ten times higher impact strength compared to

(©) the ternary blend with 20 wt% EPDM. Even though

Figure 4 Transmission optical micrographs of notched Izod impact the test was performed below tfigof PP, severe plas-
tested specimens near the crack tip region-a0 °C of (a) 80 wt%  tic deformation can be found on the fracture surface.
PP/20 wt%/EPDM/20 phr HDPE ternary blend, (b) 70 wt% PP/30 wt% \Wu differentiated the fracture mechanism during im-
EPDM/20 phr HDPE ternary blend, (c) 50 wt% PP50 wt% EPDM/ nact tests depending on the nature of matrix, and when
20 phr HDPE ternary blend. .. . . .

the matrix is brittle, the main fracture mechanism oc-

curs by matrix crazing, whereas in the case of a duc-
study of the PP/EPDM/HDPE ternary blend [10]. Theytile matrix, the main fracture mechanism is by matrix
found that the matrix and dispersed particles are interyielding [13].
connected by the HDPE attachment as in our observa- When the matrix is brittle, abrupt brittle-ductile tran-
tion, and in this case, EPDM acts as an interfacial agengition occurs at a specific critical distance between the
which can promote the interfacial bonding between thedispersed particles or particle size. From our obser-
PP and HDPE. vation, the average particle diameter of the dispersed

Fig. 5b—d show the impact fractured surface ofphase was about 1.4m at 30 wt% EPDM with a
PP/EPDM/HDPE ternary blend tested at’23 Fig. 5b  fairly homogeneous patrticle size distribution compared
shows the fracture surface of ternary blend withto less than 1.Qum at 20 wt% EPDM with a very

4837



(d)

Figure 5 SEM micrographs of notched Izod impact fractured surfaces of (a) 70 wt% PP/30 wt% EPDM/20 phr HDPE ternary blend tested at
—60°C (fracture surface was treated with xylene at’23 10 min), (b) 80 wt% PP/20 wt% EPDM/20 phr HDPE ternary blend tested aC2&)

70 wt% PP/30 wt% EPDM/20 phr HDPE ternary blend tested &t@3d) 70 wt% PP/30 wt% EPDM/20 phr HDPE ternary blend tested a€23
(fracture surface was treated with xylene at23 10 min).
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Figure 6 SEM micrographs of notched Izod impact fractured surfaces3it°C of (a) 80 wt% PP/20 wt% EPDM/20 phr HDPE ternary blend,

(b) 80 wt% PP/20 wt% EPDM/20 phr HDPE ternary blend (fracture surface was treated with xylene °&, 20 min), (c) 70 wt%

PP/30 wt% EPDM/20 phr HDPE ternary blend, (d) 70 wt% PP/30 wt% EPDM/20 phr HDPE ternary blend (fracture surface was treated with
xylene at 23C, 10 min).
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4. Conclusion

A fixed amount of HDPE was added to PP/EPDM bi-
nary blends, and the effects of testing temperature on
the modulus of elasticity, impact behavior and corre-
sponding fracture morphologies were observed and the
following conclusions could be made.

From the tensile tests, the modulus of elasticity de-
creased as the EPDM content increased at all testing
temperatures, and the addition of HDPE did not bring
any change at 23C. However, at—30 and—60 °C
which are temperatures below tfg of PP, the ad-
dition of HDPE results in a modulus increase about
twice that of the binary blend. Impact tests showed that
there was not much difference between the binary and
ternary blends up to 20 wt% EPDM, and at more than
30 wt% EPDM, ternary blends showed a higher im-
pact strength, and as the testing temperature increased,
the difference between the binary and ternary blend in-
creased further. At 23C, impact strength increased up
to 30 wt% EPDM, however, it started to decrease be-
yond this content. A+30°C, very low impact strength
was observed at 20 wt% EPDM, but at 30 wt% EPDM,
it exhibited very high impact strength which indicated
that the brittle-ductile transition occurred in this com-
position range. A£60°C, all binary and ternary blends
showed a low impact strength regardless of composi-
tion, and this was because the test temperature was be-
low the Ty of PP matrix and dispersed EPDM.

Subsurface microstructure observation of ternary
blends after the impact test showed that at@3the

(b)
Figure 7 SEM micrographs of notched Izod impact fractured surfacesCrack length from the notch tip decreased as the EPDM
at —60 °C of (a) 80 wt% PP/20 wt% EPDM/20 phr HDPE ternary content increased. At 10 wt% EPDM, a small local-

blend (fracture surface was treated with xylene af @310 min), (b)
70 wt% PP/30 wt% EPDM/20 phr HDPE ternary blend (fracture surface
was treated with xylene at 2Z&, 10 min).

ized stress whitening zone was observed adjacent to the
fracture surface, but at 20-30 wt% EPDM, a compre-
hensive stress whitening zone proportional to EPDM
content was observed.

. ) ) o . This is due to the occurrence of numerous crazes,
inhomogeneous particle size distribution as shown iryq it can dissipate the impact energy via new sur-

Fig. 7aand b. And, there occurs an abrupt brittle-ductilgace creation. Also, the crack length from the notch
transition between these compositions. Thus, in OUf, gecreased with increasing EPDM, and the absolute
system, the critical dispersed particle size for a brittleyack length was also similar at the same composition
ductile transition is about 1 4m at—30°Ctesting con- yegardless of testing temperature changes. SEM obser-
dition. Fig. 6d shows an identical specimen as Fig. 6Gation of impact fractured ternary blends showed that
except for the EPDM e_tchlng, and_ it shows severe PI%y adding HDPE to the 70 wt% PP/30 wt% EPDM bi-
matrix plastic deform_atl_on along with highly extended nary blend, the dispersed EPDM and HDPE could form
HDPE attachment within the HDPE/EPDM dispersedsyin_core microstructures and the PP matrix was partly
phase. This severe matrix deformation along with thg;gnnected by the extended HDPE attachment within
extension of dispersed HDPE probably accounted fogne dispersed EPDM/HDPE particles.
its high impact strength at30°C.

Fig. 7 shows the impact fractured surfaces of ternary
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