
APCOM’07 in conjunction with EPMESC XI, December 3-6, 2007, Kyoto, JAPAN
 
  

  

Mechanism of the striped deterioration caused on automotive 
bumper by using the coupled analysis of heat transfer and stress: 
PP/rubber binary blend as a model. 
Kota Kubota1*, Toshiro Yamada1, Yoshiyuki Kushizaki1, Koki Hirano1,2, Toshitaka Kanai1,3, Atsushi 
Yokoyama4

1Division of Material Sciences, Graduate School of Natural Science and Technology, Kanazawa University, 
Kakuma-Machi, Kanazawa, Ishikawa 920-1192, Japan
2Research and Development Division, Prime Polymer Company, Limited, 580-30 Nagaura, 
Sodegaura-City, Chiba 299-0265, Japan 
3Research and Development Laboratory, Idemitsu Kosan Company, Limited, 1-1 Anesaki-Kaigan, 
Ichihara-City, Chiba 299-0193, Japan 
4Advanced Fibro Science, Kyoto Institute of Technology University, Matsugasaki, Sakyo-ku, Kyoto 
606-8585, Japan 
e-mail:  1tyamada@t.kanazawa-u.ac.jp, 2koki.hirano@primepolymer.co.jp, 

3toshitaka.kanai@si.idemitsu.co.jp, 4yokoyama@kit.ac.jp 
 
Abstract  A unique deterioration with striped pattern caused by UV (ultra-violet) irradiation has been 
reported for PP (polypropylene)/rubber blend, by authors. This stripe is formed by repeating a pair of low 
and high density of the aggregation of micro voids inside the injection molding. Then, the micro voids do 
not generate at the PP matrix nor the interface but just inside the dispersed rubber domains. However, the 
reason why the micro voids generate is unclear. The purpose of this study is to estimate the mechanism of 
the micro voids generated in this striped deterioration by using FEM (Finite Element Method). Equivalent 
stress calculated for the rubber domain strongly depended on the morphology of the dispersed domain, 
especially in its orientation. In addition, some defects existing in the rubber phase; e.g. a fine crystalline 
composed of polyethylene chain, become a trigger to induce the micro voids. 
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INTRODUCTION  
 

In recent two decades, PP/rubber/talc blend has grown as a main material for automotive bumper which 
requires not only mechanical properties but also industrial design controlling image of a car.1,2 However, 
after a bumper is assembled in a real car, the deterioration with striped pattern occurred on the bumper with 
lapsed time of several years or more. This striped deterioration becomes a factor which spoils design of the 
car. Figure 1 shows a typical striped pattern deterioration of an injection-molded bumper without light 
stabilizers (UV absorber free) after exposure for a year in Okinawa Island, a southern part of Japan. The 
striped pattern formed by alternation of strongly and weakly whitened parts can be easily seen by naked 
eyes. The deterioration with striped pattern should be distinguished from flow mark (tiger stripe) generally 
known as a surface defect on the injection molding composed of PP/rubber blend. The flow mark (tiger 
stripe) is a phenomenon which occurs on the surface of the resin just after the molding (as the initial 
state).3,4 On the other hand, the striped deterioration pattern discussed in this study is not severe like this 



photograph just after molding (as the initial state), both the sun shine and weather induce such the severe 
deterioration on the stripe pattern. Although this striped deterioration can be effectively improved with 
adding light stabilizers for current bumpers. However, the mechanism of the striped deterioration is 
unclear; therefore we studied for a simple model of PP/rubber binary blend in order to estimate mechanism 
of the striped deterioration caused by UV irradiation. 
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        Fig. 1  Model sample without light stabilizers (UV absorber free) exposed for 1 year at Okinawa: 
  (a) left half of the bumper and (b) macrograph bumper. 

 
The results of UV irradiation experiment4 were shown in Figure 2. The model sample (PP/rubber binary 
blend) indicates severe pattern which can be recognized easily by naked eye observation. The severity of 
this striped pattern increased with increasing the UV irradiation time. Even though the conspicuous stripe 
was developed on the irradiated area, no striped traces were observed on the surface. Thus, the striped 
deterioration of PP/rubber binary blend caused by UV irradiation did not exist on the surface. Interestingly, 
internal observation by using ultrasonic echo imaging indicates that aggregation of micro voids4 was 
observed inside the specimen. The micro voids increased and grew with time lapse of UV irradiation, and it 
was large in the strongly whitened part (S) in comparison with the weakly whitened part (W). That is, it 
became clear that the deterioration with striped pattern by UV irradiation generates not on the surface of the 
sample but inside the specimen. 
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        Fig. 2 Striped deterioration of a PP/rubber binary blend 
 



The transmission electron micrographs (TEM) of the cross sections of the specimen were shown in Figure 3 
4. In these photographs, the dark colored domains are assigned to the dispersed rubber domains. At the 
region near the surface (0-20µm), the domain size is relatively small and highly orientated along the flow 
direction. At the shallower region (30-50µm) and the deeper region (90-110µm), the domain size is 
relatively large and moderately orientated. The micro voids can be seen in only the shallower region (b: 
30-50µm); especially left and underside of the photograph. The other two regions do not have any micro 
voids, except for the cracks caused by the glass knife operation, and the micro voids do not generate at the 
PP matrix nor the interface but just inside the dispersed rubber domains. 
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        Fig. 3 TEM photographs of the deteriorated stripe 
 
A morphological schematic view of the specimen was shown in (Figure 4). Highly oriented rubber domains 
exist in shallow region from the surface. Moreover, under this zone having the highly oriented rubber 
domains, weakly oriented rubber domains exist. UV irradiation causes the micro voids inside these weakly 
oriented rubber domains. While the highly orientated rubber domains near the surface do not have the 
micro voids inside it. In strongly whitened part (S), the thickness where the highly oriented rubber domains 
exist is thin. And in weakly whitened part (W), the thickness where the weakly oriented rubber domains 
exist is thick. Then, the difference of the depths where the micro voids occur provides the stripe having 
alternation of the strongly whitened (S) and weakly whitened (W) parts approximately perpendicular to the 
flow direction. The depth generating the micro voids is shallow for the strongly whitened part and deep for 
the weakly whitened part, respectively. As a result, the stripe is formed by repeating low and high density of 
the aggregation of micro voids inside of the specimen. 
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        Fig. 4 Morphological schematic view of the deteriorated stripe 
 
Finally, the feature of micro voids is summarized in Table 1. In general, PP is apt to deteriorate in 
comparison with the rubber. However, UV irradiation causes the micro voids inside the rubber domains in 
this case. In addition, it is well known that the interface of PP matrix and rubber domain tends to exfoliate 
easily due to its weakness of adhesive strength. Otherwise the micro voids generate just inside the dispersed 
rubber domains. And then, it seems that the highly orientated rubber domains have higher stress and strain 
in comparison with the weakly oriented domain. Therefore, the highly oriented rubber domain may tend to 
deteriorate. Otherwise UV irradiation causes the micro voids inside the weakly oriented rubber domains 
selectively. Furthermore, chemical oxidation cause by UV (trace of photo-degradation) does not describe 
the phenomenon because the surface is mostly chemical-oxidized by UV irradiation. Already mentioned, 
the micro voids exist in the deeper region from the surface. Thus, general knowledge for degradation of 
polymeric material cannot explain the micro voids generation. For these reason, to estimate the mechanism 
is interesting in terms of not only durability of automotive parts but also basic polymer science for blend 
system. 
 

Table 1.  Relationship between  general knowledge and the experimental results for the micro voids. 
 

 
 
Stress and strain acted on the polymeric material accelerate the degradation under UV irradiation.5 Then, 
stress and strain should be notified to estimate also the mechanism of the micro voids generation. However, 
it is hard to experimentally measure stress and strain for small dimensional sizes of the dispersed rubber 
domain. Here, we describe estimation of the reason why the micro voids occur in the striped deterioration by 
using FEM with the coupled analysis of heat and transfer and stress. 



 
 
EXPERIMENTAL 
 
The viscoelastic analysis for estimating the mechanism of the micro void generation was carried out by 
FEM using a non-linear computer program, MARC2001 and Fortran Subroutine. In order to simplify, a four 
node quadrilateral axial symmetry elements model was adopted. Moreover, the equation of alignment 
viscoelasticity as equation (1) is used. 
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A two-dimensional-model constructed for FEM analysis is shown in Figure 5. One particle of a rubber was 
embedded in a PP matrix. The volume ratio of PP/rubber was set at 59/41 which was calculated for 60/40 
PP/rubber weight ratio taking into account the density of each component polymer (density of the PP is 910 
kg/m3 and that of the rubber is 860 kg/m3). The master curves of the relaxation modulus for the PP and 
rubber were obtained on the basis of Time-Temperature conversion rule, and they were approximated by 
Prony series as equation (2). 
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Other properties used here are shown as follows: the specific heat J/(kg K) of 1900 for PP and 2200 for the 
rubber,  the heat conductivity W/(m K) of  0.15 for PP and 0.28 for the rubber,  the poisson's ratio (-) of 0.45 
for PP and 0.49 for the rubber, respectively. Moreover, adhesive strength at the interface between the PP and 
rubber domain was assumed to be infinitely strong because the interface does not exfoliate after UV 
irradiation. 

Furthermore, analytical model used here considers two cases. Figure 5 (a) is a weakly oriented rubber 
model in which the micro void generates inside it, and Figure 5 (b) is a highly oriented rubber model in 
which the micro void does not generate. These two models are corresponding to the deeper region inside 
the specimen and the shallower region near the surface of the specimen, respectively.  
Temperatures were variable between 20 and 60 deg. C considering the UV irradiation experiment. 
Coefficient of heat transfer at the open air was set to 10 W/ (m2K). One computation was performed by time 
increment every 0.02 s. And it was terminated when the time reached 10s because  the temperatures become 
stable at 60 deg. C in every parts of the model during this 10 s. And all the results were judged by equivalent 
stress. 
 



          
 

        Fig. 5  Model used in this study for FEM 
(a)  weakly oriented rubber model and (b) highly oriented rubber model 

 
 
RESULTS AND DISCUSSION  
 

Effect of the rubber shape   
At first, the influence of the domain shape in the dispersed rubber phase was discussed. Here, it was 
assumed that both cases of spherical shape for the weakly oriented rubber model (a) and of elliptical shape 
for the highly oriented rubber model (b) behave isotropic thermal expansion. That is, coefficients of linear 
thermal expansion (CLTE) of three directions (Machine Direction (MD), Transverse Direction (TD) and 
Normal direction (ND)) are equal. As a result, the average stress for the weakly oriented rubber model was 
smaller than that of the highly oriented rubber model. This result could not explain the mechanism because 
the stress obtained for the weakly oriented rubber domain (to cause micro void inside it) is smaller than that 
for the highly oriented rubber (not to cause the void).We note that higher stress becomes a trigger to 
generate the micro void inside the rubber domain. 
 
 

Effect of CLTE along the spatial directions 
Then, direction dependence of the CLTE was taken into consideration. Because the compression-molding 
(having spherical shape of the rubber domain) and injection-molding (having oriented shape of the domain) 
are different in the direction dependence of the CLTE. It is known that a compression molding of PP/rubber 
blend indicates approximately isotropic thermal expansion along each direction, while an injection molding 
of the blend indicates anisotropic thermal expansion. The injection molding has extremely higher CLTE 
along ND in comparison with two plane directions (MD, TD).6Therefore, these isotropic and anisotropic 
thermal expansions were applied to the models for the spherical and elliptical shapes, respectively. As a 
result, both the cases considering anisotropic expansion for the highly oriented rubber model and isotropic 
expansion for the weakly oriented rubber model provided approximately equal value in the stress. Then, the 
two models did not have remarkable difference of the stress. This result also could not explain the 
mechanism of the micro void generation. Therefore, other factor should be needed to estimate the 
mechanism. 



 
 

Heterogeneous structure of the dispersed rubber domain 
In order to aim novel factor, we carefully re-observed the dispersed rubber phase in terms of morphology. A 
TEM photograph of a cross section is shown in Figure 6; the section was sliced out from the deeper region 
(120-140μm) in the depth of the specimen before UV irradiation. 
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        Fig. 6  Heterogeneous phase of the rubber domain 
 
In this photograph, the white particles at the dark colored rubber domain are observed. These particles might 
be assigned to fine crystalline of polyethylene which is part of the backbone of the rubber polymer. 
We notified that the heterogeneous phase (white particles in the rubber domain assumed as the fine 
crystalline) resembles a defect in the rubber domain. Since the melting point of the added rubber is about 50 
deg. C, it was thought that the particle is melting and not adhesive to the rubber surrounding the particle at a 
temperature of 60 deg. C during UV irradiation. In order to discuss the effect of the heterogeneous rubber 
domain, a defective part was placed at the center of the analytical model as shown in Figure 7. 
 

          
 

        Fig. 7  FEM model for the rubber domain having a defect: 
(a) The weakly oriented rubber model and (b) The highly oriented rubber model  

and (c) Macro graph surrounding of the defect 



 
 
The results for the model having the defective part are shown in Figure 8. These results (a) and (b) are 
corresponding to the weakly oriented rubber model (considering isotropic thermal expansion) and the 
highly oriented rubber model (considering anisotropic thermal expansion), respectively. They indicated 
that a high stress concentration occurs around the defective part at the weakly oriented rubber model in 
comparison with the highly oriented rubber model. Then, in case that the radius of the defective part is 0.03
μm, the maximum equivalent stress around the defect part at the weakly oriented rubber model is about 9 
times of that at the highly oriented rubber model. These two models have a remarkable difference in the 
stress. This result could explain the mechanism that the micro void generates at only the weakly oriented 
rubber domain. 
 

          
 

        Fig. 8  Equivalent stress distribution of the rubber domain: 
     (a) The weakly oriented rubber model (Considering isotropic expansion) 

     and (b) The highly oriented rubber model (Considering anisotropic expansion)  
 
Moreover, the maximum equivalent stress around the defective part by changing the radius from 0.01 to 
0.05 μm is shown in Figure 9. The stress acting to the surround of the part only for the weakly oriented 
rubber model increase with increasing the radius of the defect. The gradient is large for the weakly oriented 
rubber model in comparison of the highly oriented rubber model. Concretely, magnification of the stress is 
e.g. 4.25 times (= 4.67/1.10) and 11.9 times (= 13.1/1.10) for the radius of 0.01 and 0.05 μm respectively. 
Thus, a heterogeneous phase is the important factor to estimate the mechanism because higher value of the 
stress acetates t internal strain for a material. Here, we notified PE fine crystalline as the heterogeneous 
phase, but more discussion will be needed to estimate the detailed mechanism. 
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        Fig. 9  Maximum equivalent stress dependant on the radius of the defect 
 

CONCLUSIONS 
 

In this study, we reported a unique deterioration having striped pattern for PP/rubber binary blends caused 
by UV irradiation. Some cases considering the shape of the dispersed rubber, direction dependence of 
linear thermal expansion were computed by using the coupled analysis of heat transfer and stress. The 
obtained results are summarized as follows: 
 
1. When the anisotropy of CLTE along the spatial directions is applied to the highly oriented rubber 

model. The average stress of the highly oriented rubber domain decreases as a result. However, this 
case considering the anisotropic CLTE is inadequate to explain the mechanism of the micro void 
generation. 

2. A novel model in which a defective part is placed at the center of the rubber domain provides a 
reasonable result. That is, a high stress concentration occurs around the defective part only for the 
weakly oriented rubber model. 

3. Consequently, it should be noted that heterogeneous phase in the rubber domain, e.g. PE fine 
crystalline, become a trigger to induce the unique deterioration with striped pattern.  

 
Influence of some heterogeneous phases of the rubber domain is currently studied by the authors in terms of 
crystalline, micro-phase separation of added rubbers. 
 
   
REFERENCES 
 
[1] J. Maxwell, Plastics in the Automotive Industry, Wood Head, Cambridge, England (1994). 
[2] K. Hirano, Y. Suetsugu, T. Kanai, Morphological Analysis of the Tiger-Stripe on Injection Molding of 

Polypropylene/Ethylene- Propylene Rubber/Talc Blends Dependent on Based Polypropylene Design, J. 
Apple. Polyp. Sic. 104, (2007), 192-199. 

[3] Patham, B.; Papworth, P; Jayaraman, K; Shu, C; Wolkowicz, M., Flow marks in Injection Molding of 
Polypropylene and Ethylene-Propylene Elastomer Blends: Analysis of Morphology and Rheology, J. 
Appl. Polym. Sci., 96 (2), (2005) 423-434. 



[4] K. Hirano, S. Tamura, T. Kanai, Striped-Pattern Deterioration and Morphological Analysis of 
Injection Moldings Comprising Polypropylene/Ethylene α-Olefin Rubber Blends, J. Appl. Polym., 105, 
(2007), 2416-2426. 

[5] A. V. Shyichuk, D. Y. Stavychna, J. R. White, Effect of tensile stress on chain scission and 
crosslinking during photo-oxidation of polypropylene, Polym.Degrad.Stab., 72, (2001) 279-285. 

[6] Guozhang Wu, Kouji Nishida, Kiyoji Takagi, Hironari Sano and Hiroshi Yui, Rubber as additives to 
lower thermal expansion coefficient of plastics: 1. Morphology and properties, Polymer, 45, (2004), 
3085-3090. 


