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Abstract 
 

Polycarbonate (PC) is one of the engineering plastics 

and it has high mechanical properties and transparent 

characteristics. PC is widely used for the outer case of 

mobile electronic products and lamp covers for automobile, 

and so on. However it has a weakness in low surface 

hardness, which is a low scratch resistant property. Scratch 

resistant property is considered very important specially 

for the outer case usage. Scratch resistant property is 

evaluated by pencil hardness. It was observed that the 

pencil hardness of injection molded PC sheet was 

dependent of its surface roughness. The specimen having 

convex or concave shaped surface had high pencil 

hardness. Deformation and stress concentration on the 

specimen surface have been analyzed during the pencil 

hardness test through computer simulation. Convex and 

concave shaped surface showed small deformation 

compare with flat surface. This made pencil hardness high. 

The surface of injection molded product can be controlled 

by controlling mold surface. Consequently the high pencil 

hardness can be achieved by designing the surface 

roughness of mold surface.. 

 

Introduction 
 

Polycarbonate (PC) is one of the engineering plastics and 

is a unique transparent plastic among the engineering 

plastics. Because of its outstanding physical properties, PC 

is widely used for the case of mobile electronic products 

and lamp covers for automobile, and so on (1, 2). However 

it has a weakness in low surface hardness, which is a low 

scratch resistant property (3, 4). Scratch resistant property 

is considered very important specially for the outer case 

usage. Many research papers have been published for the 

study of improving surface hardness of PC (5-8). However 

a few papers have been published for the investigation of 

surface hardness variations according to the surface 

condition (4, 9). 

One of the evaluation methods for scratch resistant of 

surface is pencil hardness. This method is simple so it is 

widely used practically. It was observed that the pencil 

hardness of injection molded PC sheet was dependent of 

its surface roughness. The specimen having convex or 

concave shaped surface showed high scratch resistant 

property. It showed high pencil hardness. Surface 

characteristics of specimen have been analyzed by 

simulating the pencil hardness test to verify the dependent 

of surface hardness on surface condition. The surface of 

injection molded product can be controlled by controlling 

mold surface. Consequently high pencil hardness can be 

achieved by designing the surface roughness of mold 

surface. 

 

Experimental 

 

1 Material 

Polycarbonate supplied by Samyang Co. was used and its 

property is shown in Table1. Three rectangular sheets 

having different surface roughness were molded by 

injection molding using Battenfeld’s injection molding 

machine. Three different mold surfaces were used to get 

various surfaces of specimens. 

 

2 Pencil Hardness of Injection Molded Sheet 

Fig. 1 shows three specimens and their pencil hardness. 

Pencil hardness was various according to the surface 

roughness. Pencil hardness of specimen 1 is 2B and its 

surface roughness is very small. It could be flat surface. 

Pencil hardnesses of specimen 2 and 3 were same to H, 

and their surfaces were rough. Surface roughness profile of 

specimen 2 was similar to convex shape whereas that of 

specimen 3 was similar to concave shape. High roughness 

surface showed high pencil hardness. Pencil hardness order 

is following: 6B < 5B < 4B < 3B < 2B < B < HB < H < 2H 

< 3H < 4H < 5H < 6H < 7H < 8H < 9H. Thus 2B and H are 

three steps different. Fig. 2 shows schematic drawing of 

pencil hardness test. 

 

Computer Simulation 
 

1 Simulation Model 

Two models were used to simulate pencil hardness test for 

various surface conditions. Each model has three different 

surface conditions. Model 1 contains three different shapes, 

flat, convex, and concave. Model 2 has three different 

concave shapes, concave 1, concave 2, and concave 3. The 

detailed geometrical models used in Model 1 and Model 2 

are shown in Fig. 4. 

 



 

 

2 Boundary Conditions 

Three boundary conditions were used in simulation as 

shown in Fig. 5. Case I was pressure and shear stress 

combined condition. This condition was similar to pencil 

hardness test as shown in Fig. 2. Case II was pressure and 

Case III was shear stress conditions. Fig. 6 shows applied 

surface for load. For flat specimen, applied surface was 

whole area. For convex specimen, applied surface was 

convex surface. For concave specimen, applied surface 

was flat surface except concave area. 

 

Results and Discussions 
 

Fig. 7 shows deformations of simulation results for the 

Model 1 and Model 2. Flat geometry showed larger 

deformation compare with convex and concave geometry 

for three loading cases (Case I, Case II, Case III) as shown 

in Fig. 7(a). This implies that the flat shape of surface has 

the lowest scratch resistant characteristics in this analysis. 

Convex geometry showed the smallest deformation among 

them. The deformations of three different concave shapes 

are shown in Fig. 7(b). The concave 3 showed the largest 

deformation among the concave shaped surfaces. However 

the three results were very close. The loading condition of 

Case I was severe than Case II and Case III, thus the 

deformation under the Case I condition was the largest for 

all surfaces. Fig. 8 shows equivalent stress and there were 

no big differences among the surface models. Equivalent 

stress would not related to surface shape. 

 

 Conclusions 
 

Pencil hardnesses for injection molded PC specimens have 

been tested. Pencil hardness was dependent of surface 

roughness. High surface roughness specimen showed high 

pencil hardness. Computer simulation has been performed 

to verify pencil hardness difference according to surface 

geometry. Flat, convex, and three concave shaped surfaces 

have been studied in computer simulation. Convex shaped 

surface showed the smallest deformation and flat surface 

showed largest deformation. It would be concluded that the 

rough surface gives a high scratch resistant property 

because it is hard to deform. The surface of injection 

molded product can be controlled by controlling mold 

surface. Consequently the high pencil hardness can be 

achieved by designing the surface roughness of mold 

surface. 
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Table 1 Material Property of PC used in this study 

 

 

 

Fig. 1 Pencil hardness of injection molded PC specimen 

and surface roughness profile 

 

 

Fig. 2 Schematic drawing of pencil hardness test (JIS K 

5401) 

 

 

 

 

Fig. 3 Simulation models for pencil hardness test  

 

(a) Flat 

 

(b) Convex 

 

 

(c) Concave 1 

 

 

 

(d) Concave 2 



 

 

 

(e) Concave 3 

 

Fig. 4 Detailed geometries of surface models (region A in 

Fig. 3) 

 

 
 

Fig. 5 Load conditions on the surface 

 

 

Fig. 6 Load exerted surfaces in each model 

 

 

(a) Deformations in Model 1 

 

 

(b) Deformations in Model 2 

Fig. 7 Deformations of simulation results 

 

 

(a) Equivalent stresses in Model 1 

 

 

(b) Equivalent stresses in Model 2 

Fig. 8 Equivalent stresses of simulation results 
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