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Interfacial Structure Analysis on Direct Bonding Metals to Plastics† 

 
IMAI Hisashi **, KONDOH Katsuyoshi *, IZAWA Takeru *** and UMEDA Junko ** 

 
Abstract 

This research investigated the direct bonding mechanism of dissimilar materials such as metals and plastic by 
the conventional hot pressing process. The press area of 4 x 4 mm2 was used for direct bonding. The results of 
the study showed that titanium was completely bonded to polyamide 66. On the other hand, titanium was not 
bonded to polystyrene. In the case of bonding material of titanium with polyamide 66, and oxide layer of about 
20 nm as reaction layer was confirmed on the bonding interface by transmission electron microscope 
observation. It was considered that the origin of this oxide layer was due to oxygen constituting amide groups 
with C=O double bond in the polyamide 66. 
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1. Introduction 
    Direct bonding of dissimilar materials such as metal 
and plastic is necessary for industry because of 
multi-function product manufacturing. For example, 
carbon fiber reinforced plastic (CFRP) is expected to be 
widely used for energy saving and CO2 emission 
reduction in transportation industries because CFRP has 
excellent characteristics of lightweight, high specific 
strength, high corrosion resistance (1). It is necessary to 
bond the metals to CFRP directly to fabricate lightweight 
composite products. In the case of the automotive 
industry, mechanical fastening or an adhesive are used for 
joining CFRP and metal. However, there is some problem 
in their joining method. The adhesive VOC (Volatile 
Organic Compounds) regulation has been decided for 
adhesion methods (2). The adhesion time is too long. 
There is also a problem with cutting powder generation in 
the mechanical fastening. For such problems, the direct 
bonding of the CFRP and metal has been investigated. 
Laser-Assisted Metal and Plastic Joining Method 
(LAMP) can directly bond metal with CFRP(3,4) Some 
investigations were carried out using the ultrasonic metal 
welding technique for joining sheet aluminum to CFRP (5). 
However, the bonding mechanism is still largely 
unknown. In our research groups, CFRP and metal could 
be bonded directly by the conventional hot pressing 
process. Carbon fiber and graphite were generally never 
bonded to metal sheets by this process. Our previous 
research also showed that the properties of polyamide 66 
as matrix of CFRP were effective for direct bonding 

metal to CFRP (6). In this study, the direct bonding 
mechanism of the metals and plastics dissimilar materials 
was investigated. Specifically, from a viewpoint of amide 
groups with C=O double bond effects, the bonding 
possibility of titanium and plastics (polyamide 66 and 
polystyrene) was examined. Interfacial structure of the 
bonding material was analyzed for investigation of 
chemical bonding by transmission electron microscope. 
 
2. Experimental 

Polyamide 66 (PA66) and polystyrene (PS) sheets 
were prepared for investigating direct bonding ability 
with metals. Polyamide 66 is used as a matrix material of 
CFRP, as it contains amide groups with C=O double 
bond. The melting point of the polyamide 66 is about 
240 . The melting point of the polystyrene is 
equivalent to the melting point of polyamide 66. On the 
other hand, polystyrene does not contain amide groups. 
Typical structural formulas of the plastics are shown in 
Figure 2. Pure titanium (Purity 99.5%) was used as 
counter materials. The surface of the metal sheet was 
mirror-finished with less surface roughness than 0.05 m 
to remove the anchor effect.  

Figure 1 showed the basic principle of hot press 
bonding. The metal and plastic were preheated by spot 
heater. To measure the interfacial temperature, a K-type 
thermocouple was inserted into the bonding interface 
between the titanium sheet and plastic sheet. The 
preheated material was immediately pressed at 5 MPa for 
8 sec. The pressed area was 4 x 4 mm2. The shear tensile 
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force of the bonding materials was evaluated using a 
tensile testing machine (AUTOGRAPH AG-X: 
SHIMADZU) with a test speed of 0.3 mm/min. The 
sample of titanium deposited on polyamide 66 was also 
prepared to confirm the reaction behavior at the interface 
(Deposited material). The interface of the test sample was 
analyzed by TEM-EDS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3. Results 

Figure 3 shows shear tensile force dependence on 
the interfacial temperature of Ti-polyamide 66, and 
Ti-polystyrene bonding materials. Ti-polyamide 66 was 
bonded. It obviously indicated that the shear stress in case 
of polyamide 66 drastically increased when the interfacial 
temperature was over 513 K, which was the melting point 
of polyamide 66. On the other hand, Ti-polystyrene did 
not have high shear stress although the bonding interface 
temperature exceeded the melting point.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

In general, the plastic enters into the surface irregularities 
of the metal by plastic flow at high temperature due to its 
low viscosity. The plastic flow becomes the anchor effect, 
as a result both material are joined. In this study, there 
was no anchoring effect in this mirror surface from the 
results of mechanical properties of Ti-polystyrene. 
Interfacial chemical reaction was also effective in 
bondability of metal-polymer bonding materials in this 
study. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 Basic principle of hot press bonding. 

 
Figure 3 Dependence of shear tensile stress on 
interfacial temperature of bonding materials. 

 

 
Figure 4 TEM-EDS analysis result (a) and 
diffraction pattern of bonding interface of each 
specimen.

 
(a) Polyamide 66 

 
(b) Polystyrene 

 
Figure 2 Typical structural formulas of plastics 
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TEM-EDS analysis results and diffraction pattern of 
the bonding interface are shown in Figure 4. The TEM 
observation on received titanium and heat treated 
titanium at 240  are also shown in this figure. In the 
case of Ti-polyamide 66, oxygen concentrated layer with 
20-50 nm in thickness was obviously observed at the 
bonding interface. This oxygen layer was thicker than the 
natural oxide film. TiO and TiO2 were detected on this 
layer by diffraction pattern images (b). On the other hand, 
there was no oxygen layer at bonding interface of 
Ti-polystyrene. 

Figure 5 showed TEM-EDS observation on the 
interface between deposited titanium and polyamide 66 to 
investigate the diffusion behavior of oxygen. The 
polyamide deposited with titanium was heat treated at 
513 K for 1 sec in Ar gas atmosphere. The oxygen 
concentration at the interface remarkably increased after 
heat treatment. From the results of EDS point analysis, 
oxygen content at the interface before and after heat 
treatment were 25.1at% and 50.1at%, respectively. It was 
considered that the chemical bonding occurred by the 
diffusion of oxygen originated in polyamide 66 into its 
titanium side through the bonding interface.  

The mechanism of direct bonding metal to plastics 
was considered as follows: The oxygen double bonds of 
the amide groups were separated, and oxygen atoms 
diffused into the titanium when the bonding interface 
temperature reached the melting point of the polyamide 
66. At the same time, C=Ti bond was generated by the 
part of the double bond. It was considered to have enough 
bonding strength in this chemical bonding as shown the 
previous studies (7-11). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

4. Conclusion 
This research investigated the direct bonding 

mechanism of dissimilar materials as titanium and 
plastics by a hot press process. Titanium was completely 
bonding to polyamide 66 contained with amide groups. 
The shear stress of Ti-polyamide 66 drastically increased 
when the interfacial temperature was over 513 K, which 
was the melting point of polyamide 66. On the other hand, 
Ti-polystyrene did not have high shear stress although the 
bonding interface temperature exceeded the melting point 
of polystyrene. In case of Ti-polyamide 66, an oxide layer 
with about 20 nm as a reaction layer was confirmed on 
the bonding interface by TEM observation. The oxygen 
double bonds of the amide groups with C=O double 
bonds in polyamide 66 were separated and diffused into 
the titanium during melting polyamide 66. At the same 
time, C=Ti bond was generated by the part of the double 
bond. This chemical reaction was considered one of the 
mechanisms of direct bonding metal to plastics. 
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