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Abstract 

 To improve bonding characteristics of two dissimilar workpieces in cold 

forge-bonding, a processing parameter of circumferential sliding with respect to the forging 

axis on the contact interface was considered. In this forge-bonding process, stacked 

cylindrical workpieces of copper (upper) and aluminum (lower) were simultaneously 

backward-extruded into a cup shape between upper and lower punches. The upper punch was 

moved down along the forging axis, while the lower punch was rotated with respect to the 

forging axis. Forging speed was 0.1 mm/s, while circumferential sliding was applied by the 

lower punch with a rotation speed of maximum 1.5 rpm and a rotation angle of maximum 

590 on the contact interface. Circumferential sliding did not change the geometrical profile 

and surface expansion of the contact interface, while it promoted bonding of aluminum on 

copper. As a result, the workpieces were bonded with approximately 25% shorter in the 

forging stroke and four times higher in the bonding strength at the same forging stroke. The 

maximum nominal bonding strength was approximately 30 MPa under a punch rotation angle 

of 590. 
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1. Introduction 

 Lightweight and high-strength are vital factors for structural components, especially 

in the transportation section. Furthermore, high-functional characteristics such as vibration 

absorption and corrosion resistance, are strongly desired. To achieve such advanced structural 

components, optimal materials having desirable properties are selected and combined. In 

manufacturing of ideal multi-material components, joining process such as welding and 

threaded fastener of dissimilar materials, is essential (Martinsen et al., 2015). Joining process 

using plastic deformation is also applied in producing multi-material components (Groche et 

al., 2014a). In plastic joining process, mechanical joining such as self-pierce riveting (Mori et 

al., 2013), and metallurgical bonding such as friction stir welding (Cai et al., 2019), are major 

methods in plastic joining with dissimilar materials. 

 Since solid phase welding by plastic deformation (cold plastic joining) does not 

require heating process, high productivity and low manufacturing energy are easily realized. 

Moreover, joining part is free from embrittlement and thermal strain which occur from 

thermal history. Thus, various forging and extrusion techniques have been proposed in cold 

plastic joining processes with dissimilar materials. For joining of steel and aluminum, 

Napierala et al. (2019) proposed draw-forging process, while Miwada et al. (2014) proposed 

forge spot-bonding process. Klaus and Merklein (2020) investigated joining of dissimilar 

materials by cold formed pin-structure. Zebardast and Taheri (2011) joined a rod with 

aluminum core and copper sheath using equal channel angular extrusion (ECAE) process, 

while Plancak et al. (2012) joined a rod component with copper core and aluminum sheath by 

forward extrusion. Yoshida et al. (2012b) investigated bonding conditions of steel and 

aluminum in backward extrusion forge-bonding. Groche et al. (2014b) investigated the effects 

of preliminary heat treatment on the bond formation of steel and aluminum in backward 



 

extrusion forge-bonding. The joining mechanism in these cold joining processes is mainly due 

to seizure by breaking up of oxide film and exposure of virgin surface of metals on the contact 

interface. In some cases, heat treatment is performed after cold joining, with the aim of 

strengthening the bonding of two materials by means of diffusion. Bay (1979) investigated the 

bonding strength in cold pressure welding under plane strain compression, and clarified the 

bonding mechanism under such conditions. 

 In joining of dissimilar materials with cold pressure welding (Ohashi and Hashimoto, 

1978) and cold roll bonding (Bay et al., 1994), it has been reported that the bonding strength 

and bondability are improved by increasing the relative sliding on the contact interface. As 

stated earlier, this is mainly the results of breakup of oxide film and exposure of virgin surface 

promoted by the increase of the relative sliding. Although simply increasing the relative 

sliding improves the bonding characteristics in cold forge-bonding, it is generally 

accompanied by the change in forged shape. In order to maintain the forged shape and to 

increase the bonding strength at the same time, moderate circumferential sliding with respect 

to the forging axis may be an effective option. 

 In this study, with the aim of improving bondability and bonding strength in cold 

forge-bonding, circumferential sliding with respect to the forging axis is applied on the 

contact interface of dissimilar materials during forge-bonding. The influence of 

circumferential sliding on the bonding characteristics is investigated by the experiment of 

cold forge-bonding process with copper and aluminum workpieces. Finally, the mechanism of 

the change in bonding characteristics is discussed. 

 

2. Experimental and analysis conditions 

2.1. Backward extrusion forge-bonding conditions 

 Figure 1 shows the schematic illustrations of the die layout, the punch shape, the 



 

surface groove of the punches and forged workpieces in backward extrusion forge-bonding. 

Two cylindrical workpieces with same diameter stacked in the z direction (the forging 

direction or height direction) were located on the lower (knockout) punch inserted in the 

container. The upper (extrusion) punch was moved down in the -z direction for backward 

extrusion of the workpieces. Simultaneously the lower punch was rotated in the  direction 

(the circumferential direction) with respect to the z-axis. As a result, the workpieces were 

backward-extruded into a cup shape. 

 It was suitable to plastically deform both upper and lower workpieces in this 

forge-bonding. The plastic deformation behavior of the workpieces was affected by the 

combinations of material strength and initial height of the workpieces. The behavior was 

preliminary investigated under several combinations by the finite element analysis and 

experiment of forge-bonding. The yield (proof) stress ratio of the upper/lower workpiece of 

higher than approximately 1.8 and the initial height ratio of the upper/lower workpiece of 

approximately 0.5–1.5 were suitable. On the basis of the preliminary investigations, drawn 

bars of JIS C1100-O copper (>99.90 mass% Cu) and JIS A1070-O aluminum (>99.70 mass% 

Al) were used as initial materials of upper and lower workpieces for forge-bonding. The 

initial workpieces were machined to cylindrical shapes with 13.9 mm in diameter and 5.0 

mm (copper) and 7.0 mm (aluminum) in heights. The height direction of the workpieces was 

paralleled to the drawing direction of the bars. The copper and aluminum bars were each 

annealed at temperatures of 1123 K and 623 K for 1 hour before machining. The mean 

hardness of the annealed bars was 73 HV0.2 of copper and 37 HV0.2 of aluminum. The oxide 

film was removed from the contact surfaces of the workpieces as much as possible by 

polishing. The bottom surface of the copper workpiece and the top surface of the aluminum 

workpiece were polished with #400 emery paper under wet condition just before 

forge-bonding. The surface roughness of the workpieces was Ra = 0.40–0.60 m on the end 



 

surface after polishing. 

 Dies were made of JIS SKH51 high-speed tool steel (63 HRC). The contacting 

surfaces on the workpiece of the dies other than the end surface of the punches were polished 

to mirror-like finish (Ra = 0.02–0.03 m). The knurled grooves were machined on the bottom 

end surface of the upper punch and the top end surface of the lower punch to grip the 

workpieces. The depth, vertical angle, cross angle and pitch of the knurled grooves were 0.4 

mm, 60°, 120° and 0.8 mm, as shown in Figure 1(c). On the inner diameter of the container, 

mineral oil with a kinematic viscosity of 32 mm2/s at a temperature of 313 K was applied 

before forge-bonding. 

 For the upper punch, the speed was set to 0.1 mm/s, with the stroke (s) of 0–9.1 mm 

in forging direction. On the other hand, the lower punch was set to the rotation speed () of 

0–1.5 rpm, and cumulative rotation angle (cum) of 0–590. Owing to the knurled grooves on 

the surface of the lower punch, the lower workpiece was rotated without slipping at the 

interface of the lower punch–bottom of the lower workpiece. However, a large circumferential 

slip between the lower punch and the lower workpiece occurred at  > 1.5 rpm. This was due 

to the limitation of the grip force by the knurled grooves. The circumferential sliding at the 

upper–lower workpieces interface was difficult to be identified under the circumferential 

slipping of the punch–workpiece interface. Hence, the rotation speed of the lower punch was 

limited to  = 0–1.5 rpm. Forge-bonding was carried out at room temperature. The extrusion 

ratio was 1.7 (the inner diameter of the container: 14.0, the diameter of the upper punch: 

9.0). 

 



 

 

Fig. 1 Schematic illustrations of (a) die layout, (b) end shape of upper punch, (c) knurled 

grooves in end surface of punches and (d) forged workpieces (forging stroke s = 5.0 mm) in 

backward extrusion forge-bonding with circumferential sliding. 

 

2.2. Experimental conditions of tensile test 

 The bonding strength between the forge-bonded upper and lower workpieces was 

measured by performing uniaxial tensile test on a material testing machine. First, the 

forge-bonded workpiece was sliced to a thickness of 2.0 mm in the center of the r cross 

section in parallel with the z-axis as shown in Figure 2. Next, the forge-bonded workpiece 

was tensiled with gripping the upper (copper) and lower (aluminum) parts, with a rate of 1 

mm/min at room temperature. 

 The nominal bonding strength of the forge-bonded workpiece was identified by 

dividing the maximum tensile load by the nominal projected area of the r cross section of the 

forge-bonded workpiece (14 mm in length of radial direction and 2.0 mm in thickness). 

 



 

 

Fig. 2 Photograph of forge-bonded workpiece (upper part: copper, lower part: aluminum) 

sliced for uniaxial tensile test. 

 

2.3. Measurement methods for sliding distance and bonded length 

 The relative circumferential sliding distance at the contact interface of the 

forge-bonded upper and lower workpieces was characterized from the circumferential sliding 

angle and the diameter of the workpiece. The circumferential sliding angle was measured by 

the angle between the two lines scribed on the outer surfaces of the upper and lower 

workpieces in experiment. 

 The bonded interface length of the forge-bonded workpieces in the extrusion 

direction was evaluated by the total machined depth in the z direction. The forge-bonded 

workpieces were sliced to a thickness of 2.0 mm in the center of the r cross section along the 

z-axis. Here, this slice was the same with that of the workpiece for tensile test as described in 

Section 2.2. Then the sliced workpiece was machined at a pitch of 0.5 mm in the z direction 

from the bottom of the forge-bonded lower workpiece. The machining of the lower workpiece 

was repeated until the separation from the upper workpiece. If the forge-bonded workpieces 

were separated at the i-th machining as shown in Figure 3, the total machined depth in the z 

direction was 0.5i. The bonded length of the sliced forge-bonded workpiece was calculated 

from the total machined depth and the geometrical profile of the bonded interface. 



 

 

 

Fig. 3 Schematic illustrations of machining for measurement of bonded area of forge-bonded 

workpiece: (a) sliced workpiece, (b) i-th machining, (c) separation of upper and lower 

workpieces after i-th machining (total machined depth 0.5i mm). 

 

2.4. Finite element analysis conditions 

 To investigate the torsion and circumferential sliding of the workpieces during 

forge-bonding with circumferential sliding, plastic deformation of the workpieces was 

calculated using a commercial three-dimensional finite element analysis code, DEFORM-3D 

ver. 11.3 (Scientific Forming Technologies Corporation). The isothermal deformation was 

assumed in the analysis, since the temperature increase of the workpiece by plastic 

deformation was preliminary calculated to be maximum of 5 K under forge-bonding 

conditions. On the other hand, the dies were treated as rigid bodies under isothermal state. 

 Each workpiece was meshed by approximately 32000 tetrahedral 4-node elements. 

When the interference between the elements was deformed to be longer than 0.7 in the 

relative length (interferential length/element size), the elements were automatically remeshed 

to tetrahedral 4-node elements. 

The flow stress of the workpieces was assumed to be isotropic hardening. Figure 4 

indicates the flow stresses of C1100 copper and A1070 aluminum used in the analysis. The 



 

flow stresses were measured by the upsettability test with an initial strain rate of 2.4x10-2 s-1 

at room temperature. According to the Swift law, the flow stress–strain relationships of the 

copper and aluminum in Figure 4 were numerically fit as shown in the following equations. 

 (C1100)  𝜎 ൌ 431ሺ𝜀 ൅ 0.01ሻ଴.ଷଽ  (MPa)   (1) 

 (A1070)  𝜎 ൌ 140ሺ𝜀 ൅ 0.01ሻ଴.ଵଽ  (MPa)   (2) 

 Note that the knurled grooves on the end face of the punches were not included in the 

analysis, since the punch–workpiece interface was assumed to be sticking (no sliding). For the 

side face of punch–workpiece and the container–workpiece interfaces with lubrication, the 

coefficients of friction were set to  = 0.1 on assumption of the Coulomb’s friction law. As for 

the upper–lower workpiece interface, the friction state was expected to change during 

forge-bonding process. However, the coefficient and the change in the coefficient during 

forge-bonding were difficult to be explicitly identified. Hence, the coefficients of friction 

were set to i = 0, 0.05, 0.1 and assumed to be sticking. 

 

 

Fig. 4 Flow stress curves of C1100-O copper and A1070-O aluminum measured by the 

upsettability test at room temperature. 
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3. Finite element analysis results of torsion and circumferential sliding of workpieces 

Figure 5 shows the calculated distribution of the circumferential speed of the upper 

and lower workpieces in forge-bonding with circumferential sliding. With regards to the lower 

workpiece, the circumferential speed increased in the radial direction and decreased in the 

height direction. As the result, the lower workpiece was twisted. The decrease in the 

circumferential speed became greater as the coefficient of friction on the upper–lower 

workpiece interface increased. As for the upper workpiece, the bottom was hardly twisted and 

rotated, while the sidewall was slightly rotated in the circumferential direction. Both torsion 

and rotation decreased as the coefficient of friction on the upper–lower workpiece interface 

increased. However, the decrease was much smaller than that of the lower workpiece. At the 

contact interface of the upper and lower workpieces, the circumferential speed was 

discontinuously changed. This change was a result of relative circumferential sliding. The 

sliding speed increased with the decrease of the coefficient of friction on the upper–lower 

workpiece interface. The change of the sliding speed was small in the radial direction. 

 Figure 6 shows the calculated and measured relative circumferential sliding 

distances between the upper and lower workpieces at the contact interface during 

forge-bonding. The experimentally measured sliding distance at the outer surface of the upper 

and lower workpieces agreed to the calculated sliding distance with i = 0.05 at s = 4.0 mm 

and 6.0 mm. The sliding distance with  = 0.5 rpm increased with the increase of the forging 

stroke. 

 From the above analysis results, circumferential sliding was confirmed to be given 

by the circumferential rotation of the lower punch during forge-bonding with circumferential 

sliding. 

 



 

 

Fig. 5 Calculated distribution of circumferential speed of upper and lower workpieces in 

forge-bonding with circumferential sliding ( = 0.5 rpm) under several coefficients of friction 

at upper–lower workpiece interface: (a) i = 0, (b) i = 0.05, (c) i = 0.1, (d) sticking. 

 

 

Fig. 6 Calculated and measured relative circumferential sliding distances between upper and 

lower workpieces at contact interface during forge-bonding with circumferential sliding ( = 

0.5 rpm, i = 0.05). 

 

4. Experimental results 

4.1. Forging load and torque 

The experimental results of the forging pressure and the torque during forge-bonding 

are shown in Figure 7. Here, the forging pressure was identified by dividing the forging load 



 

with the rcross-sectional area of the land part of the upper punch (9.0 mm). From the 

consideration of the analysis results in Section 3, the lower workpiece was circumferentially 

rotated and twisted by the rotation of the lower punch, because the torque increased from the 

early stage of forge-bonding with  = 0.5 rpm. Due to the superposition of axial compression 

and circumferential torsion, the forging pressure in forge-bonding with  = 0.5 rpm was 

reduced by approximately 10%. This 10% reduction is equivalent to torsion with  = 0.17 

rpm, since the forging pressure was experimentally reduced by approximately 7% with  = 

0.1 rpm and 14% with 0.25 rpm, in upsetting with grooved dies (Matsumoto et al., 2017). 

From the above experimental results, torsion of the lower workpiece and 

circumferential sliding at upper–lower workpiece interface are found to be caused during 

forge-bonding with circumferential sliding. 

 

  

Fig. 7 Experimental results of forging pressure and torque in forge-bonding with 

circumferential sliding. 

 

4.2. Relationship between forge-bonding conditions and bonding state 

 Figure 8 shows the appearances of the upper and lower workpieces after 

forge-bonding. Here, Figures 8(b)-(d) are the photographs of the sliced workpieces. The 
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bonding states of the upper and lower workpieces after forge-bonding were classified into 

four types; no bonding (Figure 8(a)), separation (no bonding) during slicing along the z-axis 

(bonding before slicing) (Figure 8(b)), successfully bonding (Figure 8(c)) and bonding with 

rupture of the upper workpiece sidewall during forge-bonding (Figure 8(d)). In Figure 8(b), 

bonding of the upper and lower workpieces before slicing was due to either mechanical 

joining (anchor effect) of the interface shape or clamping force of the lower workpiece on the 

upper workpiece in the radial direction. 

 Figure 9 describes the bonding states of the upper and lower workpieces after 

forge-bonding in the map of cumulative rotation angle of the lower punch and forging stroke 

of the upper punch. The sliced workpieces after forge-bonding were used to assess the state of 

bonding. The workpieces were bonded at s ൒ 6.9 mm in forge-bonding with  = 0 rpm, while 

they were bonded at s ൒ 5.3 mm in forge-bonding with  = 0.5 rpm. The combination of 

circumferential sliding shortened the forging stroke for bonding. For example, the forging 

stroke for bonding was shortened by approximately 25% with  = 0.5 rpm of circumferential 

sliding. 

 

 

 

 

 



 

 

Fig. 8 Bonding states of upper and lower workpieces after forge-bonding with circumferential 

sliding: (a) no bonding (s = 4.4 mm with = 0 rpm), (b) separation during slicing (bonding 

before slicing) (s = 6.7 mm with  = 0 rpm), (c) bonding (s = 6.7 mm with  = 0.5 rpm), (d) 

bonding with rupture of upper workpiece during forge-bonding (bonding) (s = 9.1 mm with  

= 0.5 rpm). 

 

 

Fig. 9 Relationship between bonding states of forge-bonded workpiece and forge-bonding 

conditions. 
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4.3. Bonding strength 

 The nominal tensile stress–stroke curves of the forge-bonded workpiece in uniaxial 

tensile test are shown in Figure 10. The upper workpiece was pulled to either separation from 

the lower workpiece or rupture at the sidewall. Figure 11 shows the measured bonding 

strength (maximum nominal tensile stress in tensile test) of the forge-bonded workpiece under 

typical forge-boning conditions. The bonding strength of the workpieces which were 

forge-bonded at minimum forging stroke with each rotation speed (s = 6.9 mm with  = 0 

rpm, s = 5.3 mm with  = 0.5 rpm) was approximately 3 MPa. In these cases, the 

forge-bonded workpiece was separated at the upper–lower workpiece interface during the 

tensile test. The maximum bonding strength was approximately 4 MPa at s = 7.9 mm with  

= 0 rpm, and 16 MPa at s = 6.9 mm with  = 0.5 rpm. The upper–lower workpiece interface 

forge-bonded at s = 6.9 mm with  = 0.5 rpm is predicted to have higher bonding strength. 

This is because the sidewall of the upper workpiece was ruptured during the tensile test, while 

the interface still remained bonded together. 

 The bonded interface length in the extrusion direction was estimated from the 

machined depth of the forge-bonded lower workpiece (see Section 2.3). The total machined 

depths at s = 6.9 mm were 4.0 mm with  = 0 rpm, and 4.5 mm with  = 0.5 rpm. The 

bonded length of the sliced forge-bonded workpiece was estimated to be approximately 10 

mm in the radial direction. Since the bonded length in the radial direction was close to the 

upper punch diameter (9.0 mm), the bonded area was limited to the contact interface located 

below the upper punch. From the comparison of the bonded length and the workpiece 

diameter, the true bonding strength has a potential of being approximately 1.4 times higher 

than the nominal bonding strength. 

Figure 12 shows the measured nominal bonding strength of the upper and lower 

workpieces plotted in the map of cumulative rotation angle and forging stroke. Here, the 



 

bonding strength of the upper workpiece which ruptured before the tensile test was not 

measured, because it could not be gripped on the material testing machine. In addition, where 

no bonding was obvious, the nominal bonding strength was set to 0 MPa in the forge-bonding 

conditions; for example, s = 0 mm with  = 0 rpm. The nominal bonding strength increased 

with the increases of forging stroke and rotation angle. The maximum nominal bonding 

strength was approximately 30 MPa at s = 6.6 mm with  = 1.5 rpm (cum = 590), as shown 

in Figure 12. 

 

 

Fig. 10 Nominal tensile stress–stroke curves of forge-bonded workpiece in uniaxial tensile 

test (s = 6.9 mm). 
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Fig. 11 Nominal bonding strength of forge-bonded workpiece in uniaxial tensile test. 

 

 

Fig. 12 Relationship between nominal bonding strength of forge-bonded workpiece and 

forge-bonding conditions. 

 

5. Discussions of bonding mechanism 
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(a) Pressure welding due to forging pressure. 

(b) Mechanical joining (anchor effect) due to macroscopic and microscopic geometrical 

profiles of contact interface. 

(c) Clamping force between upper and lower workpieces due to residual stress of workpieces 

in radial direction. 

(d) Diffusion of copper and aluminium due to heat generation by plastic deformation. 

(e) Formation of virgin surface without oxide by plastic deformation at contact interface. 

The forging pressure which depends on the forging stroke was kept to approximately 

750–800 MPa at s ൒ 2.0 mm. However, the workpieces were not bonded at s < 6.9 mm in 

forge-bonding with  = 0 rpm (see Figures 7 and 9). The normal pressure at the contact 

interface between upper and lower workpieces is difficult to be predicted from the forging 

pressure. However, it generally tends to be lower than the forging pressure. Hence, forging 

pressure is one of the necessary bonding factors, but not the only factor in forge-bonding ((a)). 

The upper workpiece was partly covered with the lower workpiece in the sidewall of the 

forge-bonded workpiece (see Figure 8). Macroscopic geometry of the contact interface of the 

forge-bonded workpieces was convex to the forge-bonded lower workpiece (see Figure 13). 

The surface roughness of the contact interface of the forge-bonded workpieces was Ra < 4 m 

with/without circumferential sliding. From the considerations of the macroscopic and 

microscopic geometrical profiles, the forge-bonded workpieces are not mechanically joined 

((b)). 

In addition, the contact interface was bonded after slicing of the forge-bonded 

workpieces in rz cross-section, except for the early stage of bonding at each rotation speed of 

the lower punch (see Figures 8(b) and 9). Thus, the clamping force between the 

forge-bonded upper and lower workpieces is predicted to be small ((c)). Since the temperature 

increase of the workpieces at the contact interface during cold forge-bonding was predicted to 



 

be maximum of 5 K by the finite element analysis, diffusion of the workpieces does not occur 

at the contact interface ((d)). 

From considerations of the shapes of the initial and forge-bonded workpieces, the 

nominal surface expansion ratio of the bottom surface area of the forge-bonded upper 

workpiece was estimated to roughly 1.1–1.3 at s = 4.6 mm (see Figure 13). Here, the nominal 

surface expansion ratio was calculated by dividing the difference of the bottom surface areas 

of the forge-bonded and initial upper workpieces with the initial bottom surface area of the 

upper workpiece. On the other hand, bonding of aluminium on copper was slightly detected in 

the forge-bonded workpieces by energy dispersive x-ray spectroscopy (EDS) analysis (see 

Figure 14). Bonding due to surface expansion is one of the bonding factors, however, 

considering the amount of bonding, the bonding strength is expected to be low ((e)). 

 From the above discussions, forging pressure (forging stroke) and surface expansion 

(bonding of aluminium) are concluded to be the main bonding factors of the workpieces in 

cold forge-bonding with  = 0 rpm. The bonding area of the workpieces is limited below the 

upper punch. Thus, the bonding state of this forge-bonding process is similar with that of the 

cold spot pressure welding. The bonding strength of the copper and aluminum in other cold 

forge-bonding processes was reported as 5–50 MPa in cold pressure welding (Ohashi and 

Hashimoto, 1978), 20–180 MPa in cold forward-backward extrusion (Yoshida et al., 2012a) 

and 10–140 MPa in cold upsetting (Azad et al., 2015). The bonding strength in this study 

(approximately 4 MPa) was overall lower than that of the above processes. The forge bonding 

conditions such as extrusion ratio, extrusion shape and initial workpiece heights, may not be 

appropriated for strong bonding of the workpieces. 

 

5.2. Improvement mechanism of bondability by applying circumferential sliding 

As described in Section 4.1, circumferential sliding reduced the forging pressure by 



 

approximately 10% in forge-bonding with  = 0.5 rpm. Nakamura et al. (1990) reported that 

the real contact area of JIS: A1050-O aluminium was nearly 100% under contact pressure 

higher than 200 MPa with surface sliding longer than 0.25 mm. In this study, it is concluded 

that the reduction in the forging pressure did not reduce the real contact area of the upper and 

lower workpieces. This is because (1) the forging pressure (approximately 750–800 MPa) was 

much higher than 200 MPa and (2) the relative sliding along the forging direction was caused 

at the contact surface of the upper and lower workpieces in this forge-bonding with/without 

circumferential sliding. 

Figure 13 shows the shape measurement results of the contact interface of the 

forge-bonded upper workpiece (copper). The shapes of the contact interface were almost the 

same with  = 0 rpm and 0.5 rpm. The profile and surface expansion ratio were not changed 

by applying circumferential sliding. The bonded interface area with  = 0.5 rpm is predicted 

to be slightly larger than that with  = 0 rpm as mentioned in Section 4.3. 

 Figure 14 shows the line element analysis results on the rz cross-section of the 

bonded interface of the forge-bonded workpieces. The element intensity was obtained by 

energy dispersive x-ray spectrometry (EDX) analysis. The width detected with both copper 

and aluminum was approximately 2 m around the contact interface with  = 0 rpm and 0.5 

rpm. Figure 15 shows the element map of the contact interface for the forge-bonded upper 

workpiece (copper). At the radial position of 4.5 mm, aluminum was slightly detected with 

area fraction of aluminum  = 0.11–0.12 in the workpiece with  = 0 rpm, while aluminum 

was detected with  = 0.24–0.29 in the workpiece with  = 0.5 rpm. The detected area of 

aluminum increased by 2.1–2.5 times. On the other hand, the detected area of aluminum was 

small with  ൑ 0.14 in the workpieces with  = 0 rpm and 0.5 rpm at the radial position of 0 

mm (radial center). However, the detected area slightly increased in the workpiece with  = 

0.5 rpm. This is because the relative sliding at the contact interface between the upper and 



 

lower workpieces was small around the radial center. 

 Using the experimental results of Figure 12, relationship between the nominal 

bonding strength and the relative circumferential sliding distance is plotted in Figure 16. Here, 

the relative circumferential sliding distance of the workpiece was estimated from both the 

forging stroke and the rotation angle of the lower punch on the following assumptions. It is 

assumed that torsion occurs mostly in the lower workpiece as described in Section 3. The 

torsion speed of the lower workpiece was estimated from the reduction for forging load 

without torsion as described in Section 4.1. The relative circumferential sliding distance was 

calculated at the radial position of 3.5 mm. This is because the relationship between the 

circumferential sliding distance and the radial position of the workpiece was almost linear as 

shown in Figure 6. The bonding strength sharply increased at sliding distance of 5–15 mm. 

Ohashi and Hashimoto (1978) reported that the increase of the relative circumferential sliding 

distance of 2–10 mm improved the bonding strength by 20–40 MPa in cold pressure welding 

with copper and aluminum under normal interface pressure of 100–200 MPa. This was mainly 

due to increases in surface expansion and seizure. The circumferential sliding distance in the 

above report almost agrees to the circumferential sliding distance in Figure 16. 

 Based on the above, it is concluded that the main bonding factors (forging pressure 

and surface expansion) are the same with/without circumferential sliding. Both the 

geometrical profile and surface expansion ratio of the contact interface between the upper and 

lower workpieces were not changed by applying circumferential sliding. On the other hand, 

bonding of the lower workpiece (aluminum) on the upper workpiece (copper) was promoted 

by applying circumferential sliding. 

 



 

 

Fig. 13 Shape of contact interface of forge-bonded upper workpiece (copper) (s = 4.6 mm): 

(a) appearance of rz cross-section of forge-bonded workpiece, (b) r cross-section (z = 6.0 

mm), (c) rz cross-section ( = 0°), (d) rz cross-section ( = 90°). 

 

Fig. 14 Element intensity on bonded interface of forge-bonded workpieces (s = 6.4 mm): (a) 

analyzed area, (b)  = 0 rpm, (c)  = 0.5 rpm. 



 

 

 

Fig. 15 Element maps on contact interface of forge-bonded upper workpiece (copper) by EDX 

(red: aluminum, green: copper, : detected area fraction of aluminum): (a) analyzed areas 

(radial position: 4.5 mm (area A), 0 mm (area B)), (b) area A (b1:  = 0 rpm, b2:  = 0.5 

rpm), (c) area B (c1:  = 0 rpm, c2:  = 0.5 rpm). 

 

 

Fig. 16 Relationship between nominal bonding strength of forge-bonded workpiece and 

relative circumferential sliding distance in forge-bonding with circumferential sliding. 

 

6. Conclusions 

In this study, the effects of circumferential sliding on bonding characteristics of 
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copper and aluminum workpieces at the contact interface were investigated by the experiment 

of cold forge-bonding process. Two stacked cylindrical workpieces were backward-extruded 

into a cup shape by an upper punch in the forging direction. Simultaneously the workpieces 

were rotated by a lower punch with respect to the forging axis in forge-bonding process 

(maximum forging stroke of the upper punch: 9.1 mm, maximum rotation angle of the lower 

punch: 590). The following conclusions were obtained. 

(1) Main bonding factors are forging pressure and surface expansion of the contact interface 

in this forge-bonding process with/without circumferential sliding. 

(2) Circumferential sliding on the contact interface of the upper and lower workpieces was 

given by the circumferential rotation of the lower punch. 

(3) The combination of circumferential sliding with forging deformation shortened the 

forging stroke for bonding. For example, the forging stroke for bonding was shortened by 

approximately 25% in circumferential sliding with rotation speed of the lower punch of 

0.5 rpm. 

(4) The bonding strength increased with the increases of the forging stroke and rotation angle. 

The maximum nominal bonding strength was approximately 30 MPa at a forging stroke of 

6.6 mm with rotation speed of 1.5 rpm (rotation angle of 590). 

(5) The improvement in bonding characteristics by applying circumferential sliding was 

mainly due to the increase of bonding of the aluminum workpiece on the copper 

workpiece. The bonding area of aluminium increased by 2.1–2.5 times at the contact 

interface of the workpieces forge-bonded with rotation speed of 0.5 rpm. 
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