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A B S T R A C T   

Solid-state dissimilar bi- or multi-metallic bonding is promising for achieving lightweight or multifunctional 
components in automotive, nuclear power and aerospace industries. To understand how to achieve a high-quality 
bonding interface between dissimilar materials, aluminium alloy (Al)–steel (Fe) bimetal gears manufactured 
under hot forge bonding were systematically investigated. In this work, comprehensive analyses of forge bonding 
mechanics, microstructure features, bonding interface behaviours and resulting mechanical properties were 
undertaken using ex/in-situ experiments and finite element modelling. The results revealed that the bonding 
behaviour and microstructure evolution were significantly affected by the mechanical property mismatch be-
tween the two dissimilar workpieces (AA6082 and E355). This mismatch could be effectively adjusted by setting 
different forging temperatures. The interfacial bonding strengths of AA6082 and E355, manufactured at low and 
high temperatures, were observed to be governed by interdiffusion and oxide particles, respectively. Balancing 
interdiffusion and oxide breaking appears to be key to achieving optimized interface strength for dissimilar 
bimetallic forge bonding technology.   

1. Introduction 

Solid-state dissimilar bi- or multi-metallic bonding is a promising 
method for manufacturing lightweight or multifunctional components 
in the automotive, nuclear power and aerospace industries. The 
commonly used solid-state bonding processes include pressure welding 
[1–3], diffusion bonding [4,5] and friction-based welding technologies 
[6–10]. Applications in the nuclear and aerospace industries have been 
reported. For example, diffusion bonding was used to achieve the 
WCu–CuCrZr bond in the plasma-facing component [5]. In the auto-
motive industry, Honda Accord adopted aluminium alloy-steel friction 
stir welding on its front subframe [11] to achieve lighter weight. In these 
solid-state dissimilar bonding methods, the bonding mechanisms are 
generically the same, for which the oxide breaking, interdiffusion and 
microstructure evolution fundamentally influence the bonding strength. 
These three underlying processes are primarily determined by bonding 
processing parameters such as stress, strain, and temperature. However, 
the relationships between the bonding processing parameters, these 
three underlying processes and bonding quality are largely elusive. 

The advantages and limitations of different solid-state bonding 
technologies have been reported. For instance, diffusion bonding can be 

performed at low bonding temperatures and pressures; however, a long 
bonding time and vacuum bonding conditions are often required [5]. 
Friction-based welding can achieve fast bonding and effectively break 
up the oxide layers by material flow. Shan et al. [12] proposed a friction 
stud riveting process to bond an aluminium alloy with steel. The 
bonding quality has been verified to be strongly correlated with process 
parameters, such as rotation and feed motion. Material flow and inter-
face behaviours can be adjusted by adopting different tool shapes [13]. 
However, the application of a load or the use of a straight tool for 
friction-based welding prevents its use in welding objectives with 
complex welding interfaces [14]. In solid-state bonding processes, such 
as pressure welding, a highly efficient bonding time and low heat input 
are required, which minimises the generation and evolution of brittle 
intermetallic compound (IMC), although it requires severe material 
plastic flow adjacent to the interface [15]. Pressure welding and metal 
forming techniques have been combined through extensive research to 
rapidly form bi-metallic components; some of these techniques are 
rolling, extrusion and forging. A novel hot forging technique involving 
the bonding of aluminium alloy and gear steel was proposed by Lin et al. 
[16], offering a weight reduction of 50% compared to some conven-
tional steel gear applications [17]. Quagliato et al. [18] conducted hot 
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forge bonding between aluminium alloy and steel. The strength of cases 
with surface knurling is higher, as the surface knurling facilitates the 
material flows near the interface. Post-holding was also observed to 
promote bonding quality, which is caused by sufficient interdiffusion. 
Seitz et al. [19] established a finite element model to describe the ma-
terial flow during dissimilar roll bonding. The asymmetrical bonding 
interface observed in the experiment could be reproduced using the 
proposed model. However, previous research has mainly focused on 
developing bonding processes and optimising the plastic flow of mate-
rials. The detailed bonded interface strength and underlying bonding 
mechanisms are elusive, which limits the acceptance of this technique 
by industries. 

The microstructural characteristics have been observed in previous 
solid-state aluminium and steel bonding studies. As described in 
Ref. [20], equiaxed fine grains were observed near the aluminium–steel 
interface. The average grain size of aluminium is significantly smaller 
than that of the parent aluminium, and dynamic recrystallisation occurs 
on the aluminium side of the interface [20]. In addition, a solid solution 
zone was observed near the aluminium-to-steel interface [21]. This is 
caused by the high temperature-induced interdiffusion and fast cooling 
rate. IMCs are also observed. According to the Fe-Al diagram, the high 
solubility of Fe in Al promotes different compositions of IMCs in various 
forms during the bonding process [22,23]. 

The bonding strength is the primary concern in solid-state welding of 
aluminium alloys and steel. Different mechanisms have been reported to 
contribute to the bonding strength of various welding techniques. Fig. 1 
summarises the bonding strengths reported in Refs. [24–30]. The nor-
malised bonding strength is defined as the ratio of the bonding strength 
(tensile or shear) to the strength of the base aluminium alloy. As shown 
in Fig. 1, the welding strength under cold-pressure welding can only 
reach approximately 67% of that of the base aluminium alloy [30]. The 
strength of friction-based welding is much higher than that of 
cold-pressure welding. In some cases, bonding strength of 100%, rela-
tive to that of aluminium, is reported, which is coloured red. The high 
bonding strength in friction-based welding is attributed to four main 
factors. First, post-heat treatment is adopted in some cases, which re-
inforces the material through precipitation hardening [31]. The second 
factor is the fragmentation of the oxide layer, as friction welding can 
efficiently break the oxide layers at the interface, which allows for 
exposure and intimate contact with virgin materials [32]. These factors 
effectively improve the final bond strength. Third, mechanical locking 
features such as hooks and interlocks [33] are generated as the tool 
strikes the materials along with the interface, contributing to the bond 
strength. Finally, control of the low heat input during solid-state welding 

results in thin IMC layers. This prevents the IMC layers from initiating 
failure, thereby increasing the bond strength. For dissimilar bonding, 
thick IMC layers are generated from the considerable heat input, which 
causes the bond failure location to shift from the aluminium parent 
material to the interface. This was reported in the observed lower 
strength in such dissimilar material bonding cases [25,27,34]. 

Despite the literature on the bonding strength, mechanisms and 
microstructure evolution in friction stir welding, there is no detailed 
research investigating these factors in the hot forge-bonding process. It 
is currently unclear how robust the forge-bonded interface is, the 
mechanism controlling the bonding strength and how to optimise them. 
Previous work on hot forge bonding in bimetallic gears has only focused 
on gear design and material plastic flow [35]. Compared with conven-
tional steel gears, failure in bi-metallic gears is expected to occur in the 
gear root areas by fracture and bending fatigue. Politis et al. [36] 
demonstrated that the stress state in the root area was significantly 
affected by the thickness of the outer steel ring used in the forging 
process. In contrast to steel gears, the stress state in bi-metal gears in the 
root area is more severe, which indicates that the bonding quality of the 
interface in bimetallic gears is crucial for high-reliability applications, 
such as gearboxes for transmission systems. 

Hence, this study focuses on the bonding quality and interface 
behaviour of hot forge-bonded bi-metallic gears. Three cases with 
different forging temperatures of aluminium core (300 ◦C, 400 ◦C and 
500 ◦C) are studied to reveal the temperature-related microstructure 
evolution at the interface by focusing on the interdiffusion zone and 
oxide particles. Finite element analysis was used to understand the in-
fluence of the local stress, strain, and thermal field distribution at the 
interface. The bonding mechanisms were understood by exploring the 
fraction of interface oxides and grain refinement of workpieces as a 
function of forging temperature. In-situ tensile tests were performed 
within SEM to reveal the bonding strength and failure mechanisms, 
which were found to be governed by the high temperature promoted 
interdiffusion and low temperature promoted oxide breaking. 

2. Methodology 

2.1. Bi-metallic gear forging 

The toolset used in the experiments is described in detail in [37]. The 
toolset was designed to hot-forge bi-metallic gears that are marginally 
oversized. The following post-forging cold ironing operation is used to 
bring the dimensions of the gear to those of the finished gear. Fig. 2b 
shows that the toolset consists of a top punch, mandrel, bottom punch 

Fig. 1. Normalised bonding strength of solid-state welding between aluminium alloy and steel [24–30].  
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and toothed die. The finished gear manufactured by the toolset is a gear 
with 27 teeth and a diametral pitch of 152.4 mm (6 inches). The core and 
ring materials used for manufacturing the gears were AA6082 alloy and 
E355 steel (EN 102971-1). 

The manufacturing process of the bimetal gears is shown in Fig. 2. To 
achieve a sufficiently large material flow and deformation for both the 
steel and aluminium alloys, the forging temperatures for the two ma-
terials were varied using two electrical furnaces (Fig. 2a). Note that the 
height of the steel ring was selected to be higher than the aluminium 
core in the current work to avoid material overflow during the forging 
process. The general hot forging temperature of aluminium alloys is 
within the range of 300 ◦C–500 ◦C [38]. Thus, 300 ◦C, 400 ◦C and 500 ◦C 
were selected for forging the aluminium core (AA6082). For the carbon 
and low alloy steels, the recommended forging temperature is 
850◦C–1150 ◦C [38]. However, to avoid melting the aluminium core at 
contact, which leads to hot cracking at the interface during the solidi-
fication process, the steel forging temperature was set to be 850 ◦C. The 
manufacturing parameters are listed in Table 1. 

The furnace temperature was 100 ◦C above the target temperature. 
This 100 ◦C difference is rationalised by a FE heat transfer model, 
developed using Qform software, as shown in Fig. A1. The 100 C above 
the target temperature of the furnace leave a chance to heat the work-
pieces 20 ◦C above the target temperature to consider the cooling during 
transportation. Moreover, if the workpiece is heated in a 300 ◦C furnace, 
it will take considerably longer to reach the targeted 300 ◦C. In practice, 
the forming temperature was monitored accurately in every test with a 
metal-sheathed Type K thermocouple probing the surface of the work-
pieces, and all E355 and AA6082 workpieces were placed in the furnace 
for times in the range of 2000–3000 s to achieve a uniform temperature 
distribution throughout the entire workpiece. In all experiments, the 
toolset was heated to 150 ◦C via electrical resistance band heaters. After 
the target temperature was achieved in the furnaces, the workpieces 
were moved into the toolset for forge bonding. An example of a finished 

bimetal gear is shown in Fig. 2c. 

2.2. Finite element modelling 

Finite element modelling in the QForm software (version 9.0) was 
used to determine the plastic deformation and temperature histories 
during the bimetal forging process under various forging conditions. The 
geometric parameters, temperature and deformation conditions were set 
to be the same as those in the experiments. In the finite element model, 
one-third of the workpieces and toolsets with nine teeth were modelled 
and constrained by the axisymmetric boundary condition. The work-
pieces and toolsets were meshed using tetrahedral elements, which are 
automatically re-meshed with a maximum of 10 steps during forging to 
prevent severe element distortion. The initial mesh size was approxi-
mately 0.1–0.5 mm, which was further refined using an adaptation 
factor of 1.5. The die and bottom tool punches were fixed, and the top 
punch and mandrel decreased simultaneously during the forging pro-
cess. Based on the forging speed, the speed of the stroke was set to be 18 
mm/s. The flow stresses of the aluminium core and steel ring used in the 
simulations are shown in Fig. 3a and b, respectively. 

The changes in Young’s modulus and density as a function of the 
aluminium core and steel ring temperature are shown in Fig. 3c and d, 
respectively. The material of the toolset was H13 HRC50 [37]. The 
thermal-mechanical parameters of the workpieces are summarised in 
Table 2. The heat transfer between workpieces should be considered in 
the hot forging process with multiple parts. Hence, the heat transfer 
owing to convection and radiation is defined by the heat transfer coef-
ficient in Table 2. 

The temperature change caused by the deformation and friction was 
considered and defined using a heat generation efficiency of 0.95 [39]. 
The experimental temperature was 20 ◦C. The Levanov friction law with 
a friction factor of 0.8 and Levanov coefficient of 1.25 was adopted to 
describe the friction behaviours of the workpiece-workpiece interface, 
as no lubrication was applied at the aluminium-steel interface. The heat 
transfer coefficients were determined based on the lubrication condi-
tions and the materials of the contact pairs. Considering the unlu-
bricated condition of the aluminium–steel interface, the heat transfer 
coefficient was therefore set to 100,000 W/(m2 ◦C). For the interface 
between the toolset and workpieces, and considering the contact pairs 
between the aluminium core and the tool steel, core and ring, and ring 
and tool steel; the heat transfer coefficients are separately defined in 
Table 2. All the values of the heat transfer coefficients were selected by 
considering the hot forging conditions of the aluminium alloy or steel. 

Fig. 2. (a) and (b) show schematics of the bimetal gear forging experiment, (c) shows the hot-forge-bonded gear and its cross-section.  

Table 1 
Parameters used in the bimetal forging process.   

Case A Case B Case C 

Core Temp (◦C) 300 400 500 
Ring Temp (◦C) 850 850 850 
Tool Temp (◦C) 150 150 150 
OD of Core (mm) 95 95 95 
OD of Ring (mm) 104 104 104 
ID of Ring (mm) 97 97 97 
Height of Core (mm) 42.5 42.5 42.5 
Height of Ring (mm) 52.5 52.5 52.5 

OD: Outer diameter; ID: Inner diameter. 
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2.3. Microstructure characterization 

To facilitate the understanding of microstructure characteristics at 
the interface between the aluminium alloy and steel, scanning electron 
microscopy (SEM), energy dispersive spectroscopy (EDS) and electron 
backscatter diffraction (EBSD) analysis were used. SEM and EDS ana-
lyses were performed using a TESCAN CLARA scanning electron mi-
croscope. The EBSD was performed using an Oxford Instruments EBSD 
system. All samples were sectioned by electrical discharge machining 
(EDM), metallographically ground using a series of SiC papers, and 
finished with a 1 μm diamond suspension. For EBSD analysis, the 

samples were electropolished for 2 min in a solution of 10 vol% 
perchloric acid in glacial acetic acid at room temperature under 20 V. 
The SEM accelerating voltage for the EBSD mapping was 20 V, and the 
step size was 0.15 μm or 0.015 μm, depending on the grain size of the 
samples. The raw EBSD data were noise-reduced by MTex with thresh-
olds of a minimum of five pixels per grain. 

Fig. 4 shows the microstructure of the as-received materials. The 
coordinate system of the hot forging samples was defined as the radial 
direction (RD), forging direction (FD) and hoop direction (HD), as 
shown in Fig. 4a. The as-received core material was AA6082 in the so-
lution heat treatment condition. Large elongated grains were identified 
along with the FD (Fig. 4b). According to the EBSD map, there is almost 
no visible subgrain boundary. Fig. 4c shows the inverse pole figure (IPF) 
map of the as-received E355 steel, indicating that inhomogeneously 
distributed ferrite grains dominated the microstructure. The pole figure 
(PF) shown in Fig. 4d indicates little texture for the steel in the FD-HD 
plane. 

2.4. In-situ mechanical tests 

In-situ tensile tests were performed at room temperature to investi-
gate the bimetal interfaces. Micro-tensile samples with a thickness of 2 
mm were cut from the root area of the bimetal gears using EDM. The 
geometries of the samples are shown in Fig. 5a. The tensile tests were 
performed under displacement control at 1 μm/s. The CNtech micro- 
mechanical tensile stage and an in-house designed clamp used in the 
TESCAN CLARA SEM system are shown in Fig. 5b. The test was inter-
rupted at increments of 25 or 30 N, such that SEM images could be 
captured for deformation-failure-microstructure analysis. Tensile tests 
were repeated twice for each case. 

Fig. 3. Material properties of an aluminium core and steel ring: (a) the stress-strain curves of the aluminium core at various temperatures and strain rates; (b) the 
stress-strain curves of the steel ring at various temperatures and strain rates; (c) Young’s modulus and density, (d) thermal conductivity and specific heat changes of 
the core and ring as a function of temperature. 

Table 2 
Material properties of workpieces.  

Property Core Ring 

Material AA6082 E355 
Young modulus (MPa) Fig. 3c Fig. 3c 
Poisson’s ratio 0.33 0.30 
Density (kg/m3) Fig. 3c Fig. 3c 
Specific heat (J/(kg ◦C)) Fig. 3d Fig. 3d 
Thermal conductivity (W/(m ◦C)) Fig. 3d Fig. 3d 
Heat transfer coefficient between workpieces (W/(m2•◦C)) 100,000 
Heat transfer coefficient between toolset and aluminium core 

(W/(m2•◦C)) 
40,000 

Heat transfer coefficient between toolset and steel ring (W/ 
(m2•◦C)) 

30,000 

Friction of interface Levanov friction: 
Levanov 
coefficient is 1.25; 
Friction factor is 
0.8  
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3. Results and discussion 

3.1. Macroscopic deformation and thermal histories during the forging 

The finite element model was first validated by comparing the gear 
geometry of the experiment with that of the simulation under the 
forging condition of Case A. As shown in Fig. 6, the interface profile at 
the gear root cross section matches well between the finite element re-
sults and the forging experiment. 

The finite element results were then analysed to understand the 
deformation and temperature histories. Fig. 7 shows the effective plastic 

strain (ep
ef =

∫
ε̇pdt, ε̇p

=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2/3(ε̇p

ijε̇
p
ij)

√
) and temperature evolution in an 

example (Case A) of the hot forging cases. Plastic deformation first 
occurred in the aluminium core. As the tool stroke increased, the 
deformed aluminium core gradually contacted the steel ring in the upper 
and bottom zones owing to the circular protrusion of the punch. 

The finite element results indicate that further deformation enhances 
the contact between the aluminium core and the steel ring in the central 
zone. Near the end of the forging, more plastic deformation occurred 
significantly in the upper and bottom zones along with the bimetal 
interface than in the central zone. Also, it can be observed that the 
temperature of the aluminium core increases when the initial contact 
between the core and ring is made. This contact also reduces the tem-
perature of the ring. At the end of the stroke, the temperature of the ring 
was reduced to ~500 ◦C (initial temperature was 850 ◦C) near the 

interface; meanwhile, the temperature of the core near the interface was 
heated by the ring to ~500 ◦C (initial temperature was 300 ◦C). 

Based on the finite element analysis, the effective plastic strain and 
interface temperatures in the ring and core were compared for the three 
cases to better understand the effects of the forging temperatures on the 
plastic flow. Fig. 8a schematically illustrates the cross-section of the gear 
root before and after forging. Because Df was set to be the same for all 
three cases to control the finished gear shape, the die volume left for the 
aluminium core and steel ring in all cases was the same. However, owing 
to the change in the mechanical mismatch between the aluminium alloy 
and steel under various forging temperatures, the shapes of the 
aluminium alloy and steel in the finished gear were different. At a higher 
temperature, the aluminium core becomes softer and cannot push the 
steel outwards. This shows the effects of forging temperature on the 
plastic flow at the interface. Its offspring effects on the mechanical 
properties are discussed in Section 3.4. 

Conversely, a harder aluminium core enables to push the steel out-
wards, which causes less steel to be shown in the cross-section. Evidence 
can also be observed for the finished gear. Finite element simulations 
reassuringly support this phenomenon. Fig. 8b shows the results for the 
ring material near the end of the forging stroke (time = 0.75s). The 
points where the effective plastic strain and temperature were recorded 
are shown in the figure. It is not surprising that the effective plastic 
strain is high in Case A because the aluminium core is harder during 
contact. The forging temperature of the ring is set to be the same 
(850 ◦C) for all three cases; however, its temperature decreases during 

Fig. 4. (a) Schematic showing the user-defined axes and the sample positions taken from the as-received materials; (b) Inverse pole figure (IPF) of as-received 
AA6082 along the HD axis; (c) IPF of as-received E355 along the HD axis and (d) Pole figure (PF) of as-received E355. 

Fig. 5. (a) The cutting process of micro-tensile sample and (b) in-situ tensile test stage and clamps.  
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the forging process because of its exposure to the air and heat transfer to 
the aluminium core. Fig. 8 (c) shows the same trend in the effective 
plastic strain of the core; the interface temperature in the core is higher 
than the initial forging temperature because of heat transfer from the 
hotter steel ring. 

3.2. Interfacial behaviours 

The bonding qualities in the upper and central zones were studied 
and compared, as shown in Fig. 9. Because the results were similar, only 
Case B was selected to show the interface details. The quantitative re-
sults for all three cases are presented in the results section. The BSE 
images were captured at the interface between the upper and central 
zones in Case B. An interface crack extended into the aluminium core, as 
shown in Fig. 9a. This zone is the initial contact between the core and the 

ring, as illustrated in Fig. 7. Owing to the high temperature of the steel 
ring (850 ◦C), the aluminium core (AA6082) would melt after the con-
tact, which may then cause cracking at the interface because six series 
aluminium alloys are sensitive to hot cracking during the solidification 
process [40–42]. Fig. 9b reveals that the aluminium core was in good 
contact with the steel ring in the central zone, and no cracks could be 
observed at the interface. 

Fig. 10a shows the BSE images of Case B at the central zone under 
high magnification, where oxide particles can be observed. According to 
the EDS mapping (Fig. 10b), the chemical composition mainly consists 
of Fe and O. Hence these particles are steel oxides. These oxides were 
mainly generated during the heating of the steel ring before the forge 
bonding processes. Micro-cracks can be identified within the oxides 
(white arrows in Fig. 10a), and would likely be caused by the severe 
plastic deformation occurring during the forging. 

Fig. 6. Validation of finite element model by comparing gear geometry from the top view, front view and cross-section of gear root.  

Fig. 7. Deformation and thermal histories of Case A during bimetal hot forge-bonding (a) effective plastic strain and (b) temperature.  
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Fig. 10c shows the local SE image at a higher magnification. Some of 
the oxides are separated from the steel matrix, migrate and then are 
embedded into the aluminium core. To better understand the oxide 
migration, the material flow at the interface near the gear root area was 
examined (Fig. 11). It can be observed that after the initial contact be-
tween the aluminium core and steel ring, the velocity along RD gradu-
ally differs between the aluminium core and steel ring, and this 
difference gradually increases with the forging process (Fig. 11a–d). The 
different material flow between the core and ring generates a relative 
sliding, which lifts off oxides from the steel interface. The further plastic 
deformation inlays oxides into the aluminium matrix (Fig. 11e–f). 

Fig. 12a–c show the BSE maps of the three cases at the central zone 
near the interface. The fraction of oxides at the interface under three 
forging conditions are quantitatively compared. We can observe that 
Case A exhibits the least oxides remaining at the interface; only a few 
small particles are scattered there. As the forging temperature increases, 
the particle size increases. For instance, in case C, particles with a size of 

more than 20 μm can be observed. ImageJ software was used to quan-
titatively analyse the area fraction of oxides to binaries and quantify the 
oxide area. Fig. 12d shows the image analysis result of case C overlaid on 
the corresponding BSE image. Quantitative results are illustrated in 
Fig. 12e by averaging three different sampling positions of each case, 
which suggests that the area fraction of oxides in Case C is nearly seven 
times that of Case A. Considering that the forging temperature of the ring 
is set to be the same (850 ◦C) for all three cases, the difference in the area 
fraction is likely caused by the differences in plastic flow [1,43]. More 
severe plastic deformation occurs at the interface of Case A because of 
the lower temperature of the aluminium core (Fig. 8). This resulted in 
the fracture of the oxides and subsequent pushing of the oxide particles 
into the aluminium core. 

Although no apparent intermetallic compound can be identified near 
the interface, EDS line scans indicate an interdiffusion zone. Fig. 13 
shows a comparison of the EDS line scans across the interface between 
the three cases. Three scans were conducted at different positions for 

Fig. 8. (a) Schematic diagram of deformation process in the cross-section of gear root and the resulting profile of interface at various forging temperatures; (b) 
comparison of effective plastic strain and temperature for the three cases in the ring material and (c) the core material. 

Fig. 9. Interface between core and ring material of Case B at (a) upper zone and (b) central zone.  
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each case to check the repeatability; only the representative results for 
each case are shown in Fig. 13. If we define the interdiffusion region (wt. 
%) of element (Fe or Al) is less than 95%, the length of the interdiffusion 
region is nearly 2.05 μm in Case A, and approximately 2.16 and 2.41 μm 
for Cases B and C, respectively. This suggests that an increase in the 
forging temperature of the aluminium core enhances the interdiffusion 
between Al and Fe during the forging and bonding processes. 

3.3. Grain structure evolution at the interfaces 

3.3.1. Comparison between the upper and central zones 
First, the grain structure details of Case B were studied. Fig. 14 shows 

the EBSD maps of Case B in the interface area. The EBSD maps of the 

aluminium core and steel ring are shown separately because of the 
significant grain-size difference (from ~20 μm to ~150 nm). As shown 
in Fig. 14a, a significant fraction of LAGBs was observed in the grains in 
the case where the forging temperature was 400 ◦C for the aluminium 
core. The average sub-grain size was approximately 3.2 μm. Compared 
to the aluminium core, the grain size of the steel ring was significantly 
finer at approximately 150 nm (Fig. 14b). This grain size was also finer 
than that of the as-received state (Fig. 4c). Fig. 14c shows an overlapped 
grain boundary map with an image quality (IQ) map. A large fraction of 
LAGBs was identified within the grains. In addition to the HAGBs and 
LAGBs, dark line patterns were observed within the grains in the IQ map, 
indicating high lattice distortion caused by lattice defects, such as dis-
locations. In addition, the results in Fig. 14a and b show that the grains 

Fig. 10. Oxide behaviour at the interface of Case B. (a) BSE image to show cracked oxide particles; (b) EDS maps to show element distribution and (c) SE images to 
show migrated oxide particles. 

Fig. 11. Material flow and oxide migration. (a) RD velocity at central zone of core and ring; (b), (c) and (d) counter plots of RD velocity; (e) schematic diagram of the 
materials flow during forging and (f) schematic diagram of oxide migration. 
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are elongated along with the AD for both the aluminium core and steel 
ring. 

EBSD mapping was performed in the upper zone to better understand 
the microstructure of the gears. The deformation and temperature his-
tories were depicted to understand the microstructure formation. 
Fig. 15a shows the EBSD results for the aluminium core. Compared with 
the central zone, more equiaxed grains with a large fraction of HAGBs 
can be observed in the upper zone. The finite element analysis 

demonstrates the effective plastic strain distribution results, as shown in 
Fig. 16a. The core material in the upper zone was subjected to a higher 
effective plastic strain, which facilitated the formation of LAGBs and 
their transformation into HAGBs. 

The EBSD mapped grain structure of the steel ring is depicted in 
Fig. 15b. An inhomogeneously distributed coarser grain size was 
observed compared to that in the central zone, although finer than that 
of the as-received state (Fig. 4c). This can be explained by the 

Fig. 12. (a)–(c) BSE images at the interface in Case A, B, and C; (d) example of identified oxide particles in Case C and (e) area fraction of oxide particles corre-
sponding to Fig. 12a–c. 

Fig. 13. EDS line scans with defined interdiffusion distance. (a) Case A, (b) Case B and (c) Case C.  

Fig. 14. Interface grain structure details in the central zone. (a) IPF map of an aluminium core with grain boundary map overlapped; (b) IPF map of steel ring and (c) 
grain boundary map of steel ring overlaid with image quality (IQ) map. The blue line indicates the high angle grain boundaries (HAGBs, misorientation>10◦), and the 
red line shows the low angle grain boundaries (LAGBs, 2◦<misorientation<10◦). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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temperature history in the upper zone of the ring, which is lower than 
that of the central zone, as shown in Fig. 16b. Due to the heat exchange 
to the aluminium core, the low ring temperature in the upper zone 
contributes less to recrystallisation and the subsequent grain refinement. 
However, the effective plastic strain in the upper zone is more pro-
nounced than that in the central zone. 

3.3.2. Comparison among three forging-bonding conditions 
To compare the interface grain structures generated under the three 

forging conditions, EBSD maps were analysed from Case A to Case C. 
Fig. 17 shows the IPFs of the steel ring at the interface. The grain 
structure was inhomogeneous in all three cases, and this phenomenon 
was more evident in Case C, where small grains were observed near the 

Fig. 15. Interface microstructure details and thermal-mechanical histories in the upper zone. (a) IPF map of the aluminium core with the grain boundary map 
overlapped; (b) IPF map of a steel ring with grain boundary map overlapped and (c) comparison of grain size between the upper and central zones. 

Fig. 16. Effective plastic strain and temperature histories of (a) aluminium core and (b) steel ring. P1 and P2 are located in the central zone, P3 and P4 are located in 
the upper zone. 

Fig. 17. IPFs of ring material under three forging conditions. (a) Case A, (b) Case B and (c) Case C.  
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grain boundaries between the large grains. This indicates that discon-
tinuous dynamic recrystallisation (DDRX) occurred in Ref. [44]. The 
grain morphologies of Cases B and C demonstrate the elongation of 
grains along with the FD; however, more equiaxed grains can be 
observed in Case A, as shown in Fig. 17a. 

The grain size can significantly affect the mechanical properties of 
these materials, such as the yield strength, tensile strength, ductility and 
fatigue resistance [45]. Fig. 18a shows a statistical comparison of the 
grain sizes of Cases A, B and C. As shown in Fig. 18a, the average grain 
sizes of Cases A and B were similar at approximately 150 nm. Case C 
showed a relatively coarser grain with a grain size of approximately 290 
nm. During hot deformation, the plastic deformation of the steel ring 
increases the dislocation density, and dislocations may act as nucleation 
sites by dynamic recovery (DRV). Then, new grains with HAGBs were 
generated by the following DDRX. The recrystallisation fractions of the 
three cases estimated by the criteria of grain boundary misorientation 
>10◦ and grain orientation spread (GOS) value < 0.5◦ are shown in 
Fig. 18b. Because of the lower forging temperature in Case A, the 
aluminium core was harder, which caused more severe plastic strain in 
the steel ring. Consequently, more equiaxed refined grains and smaller 
grain sizes were observed in Case A. 

The microstructure evolution of the aluminium core was studied in 
Figs. 19 and 20. Fig. 19a–c indicates the IPFs at the interface in the FD- 
RD plane of the aluminium core under three forging conditions. Before 
forging, the as-received aluminium core material (AA6082) showed 
coarser grains with almost no subgrain boundaries because of the so-
lution heat treatment. After forging, compared with the grains shown in 
Fig. 4b, a significant fraction of subgrain boundaries can be observed in 
all three cases (Fig. 19). The grain morphology shows an elongated trend 
along with the FD, but more equiaxed grains can be found in Case A. It 
can also be observed that the grain or subgrain size is nearly homoge-
nous for each case, especially for Case A. This is mainly due to the 
continuous dynamic recrystallisation (CDRX) of the aluminium core 
because of the high stacking fault energy of the aluminium alloy [46]. 

Fig. 20 shows the statistical results of grain size. Note that LAGBs 
dominate the grain boundary for the aluminium core in all three cases. 
To analyse and compare the grain size quantitatively, grains with a 
misorientation higher than 2◦ are considered. The grain size differs 
significantly between the three cases. The core material indicates that 
the smallest average grain size has a value of about 2.2 μm. Large grains 
are formed when the forging temperature increases (Case B and C in 
Fig. 20a). 

Similarly, the ring deforms, and dislocations are generated; they 
interact in the aluminium core during plastic deformation. Meanwhile, 
the temperature accelerates the rearrangement and annihilation of the 
dislocations to generate LAGBs. As shown in Fig. 8, the grain size 

increased as the temperature increased or the effective plastic strain 
decreased. 

3.4. Mechanical properties 

The tensile samples obtained from the bimetal gears were forge- 
bonded under three conditions. The interface tensile strengths and 
standard deviations of the three cases obtained by repeated tensile tests 
are shown in Fig. 21a. Case A demonstrated the highest tensile strength 
compared to the other two cases, that is, the tensile strength decreased 
as the forging temperature increased. As shown in Fig. 21b, a relatively 
low ductility force-displacement behaviour was obtained in Case C 
because the fracture occurred at the interface. More details on the 
fracture behaviour are shown in Fig. 22. 

Fig. 22 shows the in-situ tensile results for three cases. Fig. 22a–d 
shows the results of Case A, where the forge-bonding temperature of the 
aluminium core is 300 ◦C. From the results, we can observe that a crack 
was identified to be initiated in the aluminium core itself. This indicates 
that the interface strength is high enough compared with the core ma-
terial. Although severe plastic deformation was observed near the 
interface after the sample fractured (Fig. 22d), no interface cracks were 
observed, and final fracture occurred on the aluminium core side. As for 
Case B (Fig. 22e and f), the cracks were observed to be initiated from the 
interface oxides. The cracks propagated into the aluminium core, where 
no oxide particles were observed when the load increased. In the later 
stages of the test, more cracks were observed to be initiated from the 
interface oxides. However, as in Case A, no cracks can be observed on 
the oxide-free interface area despite the occurrence of severe plastic 
deformation (Fig. 22h). Fig. 22i–l illustrate the failure process of Case C. 
The cracks were observed to be initiated from the oxides or oxide-ring 
interfaces as shown in Fig. 22i and j. As discussed in Section 3.2, large 
size and high fraction oxides were observed along with the interface of 
Case C. This results in a different fracture mechanism from Cases A and 
B. When the load increases, cracks initiated from the oxides interact 
(Fig. 22k), resulting in the final fracture and the interface. In addition, at 
the later stages of the test, small cracks (aquamarine arrows) were 
observed in the aluminium core, which were not identified in the 
aluminium core of Cases A and B. This is likely due to the low strength of 
the core caused by the large grain size and a lower fraction of HAGBs 
(Figs. 19c and 20). 

Case C exhibited the lowest tensile strength of the three cases. This 
could be related to the behaviour of the oxides near the interface. As 
discussed in Section 2.3, owing to the higher forging temperature of the 
aluminium core (500 ◦C), many oxides remained at the interface, and 
the BSE images in Fig. 23 reassuringly agree with this observation. A 
high area fraction of oxides is observed on the fracture surfaces, as 

Fig. 18. Statistical results of microstructure characteristics of steel ring under three forging conditions, (a) grain size distribution and (b) fraction of HAGBs.  
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shown in Fig. 23a–c. The aluminium core was observed to be a cell type 
encasing oxide particles. This means that only a small amount of core 
material can break through the oxide and contact the steel ring during 
the forge-bonding process. This is not surprising, considering the 

aluminium core is softer at 500 ◦C. 
Although the high temperature accelerates the interdiffusion be-

tween the aluminium core and steel ring (Fig. 13c), the remaining oxides 
at the interface trigger crack initiation and lead to the final fracture 
(Fig. 22i–l), resulting in low bonding strength. The highest bonding 
strength was obtained in Case A, in which the final fracture occurred on 
the core side (Fig. 22a–d). The aluminium core was subjected to a lower 
forging temperature (300 ◦C), promoting severe plastic deformation, 
breaking up the oxide layers and achieving intimate contact for higher 
bonding quality. However, raw ring materials with sporadic oxides have 
also been identified by BES on fracture surfaces. This could be caused by 
lower interdiffusion (Fig. 13a) under a low forging temperature. It is 
foreseeable that the bonding strength will be reduced if a lower bonding 
temperature is used. In addition, direct observation of bare steel (ring 
material) on the fracture surface reveals that the bonding quality re-
mains low if the interdiffusion is restricted by low temperature, even 
though the oxide layer is broken. This provides evidence of interdiffu-
sion on the bonding strength of solid-state welding, offering a supple-
ment to the classic oxide film fracture theory [47], in which the bonding 
quality depends only on the fracture of the oxide layer. It can be inferred 
that there is an optimal forging temperature at which the aluminium is 
sufficiently hard to break up the oxide film present on the steel part, 
while such a temperature allows the aluminium and steel to have a high 
diffusion rate for sufficient interdiffusion to strengthen the bond quality. 

Based on the above discussion, the following schematic (Fig. 24) 
describes the various interface characteristics generated under forge- 
bonding conditions and the fracture mechanisms of the aluminium 

Fig. 19. IPFs of the aluminium core under three forging conditions. (a) Case A, (b) Case B and (c) Case C.  

Fig. 20. Statistical results of grain size of the aluminium core under three 
forging conditions. 

Fig. 21. Mechanical properties of the aluminium-steel interface (a) tensile strength and (b) force-displacement curve.  
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Fig. 22. In-situ tensile tests of Case A (a)–(d), Case B (e)–(h) and Case C (i)–(l).  

Fig. 23. BSE images of the fracture surfaces at the ring (E 355 steel) side of Case C (a)–(d) and Case A (e)–(f). (e) and (f) are local EDS maps at the fracture surface to 
identify oxides, core material and ring material. 
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alloy-steel interface. 

4. Conclusions 

This work presents a systematic investigation of aluminium alloy- 
steel (AA6082-E355) bimetal gear interface bonding to understand 
how to achieve high-quality bonding. Correlations between the 
manufacturing processes and resulting mechanical properties were 
established using both in/ex-situ experiments and finite element simu-
lations. The underlying mechanisms of the interface oxide migration, 
interdiffusion and microstructure evolution are discussed in detail. The 
main conclusions have been reached as follows:  

1. The bonding behaviour and microstructure evolution were affected 
by the mechanical property mismatch between the two workpieces 
(AA6082 and E355). This mismatch can be effectively adjusted by 
setting different forging temperatures for the workpiece.  

2. The oxide layer of the E355 workpiece was broken by contact and 
plastic deformation under bimetal forging. Some oxide particles 
migrated to the matrix of AA6082 due to the interface material flow, 
leaving an oxide-free interface area. Minimal oxides were observed 
at the interface under a lower forging temperature (300 ◦C) of 
AA6082. In the oxide-free interface area in the three cases, the EDS 
results suggest that a higher forging temperature can effectively 
promote interdiffusion between the two workpieces.  

3. The initial forge-bonding temperature affected the microstructure of 
two dissimilar workpieces (AA6082 and E355); more refined grains 
are observed at a lower forging temperature (300 ◦C). Compelling 
evidence from EBSD and finite element modelling confirmed that the 
heat transfer and mechanical property mismatch between the two 
dissimilar workpieces are the main reasons for the distinct micro-
structure under various forging temperatures. 

4. Oxide breaking, which is promoted by low temperature, and inter-
diffusion, which is promoted by high temperature, are the key to 
achieving high bimetallic bonding quality. There is an optimal 
forging temperature at which the aluminium alloy is sufficiently hard 

to break up the oxide film present on the steel part, while such a 
temperature allows the aluminium alloy and steel to have a high 
diffusion rate for sufficient interdiffusion to strengthen the bond 
quality. 

5. The advanced understanding of bonding mechanisms is not con-
strained to aluminium alloy-steel systems but can be expanded to a 
wide variety of dissimilar bi- or multi-metallic solid-state bonding 
materials. 
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Fig. 24. Schematic illustration of the (a) interface characteristics generated by forging-bonding and (b) fracture behaviour.  
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Appendix A. Heat transfer analysis

Fig. A1. Heat transfer analysis (a) finite element model and boundary conditions, (b) temperature distribution at 1000s under 300 ◦C heating and (c) temperature 
changes with time at the central point under 300 ◦C and 400 ◦C heating. 
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