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Abstract
This paper provides a review of recent developments in the manufacturing of lightweight multi-metal components, and in 
particular gears. The literature has shown that significant efforts have been made in manufacturing light gears and numer-
ous technical challenges exist when designing for and manufacturing with dissimilar metals including challenges in heating 
technologies, mechanical performance, processing parameters, metal compatibility and the interface layer between adjacent 
materials, as well as difficulties in multi-metal simulations. Whilst the scope of multi-metal manufacturing is vast, the main 
concentration of this study is on the main stages of multi-metal gear production, and specifically on preform production, 
multi-metal heating, intermetallic bonding, and modelling of essential forming parameters. The effects of each of these 
methods as well as the numerous approaches studied in the literature are presented, with a recommendation being made as 
to a processing route that may lead to a robust multi-metal gear with minimal production line modifications to conventional 
steel gears.

Keywords Net shape forging · Gears forging · Multi-metal lightweight gears · Billet design · Interface bonding

1 Introduction

The transportation sector has continued to be subject to a 
broad range of constraints in recent years with severe market 
competition, stringent consumer demands on option custom-
isation, sustainability and quality as well as legislative chal-
lenges. Moreover, all these challenges must be faced with 
a reduced development budget and competitive sales price. 
Manufacturers have aimed to undertake these challenges by 
forming partnerships including consolidating chassis and 
engine applications across model ranges [42], engaging in 
mergers and joint platform development [155]. Moreover, 
advances in alternative drive system technologies such as 
hybrid and all electric vehicles have gained increased accept-
ance as viable emission reduction systems [162] accompa-
nied with numerous government incentives [157]. Whilst 
this avenue offers promising solutions to air quality in major 

cities, there remain significant technical challenges in terms 
of battery technology, energy storage density, rate of charge 
and cost of implementation [29].

To date, one of the most proven and effective methods 
to reduce emissions, which can be implemented across all 
vehicle propulsion methods including electric vehicles, is 
the reduction of vehicular weight, through the use of light-
weight design technologies. Light structural designs involve 
the use of lightweight material substitution and novel struc-
ture design thus enabling significant savings. This has been 
effectively implemented in the automotive industry with 
the Range Rover models, having achieved a 400 kg weight 
reduction, largely through the substitution of steel by alu-
minium in recent models [69]. The impact of weight savings 
on fuel consumption is significant, with a 10% reduction in 
vehicle weight improving fuel efficiency by 6–8% [72].

Material substitution in non-structural components has 
been performed for decades. For example, cast iron and steel 
have been viably replaced with aluminium for engine blocks 
[129], for vehicle structural members [30] and aluminium or 
magnesium for gearbox casings [127]. In addition, materials 
such as carbon-fibres have been used as a replacement for 
skin panels and structures [2], although their labour inten-
sive production and cost limits application to only the upper 
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segment of vehicles. However, with the potential for light-
weighting of simple structures being exhausted, industry and 
academia have begun to focus on the lightweighting of high 
performance mechanical components such as crankshafts, 
camshafts and gears. This is particularly challenging as these 
components are manufactured from high strength steels due 
to the high stress performance requirements. Industry has 
begun to address this challenge with projects such as the 
Lightweight Forging initiative formed by a range of forging 
and steelmaking companies [126].

In addition to the reduction of weight and emissions, 
light weighting offers the advantage of reduced rotational 
mass and inertia [160] as well as the reduction of noise and 
component wear [71, 164]. These benefits, combined with 
a rapidly expanding gear market, at an annualised growth of 
5.6% from $221 billion in 2019 to $285 billion in 2024 [52] 
demonstrates the potential for lightweight gears.

2  Technologies for manufacturing 
lightweight gears

There are a vast number of techniques applied to achieve 
weight reduction of gears. A review of the most commonly 
used techniques is presented in the following sections.

2.1  Machining

The most commonly used method to reduce the weight of 
traditional gears is the use of machining to produce thin 
webs in the low-stress regions of the gear, specifically the 
material centre [110, 130]. However, there are limitations to 
potential weight savings due to the overall reduction in stiff-
ness [91] of the gear as a result of the reduction in second 
moment of area, leading to ‘bowing’ when axially loaded 
such as for helical gears [112]. This has the effect of increas-
ing the overall bending and contact stresses experienced by 
the gear [112]. An example of gear webs at the centre of the 
gear for the purpose of light weighting is shown in Fig. 1.

2.2  Casting

Material substitution is seen as a viable approach to further 
reduce the weight of components such as gears. Materials 
traditionally used to produce gears are high strength metal-
lic alloys or polymers [154]. Polymer gears are limited to 
low power transmission applications or those requiring low 
cost, noise and corrosion resistance [102]. Metal alloys 
such as carbon steels are commonly used for higher per-
formance applications, with their manufacturing methods 
further affecting their load and fatigue capabilities [68]. 
Due to their vastly differing applications, the literature has 
explored the potential for polymer-metal gear combinations. 

This offers the possibility of manufacturing techniques such 
as over-moulding the lower melting temperature polymer 
over a metal workpiece as demonstrated by several authors 
[109, 111, 124, 125]. By extension, composite-metal gears 
have recently been experimentally investigated [64, 65] and 
numerically modelled [53]. However, the use of completely 
different material classes provides limitations to their oper-
ating conditions, such as temperature, and thus limits the 
application. An example of a multi-material metal gear with 
polymer overmould is shown in Fig. 2.

The production of lightweight gears from dissimilar 
metals such as aluminium and steel has been investigated 
by Oberle [109] and Grange and Hanink [58], utilising the 

Fig. 1  Lightweight gear with machined webs in low stress interior 
[67]

Fig. 2  Polymer overmould on metal gear [156]
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casting of molten aluminium into a mould containing a steel 
segment. However, the use of over-moulding or casting tech-
niques is limited to two materials of substantially differing 
melting temperatures.

2.3  Mechanical assembly

To avoid manufacturing operations involving metals at dif-
ferent phases, the literature has proposed simpler approaches 
to manufacturing multi-metal components such as manu-
facturing each material separately and assembling through 
means of mechanical fastening or welding (Fig. 3). Wells 
[166] proposed the production of a composite polymer-steel 
gear through mechanical connections, with the steel outer 
profile containing the machined gear teeth. Wadleigh [163] 
utilised friction welding to form the bond between the two 
materials. Taniguchi and Shioiri [149] proposed press fitting 
to assemble the constituent parts although it was found that 
part distortion required post-form machining operations.

2.4  Forging

The process of producing gears with the most favourable 
mechanical properties is forging. Forged components have 
resulted in an increased impact strength by 30% Abdel-Rah-
man and Dean [1] and double the fatigue life of machined 
parts Abdel-Rahman and Dean [1]. The production of light-
weight forged multi-metal components exist in a wide range 
of applications, including the production of aluminium and 
steel control arms [81, 88]. The use of forging for bi-metal 
gear production dates back to as early as the 1970s [132]. 
Studies by Politis et al. [118] and Chugreeva et al. [38] have 

demonstrated the production of bi-metal spur gears and 
bevel gears respectively through forging, with Chavdar et al. 
[32] investigating the principle of hydroforging. In addition, 
Meißner et al. [97] analysed the performance of helical gears 
manufactured from multi-component forging and layered 
sheet stapling. The potential mechanical performance as 
being similar to traditional single material gears has been 
investigated by Yilmaz et al. [171] and Politis et al. [119]. 
An example of a forged aluminium-steel bi-metal gear is 
shown in Fig. 4.

As forging is the process which offers the greatest poten-
tial for achieving both lightweight gears with superior 
mechanical properties, the aim of this paper is to provide a 
review of the literature associated with bi-metal gear forg-
ing and address the key requirements in the production of 
a successful gear. Section 3 discusses the various means 
of producing bi-metallic preform workpieces with Sect. 4 
discussing the range of heating methods available. Section 5 
discusses the key challenges and proposed improvements 
of a bi-metallic interlayer to prevent separation of the mate-
rials during operation. Section 6 discusses the modelling 
methods being developed to effectively simulate the forg-
ing process, intermetallics and optimisation of multi-metal 
gear forging. The paper concludes with the proposed ideal 
processing route in the authors’ opinion for the production of 
successful bi-metallic gears and future research directions to 
address the remaining technical challenges to enable multi-
metal gears to be applied broadly in an industrial setting.

3  Bi‑metallic forging and preform 
production

A review of the literature has demonstrated numerous ave-
nues and processing routes in the forging of multi-metal 
gears. The majority of the studies involve the use of a tradi-
tional forging press, with key differences being in the pro-
duction of the dissimilar metal blanks and associated heating 

Fig. 3  Welding of a spur and helical gear to produce a composite gear 
[104]

Fig. 4  Forged bi-metal gear from an aluminium centre and exterior 
steel ring [120]
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methods to overcome the challenge of differing thermal 
properties of the metals.

3.1  Bi‑metal cast workpiece

The production of a single cast preform manufactured from 
dissimilar metals was proposed by Miller [98], which has 
since been applied industrially [96]. In this process, two dis-
similar metals are used, with the outer material being tin 
bronze and the inner material being yellow brass. Through 
the use of centrifugal casting, tin bronze was first added to 
the rotating mould, followed by molten yellow brass which 
produces a single multi-metal workpiece. According to the 
authors, the outer material is subsequently machined to pro-
duce the final gear teeth form. It should be noted that the 
process provides the advantage of only requiring material 
handling for a single workpiece thus significantly reducing 
handling operations on the factory floor. The centrifugal bi-
metal blank casting process could be further adapted to gear 
forging by replacing the final gear tooth machining operation 
with a forging process. However to date there have been 
limited studies in combining these two processes. Moreover, 
the bi-metal casting process focused on the use of brass and 
bronze, which are materials of similar melting temperature 
and therefore the production of alternative preforms such as 
aluminium-steel pairs may result in additional challenges 
such as the solidification of the outer steel prior to alu-
minium, leading to inconsistencies in the interlayer surface 
which is discussed further in Sect. 5.

3.2  Co‑Extrusion of dissimilar metals

The co-extrusion of an inner bar and outer sleeve material 
has been studied in several research works as an alternative 
method to the production of multi-metal preforms. The pro-
cess has been investigated at both cold or elevated tempera-
tures, with elevated temperatures enabling the two materials 
to be welded at the interface. By machining to appropriate 

length, the preforms can subsequently be used in a forging 
operation. Such an approach was proposed by Tekkaya [150] 
as shown in Fig. 5a.

The co-extrusion of dissimilar metals introduces process-
ing parameters including relative material flow and friction 
that may induce tensile and shear stresses resulting in sur-
face cracking and failure [49]. Groche et al. [60] performed a 
microscopic analysis of the weld interface between steel and 
aluminium material pairs formed with this process revealing 
only a small diffusion zone and significant oxide build-up at 
the weld inter-face. It is suggested in the study that a promis-
ing material pair for lightweight high strength preforms is 
the co-extrusion of aluminium and titanium as this exhibits 
no intermetallic phases or oxygen-contamination resulting 
in a robust bond. Micro-structural effects of a dissimilar pair 
interface are discussed in detail in Sect. 5.

Cold forged bonds on composite shafts were experimen-
tally and analytically investigated by Ossenkemper et al. 
[113]. In this work, the authors utilised the backward extru-
sion of a steel sleeve material into which an aluminium core 
was inserted. The authors’ investigated the strength of the 
bond via push out tests and determined that the lack of met-
allurgical bonding resulted in a relatively weak joint, which 
could be improved through the addition of micro fitting via 
the use of a sand blasted surface.

Thurer et  al. [153] investigated the co-extrusion of 
aluminium alloy EN AW-6082 with case-hardened steel 
20MnCr5. Utilising the Lateral Angular Co-extrusion 
(LACE) process, a central steel rod was extruded with 
aluminium EN AW-6082 at an angle of 90° between the 
punch direction with the profile’s exit port being co-extruded 
(Fig. 5b). Through this method intermetallic phases such as 
 Al3Fe of 2–7 μm were formed on the joining zone between 
aluminium and steel, with a temperature of 540 °C being suf-
ficient to promote adhesion between the two metals. More-
over, through a modified billet geometry and the inherent 
nature of material flow, it was possible to remove surface 
oxides thus forming an adequate bond. However, with the 

Fig. 5  Extruded pre-forms: a Direct co-extrusion of a bi-metal preform [150], b LACE co-extruded preforms [153]
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proposed method high strength material is placed in the 
centre rather than on the exterior, which may be of limited 
use for bi-metal gear preforms. Should the material pairs 
be reversed the method may be feasible for gear preforms.

3.3  Shrink fitting

An alternative method to combine two dissimilar metals 
prior to forging is the shrink fitting technique, which is com-
monly used for bi-metal assembly and component produc-
tion [40]. The process is still widely used today, to optimise 
performance or achieve lightweight structures, such as light-
weight bi-metallic bearing bushings consisting of 20MnCr5 
steel on the internal diameter and AA6082 aluminium on the 
external diameter Behrens et al. [17].

Lätzer et al. [84] and Qiao et al. [122] developed knurled 
interference fits consisting of a shape profile that improved 
the performance compared to conventional interference 
fits. Liewald et al. [92] utilised lateral extrusion of a shaft 
to a hardened, thin-walled hub to manufacture a combined 

complex shaft–flange component. Through the use of a 
modular tool and radial preloading, the authors were able to 
avoid critical tangential tensile stresses during joining. This 
combined with the use of a polygon profile in the hub, pro-
duced a component with twice the torsional strength com-
pared to conventional thermal shrinkage. Matsumoto et al. 
[95] utilised the indentation of a cold shaft into a hot disc, 
where the thermal shrinkage established a bond where 20% 
of the overall bond strength was due to mechanical clamping 
and 80% due to metallurgical bonding.

Whilst these studies did not focus specifically on produc-
ing preforms for bi-metallic gears, the methods employed 
could be transformed into lightweight gear applications.

3.4  Welding

Several research works have proposed variants of weld-
ing to join dissimilar metals prior to forging. Welding 
of dissimilar metals may be achieved by metal inert gas 
welding, submerged arc deposition, plasma-transferred arc 

Fig. 6  a Deposition welded preform, b Forged bi-metal gear [51], c Micrograph of the bond zone before forming, d Micrograph of the bond 
zone after forming [38]
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(PTA), laser deposition welding and electro-slag-welding 
[6]. Chugreeva et al. [38] utilised deposition welding to 
produce a preform for a forged bevel gear manufactured 
from a cylindrical base material coated with a dissimilar 
metallic layer. This is demonstrated in Fig. 6a and b. The 
authors’ state that although the workpiece is advantageous 
in that it is securely joined prior to forming, deposition 
welding has the disadvantage of the produced heat affected 
zone, which may negatively affect the microstructure of 
the preform, including increased brittleness and hardness. 
However, subsequent forging can counteract these phe-
nomena to produce a gear free from pores and a coarse 
microstructure. An evaluation of the metal interface found 
that post-forging, the bond zone demonstrated a contour 
with a jagged edge which was sustained even post-forging 
into the gear shape. Therefore, welded preforms require 
careful analysis to ensure stress concentration sites do not 
affect material performance and the minimal steel thick-
ness is sufficient for the application.

Behrens et al. [16] also investigated welding for the pro-
duction of straight bevel gears made from martensitic steel 

(X45CrSi9-3) on the tooth surface and carbon steel (C22.8) 
in the core. The preform materials were joined by laser hot-
wire cladding, machined and subsequently hot forged to the 
final geometry. The authors found that the bonding zone 
was defect free, including being free of cracks, separation 
and porosity and also demonstrated a complete metallur-
gical bond after the combination of welding and forming. 
However, as expected the variations in strain during forging 
resulted in a non-uniform distribution of material at the tooth 
tip and root.

An alternative to traditional welding methods is electro-
magnetic pulse welding, which is a process that involves 
high speed impact, with velocities up to several hundred m/s 
and pressures up to several thousand MPa, with subsequent 
plastic deformation of the workpieces [93]. The method can 
possibly be used to produce a single bi-metal blank through 
the assembly of dissimilar inner cylindrical material and an 
outer sleeve. With the electromagnetic pulse welding pro-
cess, the two metals are joined by the impact and breakup of 
surface contaminants and oxide layers thus promoting weld-
ing. The method is shown in Fig. 7a where the application 

Fig. 7  Electromagnetic pulse welded: a Acceleration and collision of outer sleeve to core (1) Before and (2) After the process [93], and b Alu-
minium-copper blank interface [55]
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of a current in the coil creates a magnetic field that forces 
the outer sleeve towards the inner sleeve materials, and 
through the process of ’jetting’ forces air and oxide layers 
away from the material interface resulting in close metal-
to-metal contact. According to Groche et al. [60], there is 
limited knowledge on the optimal parameters to form solid 
state bonds with this method and therefore preforms can 
only be produced through trial and error methods. However, 
the literature generally agrees that the variables of collision 
angle and speed of impact are of significant influence to the 
success of a multi-metal bond [115]. It should be noted that 
bonds produced between two metals with this process result 
in a wavy edge due to the shock waves travelling through the 
workpieces, as shown in Fig. 7b [55]. Therefore it is pos-
sible that bi-metal preforms could be produced as a single 
workpiece before subsequent forging operations.

The welding of a bi-metal preform through friction weld-
ing has been demonstrated through the rotation of the inner 
workpiece relative to the exterior material. Through the 
relative motion, frictional work results in the shear stress 
of the material being exceeded locally, resulting in the com-
bined plastic work and elevated temperatures forming a bond 
between the two materials. Friction stir welding is com-
monly found in the joining of dissimilar sheet metals includ-
ing aluminium-aluminium pairs [103] and aluminium-steel 
pairs [90]. However, the main limitation of this method on 
bulk components is the requirement of a friction stir weld-
ing tool that applies local deformation and heat at a limited 
depth. Inertia friction welding joints can be formed through 
the direct contact of the cross-sectional areas of two cylin-
drical materials. The rotation of one of the materials forms 
a weld across the contact surface area. Effective joints were 
successfully formed on materials including high strength 
nickel superalloys [43]. The friction welding of a solid cen-
tral material and an outer ring presents the challenge of an 
air gap between the two materials in order to assemble the 
workpiece. It may be possible to utilise rotational friction 
welding in combination with an interference fit ensuring the 
outer circumference of the central material is in direct con-
tact with the inner radius of the exterior ring, although the 
effectiveness of this method presents numerous challenges 
thus requiring further investigation.

Domblesky et al. [44] produced bi-metal preforms from 
copper, aluminium and steel pairs to determine weld char-
acteristics such as grain structure at the interface. Behrens 
et al. [15] investigated the performed metallographic analy-
ses and evaluated the bond strengths for laser beam welding 
and friction welding of a bi-metallic C22.8 (1.0460) and 
41Cr4 (1.7035) steel rod. The results do demonstrate high 
strength bond formation, with the component failing in the 
lower strength base material steel (1.0460) rather than the 
bond region for both forms of bonding. However, the stud-
ies focused on the joining between the cross-sectional areas 

rather than along the length of the two components, and 
could be repeated by a joint formed between a central and 
sleeve material.

3.5  Un‑bonded preform materials

There have been several research works that have pursued 
the avenue of forging multi-metal components through the 
forging of assembled workpieces as opposed to first joining 
and then forming the components. Wu et al. [169] and Politis 
et al. [117,118] investigated the forging under hot and cold 
conditions respectively of spur gears through the telescopic 
assembly of an outer high strength ring and an inner cylin-
drical core material. The studies showed that the inherent 
flow behaviour of the two materials enabled the secure lock-
ing under rotational and axial directions with the interface 
conditions being favourable for potential diffusion bonding. 
Figures 8a and b show a bi-metal gear produced from an 
aluminium AA7075 central material and EN 817M40 steel 
outer material. It was noted that as the materials were un-
bonded prior to forging, there is the risk that regions of the 
completed gear may have an unbonded interface. However, 
optimisation of the forging process may prevent this and the 
simplicity of eliminating an additional bonding stage may 
make this production method convenient.

4  Blank heating methods

Bi-metal components are commonly cold forged in order to 
avoid the complexity of controlling thermal parameters of 
dissimilar metals. However, for materials of low ductility, 
heating is required and involves the consideration of differ-
ent melting temperatures, thermal expansion coefficients, 
heat transfer and microstructural changes. Due to the differ-
ing thermal properties such as expansion coefficient, steel-
aluminium material pairs require the steel to be heated to a 
minimum temperature of 900 °C whereas aluminium must 
be at least 400 °C but not exceeding 500 °C to avoid melt-
ing [19]. Careful selection of temperatures can ensure that 
despite significantly differing expansion coefficients, with 
aluminium twice that of steel, the materials can expand and 
contract at a similar level thus avoiding excessive separa-
tion or substantial compressive stresses. The recommended 
thermal processing windows for aluminium-steel pairs are 
presented in Fig. 9.

According to Fig. 9, a steel ring profile heated to 1000 °C 
requires the temperature of the aluminium core to not exceed 
435 °C, otherwise the aluminium will contract more than 
the steel resulting in a gap being formed after cooling. Con-
versely, if the temperature of the aluminium is lower than 
435 °C, thermal contraction of the steel will be greater than 
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the aluminium which could result in excessive hoop stresses 
and possible fracture of the ring.

In order to achieve the required temperature profiles, two 
methods to heat the metal preforms were mainly explored in 
the literature: chamber furnace and induction heating.

To this end, Politis [120] investigated the forging of work-
pieces, heated separately in individual chamfer furnaces and 
subsequently telescopically assembled in the die and forged 
in a single operation. Two chamber furnaces were utilised 
in the study with the aluminium core being heated to 400 °C 
and the steel ring to 950 °C. It was suggested that for a 
greater production run two conveyor furnaces could be used, 

each set to the target temperature for the selected alloys. The 
method was found to be effective for heating the workpieces 
in a laboratory setting although the heating time was in the 
order of minutes which would limit production efficiency. 
Moreover, in the study the workpieces were transported from 
the furnaces to the tool resulting in limited control of the 
temperature due to air cooling. It should be noted that dis-
parities in heat transfer coefficient and thermal contraction 
may result in separation of the two materials leading to the 
presence of a gap at the interface as shown in the bi-metal 
gear forging study by Politis [120] and presented in Fig. 10.

Fig. 8  Bi-metal gear: a Individual steel ring and aluminium core material, b Forged bi-metal gear [120]

Fig. 9  Temperature processing 
window for aluminium and steel 
to avoid separation of materi-
als [19]
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The use of induction heating for aluminium—steel pairs 
for bi-metal forged bushings was investigated by Behrens 
et al. (17). Behrens and Kosch (19) developed a heating 
strategy to utilise induction heating for aluminium—steel 
combinations. In this work, the authors first combined an 
aluminium core with a steel ring and heated the preform 
simultaneously as shown in Fig. 11. It is stated that the pres-
ence of the air gap between the two metals is significantly 
influential on the heating parameters and can be beneficial as 
the air gap results in the heating of aluminium only by radia-
tion rather than conduction, thus enabling heating control.

The use of induction heating enables additional control 
compared to furnace heating although with added complex-
ity requiring the calibration of electromagnetic parameters 
such as electrical conductivity, permittivity and permeability 
in addition to thermal conductivity and heat transfer coef-
ficient. Moreover, coil design and frequency is essential to 
ensure adequate heating. Therefore, the common approach 

taken by industry to optimise these parameters is trial and 
error. It should be noted that induction heating is signifi-
cantly faster in achieving the target temperature than cham-
ber furnace heating, with an aluminium sample temperature 
of 500 °C being achieved within 20 s [17,18] compared to 
several minutes for a chamber furnace.

Induction heating experiments on steel—aluminium 
and steel-copper pairs determined that it is the outer layer 
(steel) that determines the heating effect as opposed to the 
core material, with the copper and aluminium materials 
not responding to induction heating as significantly as the 
steel [131]. This is demonstrated in Fig. 12a.

In the work performed by Goldstein et al. [56] it was 
found that electromagnetic end effects could lead to over-
heating of parts of the workpiece resulting in localised 
melting. Therefore, it is possible that post-form opera-
tions, such as machining of the workpiece ends may be 
required to remove regions of unfavourable interface joint 

Fig. 10  Separation between the materials following the bi-metal gear forging [120]

Fig. 11  Induction heating method for combined aluminium steel preform [19]
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conditions. Moreover, the authors’ found that aluminium, 
with its greater heat transfer coefficient, is more likely 
to exhibit uniform temperature after heating compared to 
steel. In the study, the authors’ found that the temperature 
within the steel workpiece was not uniform even after 20 s 
of heating. It should be noted that temperature distribu-
tion studies were formed on workpieces with dimensions 
of 40 mm solid diameter, and therefore steel in the form 
of a thin exterior ring will exhibit a greater likelihood of 
temperature uniformity in a shorter time period.

5  Joining between multiple materials

5.1  Types of bonds

One of the greatest challenges to the structural integrity of 
a multi-metal component is the joint between the dissimi-
lar materials. In the case of bi-metal gears, a bond between 
the two dissimilar metals would form either as part of the 
pre-form manufacturing process as discussed in Sect. 3 or 

after forging of the gear. According to the literature, joints 
between two formed materials can be grouped into 3 catego-
ries: (1) form-closed joints; (2) force-closed joints; or (3) 
metallurgical joints as shown in Fig. 13 [59].

Form-closed joints (Type I) involve mechanical locking, 
where the relative material flow between two components 
is prevented. This occurs when a residual stress or other 
force causes friction between the materials, resisting rela-
tive motion. Type II force-closed joints require compression 
of the materials resulting in friction preventing the relative 
movement of the materials [101]. Finally, a metallurgical 
joint (3) consists of a cold welded or diffusion bonded inter-
face joint, where the parts are bonded at an atomic level.

Mechanical joining by plastic deformation between dis-
similar materials has been well established in industry. In the 
case of sheet materials, this is commonly achieved through 
clinching, hemming [105] and self-piercing rivets [100]. For 
bulk forming such as forging operations, mechanical joining 
has been demonstrated on both a macro and micro scale. 
Politis et al. [117,118] stated that macro-mechanical and 
micro-mechanical joining occurred between two materials 

Fig. 12  a Temperature–time graph of induction heated bi-metallic preform with steel exterior and copper interior [131], b Temperature uniform-
ity of adjacently bonded steel and aluminium alloys [56]

Fig. 13  Physical joints created 
through forming [59]
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forged into a bi-metal gear as shown in Fig. 14. In the study, 
forging of an aluminium central cylinder material and a steel 
exterior ring were conducted, with the inherent material flow 
into the gear tooth profile completing the joint whilst result-
ing in a 50% weight reduction of the component. Similar 
investigations on bi-metal workpieces comprising of a steel 
outer ring and brass or copper inner cylinder were performed 
by Misirli et al. [99].

Mechanical joining by forging has also been achieved 
for the manufacture of a control arm by Kroner [81] and 
Leiber [88]. In these studies the authors optimised the 
strength to weight ratio by utilising an aluminium flange 

and steel insert thus achieving a 47% weight saving com-
pared to conventional steel components. Moreover, Kita-
mura et al. [79] developed a method of joining a flange to 
a shaft by cold forming which improved the transmission 
of torque.

Whilst mechanical joining can be achieved with relative 
ease through appropriate design and processing param-
eters, the greatest challenge is the formation of the Type 
III metallurgical or diffusion bond. This is discussed fur-
ther in Sect. 5.2.

5.2  Effect of metal surfaces on metallurgical 
bonding

Metallurgical joining during hot forging is commonly known 
as ‘forge welding’. Forging between dissimilar metals is not 
a recent phenomenon, having been used for thousands of 
years [9]. In fact, forge welding is the oldest known weld-
ing method for iron and steel, having been used in the pro-
duction of pattern welded blades in the process known as 
“Damascus Steel” [161]. During these early applications, 
forge welding consisted of: (1) roughening and cleaning the 
mating surfaces; (2) heating the mating region to 50–90% 
of material melting point [45]; (3) applying a powder flux 
(such as borax and iron filings) to remove oxide layers [31]; 
and (4) overlapping the mating surfaces and forming through 
repeated hammer blows [121].

Repetition of the above cleaning and forming procedure 
for a successful bond is primarily the result of obstacles 
to metallurgical joining in multi-metal forming such as the 
presence of contaminants or passivation layers [22, 25] as 
shown in Fig. 15. As can be seen from the figure, even highly 
polished and cleaned metallic surfaces contain grease, water 
vapour and oxide contaminants on a nano-metre scale [75]. 
The presence of contaminants on two metal surfaces pre-
sents a barrier to the formation of high quality metallurgical 
bonds [4, 75]. In particular, chemically stable oxide layers, 

Fig. 14  Mechanical joint achieved by plastic deformation of alumin-
ium and steel components: a Steel ring and aluminium core preforms, 
b Forged gear shape—horizontal cross section [117], c Vertical cross 
section [120]

Fig. 15  Contamination layers on a metal surface [73]
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such as those on aluminium alloys make diffusion bonding 
extremely difficult [4].

The majority of contamination layers such as grease, 
water and oil vapour can be substantially removed by 
degreasing, with petrol or solvents, although this may leave 
behind a layer between 1–5 µm and 10–100 molecules thick 
respectively [75]. The oxide layer however is significantly 
more challenging to be removed as metal surfaces are 
quickly saturated by an oxidation layer even after removal 
[123]. The speed and depth of the oxide layer is dependent 
on time and temperature. At room temperature, aluminium 
alloys may experience an oxide film thickness of 1.2 nm 
within 15 s whereas iron can experience 2 nm within 40 s 
[75] with this significantly increasing in thickness and rate 
of formation at elevated temperatures. According to Kaza-
kov [75], machined iron based parts have transparent oxide 
films < 0.03 µm thick growing to 0.04–0.5 µm during tem-
pering temperatures.

The success of bonding is highly dependent on the elimi-
nation of these contaminant or passivation layers [25]. With 
the absence of such layers during direct material contact, 
interaction forces arise between the interfacial atoms. This 
is the result of cohesion forces at the surface of the mate-
rials affecting chemical binding at the interface. However, 
according to Rabinowicz [123], the presence of a normal 
atmosphere demonstrates that free cohesive binding will be 
saturated by oxidation.

It is well known that carbon steels and iron based materi-
als oxidise readily as the porosity of iron oxide means any 
present oxide layers provide no protection to the underlying 
iron. Therefore unlike alloys such as aluminium and cop-
per, steels exhibit severe oxidation well after the formation 
of an initial layer of iron oxide [21, 116]. One of the earli-
est oxidation kinetics models are the Pilling-Bedworth-type 
equation [14] which model the weight gain of the material 
as a function of oxidation time utilising the parabolic law as 
shown in Eq. 1:

where W is the weight gain per unit area caused by oxida-
tion, and kp = 2k

�

p
 is the parabolic weight constant. The para-

bolic weight constant is highly temperature dependent, and 
the results from a number of studies are shown in Fig. 16a 
[35]. It should be noted that the heating method employed 
significantly affects the oxide layer formation. Steel heated 
in an air furnace would exhibit continuously forming thick 
iron oxide layer, presenting significant challenges to any pos-
sible metallurgical bond as shown in Fig. 16b.

(1)
dW

dt
= k

�

p
W

5.3  Intermetallic layers in multi‑metal forging

Metallurgical bonding is described in the literature as 
a combination of adhesion and diffusion theories [62]. 
Adhesion is described in terms of the cumulative effects 
of thermal, electric, chemical and physical interactions on 
a materials surface. Whilst the quality of a surface bond is 
characterised in terms of base material properties, move-
ment, stress state and temperature [173], the bond strength 
between dissimilar metals is heavily influenced by the brit-
tle intermetallic compounds formed at the interface. In 
the bonding between steel and aluminium alloys, the for-
mation of  Al5Fe2 and  Al2Fe intermetallics occurs, which 
may be detrimental to the strength of the bond [41, 48, 54, 
114]. It has been stated by Awiszus et al. [5] that brittle 
intermetallic phases may lead to bond strengths that are 
30% less than the strength of the weaker material pair. An 
example of the intermetallic layer between an aluminium 
and steel workpiece is shown in Fig. 17.

Bhushan [22] demonstrated that clean surfaces in close 
contact, of the order of several nanometres, form a strong 
adhesive bond. This is the result of van der Waals forces 
attracting the welding pairs until equilibrium of electrons 
is achieved. Due to the chemical properties, he showed that 
adhesion of relatively soft metals such as copper or gold, 
is generally stronger than the ones for harder metals, e.g. 
steel. Further discussions regarding the nanoscale forma-
tion of bonds can be found in Groche et al. [60].

Regarding the crystal structure of metals, Rabinowicz 
[123] and Bhushan [22] demonstrated that cubic structured 
metals, such as iron or aluminium, exhibited high adhe-
sion, compared to the poor self-adhesion for hexagonal 
metals. Moreover, microstructural parameters, such as 
the number of grains and orientation of crystallographic 
planes, is highly influential on adhesion properties. Specif-
ically, crystallographic planes in contact exhibit a higher 
tendency for self-adhesion than diverse planes. Krupp [82] 
and Keller [76] found that the lowest adhesion forces were 
achieved for close packed planes with high atomic density 
and low free surface energy. Regarding the solubility of 
dissimilar metals, material tends to be transferred from the 
softer metal to the harder one.

The effect of adhesion for a range of microstructural 
orientations and materials against hardness is demon-
strated in Fig. 18.

A significant limitation in the direct bonding of dis-
similar metals is galvanic corrosion. This is defined as 
the accelerated corrosion of a metal as a result of being in 
contact with another metal of higher potential [63], and 
commonly occurs in mechanical joining such as rivets or 
welds. Traditionally associated with dissimilar alloys, gal-
vanic corrosion is also observed in similar alloys with a 
varied chemical composition. Won et al. [167] investigated 
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the corrosion between friction welded dissimilar alumin-
ium alloys AA2017 and AA6063. The authors observed 
severe corrosion at the interface despite both materials 
being classified as aluminium. This is because the AA2017 
alloy has the lowest corrosion potential and acted as an 
anode when in contact with the AA6063, which has a 
higher corrosion potential and thus acts as the cathode. 
More exotic material pairings such as magnesium alloy 
with aluminium, steel or zinc exhibited much more aggres-
sive corrosion effects [140]. Examples of galvanic corro-
sion potential for a range of alloys in seawater, considered 
as a severe operating environment is shown in Fig. 19.

Shi et al. [133] extended the work of bi-metallic corro-
sion to tri-metal pairs, specifically for the combinations 
of aluminium 2024, Q235 mild steel and 304 stainless 

Fig. 16  Modelling oxidation 
with temperature: a Tempera-
ture dependence of kp for iron 
oxidation in air [35] and b Iron 
oxide formation on steel surface 
after heating in air [36]

Fig. 17  Intermetallic layer between aluminium and steel part [33]
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steel. According to the authors, 304 stainless steel always 
acts as the cathode, with 2024 aluminium alloy acting 
as the anode under the tested conditions. Moreover, the 
potential difference between 304 stainless steel and Q235 
mild steel was larger than that between Q235 mild steel 
and 2024 aluminium alloy. The authors conclude that the 

immersed media, either neutral, acid or alkaline solution, 
is highly influential with alkaline solution demonstrat-
ing the severest degradation. Therefore, the material pair 
selected for a forged multi-material gear must always con-
sider the service environment to minimise degradation.

It is suggested that the use of spacer materials, that 
are less susceptible to the effects of galvanic corrosion 
depending on material pair, may be used to act as the 
interlayer material as presented in Sect. 5.4.3.

5.4  Enhancing metallurgical bonds in multi‑metal 
forging

According to a review of the literature, the conditions of 
forging are beneficial for the formation of strong interme-
tallic bonds. In particular, the literature states that high 
temperature, pressure, relative material sliding and time 
in contact are positive promoters of bonding.

Time in contact is the most challenging variable to 
address in industry due to the competing requirements 
of minimised production time compared to maximising 
contact time to promote a diffusion bond [8]. Therefore, 
for practical applications, adjusting the variables of tem-
perature, pressure and relative sliding are more acceptable 
by industry.

Elevated temperatures improve adhesion and diffusion of 
a joint as the increased temperature results in increased sur-
face energy leading to an accelerated diffusion of electrons 
and atoms across a bond [57]. Moreover, elevated tempera-
tures have the effect of increasing ductility of the material, 

Fig. 18  Effect of material and 
crystal structure on adhesion 
[142]

Fig. 19  Galvanic corrosion in seawater for common alloys [85]
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thus aiding in the break-up of passivation layers. In particu-
lar, temperatures of at least 0.5 times melting temperature 
demonstrate clear diffusion [168]. There have been studies 
that have achieved successful welding at cold extrusion con-
ditions reducing the intermetallic phase difficulties. Studies 
by Yoshida et al. [172] enabled the successful bonding of 
carbon steel and aluminium alloys despite their traditional 
difficulty in bonding. However, these were achieved with 
special conditions such as hydrostatic processing making it 
difficult to be applied in industry [60].

Elevated pressures are known to promote solid state weld-
ing [174], although the literature notes that this is typically 
limited to pressures of at least twice the material flow stress 
[146] Relative sliding between the two materials has been 
proven to be beneficial for a range of solid state welding 
processes, such as cold pressure welding. This is due to 
the large surface sliding disrupting surface oxide/passiva-
tion layers prior to static welding [173]. The use of relative 
sliding for bonding promotion has been exploited commer-
cially in shear based welding processes such as friction stir 
welding [152], with studies showing that plastic deforma-
tion strains of approximately 40% are capable of disrupting 
oxide layers [39, 158].

According to Politis [120], the majority of literature stud-
ies involve maximising metal to metal contact for bonding 
promotion in order to disrupt the oxide layers, as shown in 
Table 1.

5.4.1  Diffusion bonding in vacuum

Diffusion bonding for industrial applications is tradition-
ally performed in a vacuum or in an inert gas atmosphere to 
prevent the instantaneous formation of oxide films [137]. As 
discussed earlier, metal surfaces which have been cleaned 
from contaminants such as water and oil films rapidly 
develop an oxide layer which negatively affects the forma-
tion of a bond. However, the use of a vacuum is confined to 
small or simple geometries with applications to hot forging 
being impractical, due to the need to encompass a forging 
press, furnaces and associated handling equipment.

A compromise may be the use of an inert gas environ-
ment, such as argon, although even commercially pure argon 

consists of considerably more oxygen than a low vacuum of 
approximately 133 Pa [75].

5.4.2  Macroscopic and microscopic plastic deformation

During contact of two apparently flat surfaces, the micro-
scopic surface roughness of each workpiece causes the con-
tact to occur only at the asperities [22]. Plastic deformation 
processes involve high strains of the workpiece to disrupt 
surface oxide layers and subsequently expose the clean metal 
layers whilst effectively increasing the true contact area. 
This is achieved because metal oxide is significantly more 
brittle than the parent material, typically having a ductility 
of only a few percent of the pure metal [39] enabling the 
oxide to be fractured by the plastic deformation to form a 
high quality metal–metal bond [75, 148]. Such processes 
can cause a solid state atomic bond to occur between the 
two contacting bulk metals as shown in Fig. 20. This bond 
is further enhanced by forming at elevated temperatures over 
longer timescales [60].

In order to achieve an effective bond, a minimum plas-
tic strain of approximately 40%, for aluminium alloys, is 
required to break up the oxide layers [39, 158], with increas-
ing strains up to 83% leading to improved bonds [86, 148]. 
It should be noted that plastic deformation may be restricted 
by material ductility [142]. In addition, highly deformed 
material contains a large number of dislocations which 
improve the likelihood of bonding as the materials are more 
chemically active on the surface [22], as defects increase 
the energy in the material [24]. However, it should be noted 
that during macroscopic plastic deformation, the oxide layer 
itself is not eliminated or dissolved and is simply broken up 
to allow the parent metal to deform around it [148]. There-
fore, this method alone will not result in an ideal metallic 
bond. Models of the oxide deformation and fragmentation 
process have been presented in the literature [28].

Microscopic plastic deformation operates on a similar 
principal in that the surface oxide layer is broken by defor-
mation of the asperities at a microscopic level [4, 46]. With 
this method, increased surface roughness improves the 
metallic contact, and hence the subsequent metallurgical 
bond [50, 128, 139, 147, 151]. Therefore, in combination 

Table 1  Summary of methods 
to promote inter-metallic 
bonding

Method of bonding promotion Reference

Conducting the process in a vacuum, with additional processes such as ion beam clean-
ing

[75, 87, 89, 170]

Macroscopic and microscopic plastic deformation [11, 70, 77, 101, 
144, 145]

Applying interlayer [47, 80, 137, 159]
Mechanical cleaning and protective coating deposition [27, 34, 136]
Active alloying elements [75, 94]
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with macroscopic deformation, the use of high plastic strains 
and surface roughness are shown to promote intermetallic 
bonding.

Numerous mathematical models have been developed to 
describe the behaviour of bonding commencing with the 
surface roughness effects at first contact [139]. During first 
contact, subsequent compression results in the voids closing 
between the two materials. The diffusion bond that follows 
has been segmented into two parts: a diffusional controlled 
process, and a plasticity controlled process [139, 141]. It is 
stated that the quality of the surface finish decides which 
process is more dominant, as for example, if the surface is 
relatively smooth, the process tends to be a diffusion con-
trolled one. The tendency of one process compared to the 
other is the function of intersection radius [139]. The pro-
cess of plasticity control operates by grain boundary sliding, 
grain rotation and movement [108], which is effective at 
breaking surface oxide layers [37, 165].

The material deformation with contaminant and passiva-
tion layer breakdown is a complex phenomenon. Bay [13] 
proposed a model to describe these phenomena as presented 
in Eq. 2.

where σB is the bond strength, and �
0
 is the yield strength. 

The first term in the expression describes the fracturing of 
passivation layer, whereas the second term represents the 
fracturing of contaminant film [60]. βA represents the area 
fraction of the contaminant films, p represents normal pres-
sure, and pE represents the pressure at which extrusion of 
bulk material through the cracks in surface layers is initiated 
[12]. The expression Y−Y

�

1−Y �
 represents the true surface expo-

sure for metals covered in contaminant films, where Y  is the 
surface expansion, and Y ′ is the threshold surface expansion 
to initiate cold welding for metals with only contaminant 
films [174]. While this model has been demonstrated to 
provide an effective representation of experimental results 
[174], it is limited to the cold welding of similar materi-
als. The model has been extended to dissimilar materials by 
Zhang [173], however, to date there does not appear to be a 
model to represent high-temperature solid state welding of 
dissimilar metals in a forging process.

(2)
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Fig. 20  Schematic of solid state 
welding evolution: a Plastic 
deformation of asperities, b 
Breakup of contaminant film 
and increase in true contact area 
of clean surfaces and c Weld 
formation [12]
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5.4.3  Applied interlayer materials

As discussed previously, the insolubility of material pairs 
and galvanic corrosion may limit the quality of the interlayer 
bond. A promising solution to preventing both effects could 
be the use of a third interlayer material to promote bonding 
between dissimilar base metals [75]. This is particularly the 
case for the bonding of dissimilar metals with significant 
differences in thermal expansion coefficient [107], such as 
aluminium-steel joints [3] or materials with substantial dif-
ferences in galvanic corrosion potential [85].

There are a range of interlayer materials and application 
methods proposed in the literature. The use of a foil inter-
layer has been demonstrated as a promising solution, where 
the deformation and splitting of the foil serve to effectively 
abrade the active surface and remove oxide films from the 
area of interest [106]. Politis [120] applied copper foil and 
silver foil to the interface of an aluminium and steel work-
piece to promote bonding during forging trials. It was dem-
onstrated that the application of a silver foil with texture 
pattern resulted in a bond failure load more than 10 times 
that of a simple copper foil. According to Zhang and Bay 
[174], the application of brittle Nickel or Chrome to the 
mating surfaces prior to solid state welding can promote 
the cracking of contaminant and passivation layers, thereby 
exposing clean bulk metal underneath for improved bonding.

A promising approach to an applied interlayer is the use 
of additive manufacturing technologies. Groche et al. [60] 
proposed the possibility of an additively manufactured outer 
layer which could be extended to the application of interlayer 
materials. Thusfar, multi-metal studies have focused on a 
solid inner material with an additively manufactured powder 
outer layer [20, 143]. However, it may be possible to addi-
tively manufacture a coating in a vacuum onto workpieces 
with high oxidising potential such as steels in order to also 
prevent oxidation during subsequent forging.

An alternative approach to the use of interlayer materi-
als is the Transient Liquid Phase diffusion bonding [135]. 
In this process, a copper interlayer of thicknesses 3, 7, or 
12.5 μm, is inserted between the two workpieces (Al6082 
and Al359) and interdiffusion between the applied interlayer 
and the base material pairs leads to the formation of a low 
melting point liquid phase (eutectic). This occurs at a con-
stant bonding temperature [137]. As a result of the formed 
liquid phase, the surface oxide layer is broken up thus pro-
moting metal-to-metal contact [137]. This liquid layer even-
tually solidifies isothermally due to continued diffusion at 
a constant bonding temperature. Improvements to the bond 
strengths achieved with this process were performed in 
subsequent studies [134, 135, 137]. Shirzadi [135], in the 
study of aluminium alloys with copper interlayers stated 
that a temperature differential between the upper and lower 

Fig. 21  Bond interface evolution with increasing temperature gradient (ΔT) between upper and lower workpiece a Schematic diagram and b 
Optical micrographs with (1) 20 °C/cm and (2) 70 °C/cm temperature gradients [135]
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workpieces results in the formation of non-planar or hori-
zontal, bond lines as shown in Fig. 21. It was found that 
the greater the temperature gradient (ΔT), varying from 
20 to 70 °C/cm, the greater the sinusoidal variation of the 
interface, where, according to the authors, higher strength 
bonds with a lower degree of scatter were formed, with shear 
strengths in 6082 aluminium bonds approaching those of the 
investigated parent alloy.

From a review of the literature, it can be concluded that 
the conditions for hot forging, including deformation strain 
and temperature are suitable for the formation of effective 
bonds between multi-metal pairs. Form and force closed 
mechanical joints are formed due to the inherent nature of 
the forming process with the conditions being appropriate 
for the promotion of metallurgical bonding. For challenging 
materials such as aluminium and steel, suitable interlayer 
materials may be applied to further improve the bonding 
quality. The literature has shown that oxidation and passiva-
tion layers can be removed prior to and during forming to 
promote an effective intermetallic bond. However, the usage 
of interlayer materials in high-strain situations such as forg-
ing have seen limited investigation.

6  Modelling of bi‑metal gear forging 
processes

The modelling of bi-metal forged components is challenging 
even at cold forging conditions due to the differing mate-
rial properties, varying friction behaviour and large defor-
mations. When incorporating hot forge properties, such as 
conduction, heat transfer coefficient, heat generation due to 
plastic deformation, pressure, and elastic deformation of 
tools, the processing power and simulation times required 
become inacceptable.

Politis et al. [118] modelled the cold forging of a bi-metal 
gear from model materials such as copper and lead. The 
material pairs were selected in order to avoid the need for 
elevated temperatures and enable lower forging loads in 
experimental work, thus removing a considerable number 
of variables from experimental and simulation work. The 
modelling of hot-forged bi-metal gears, from 8620 steel 
exterior and AA2014 aluminium interior materials, was 
performed by Wu et al. [169]. In this work, FE modelling 
of the process was conducted on Deform-3D. A comparison 
between the modelled and experimental results along cross 
sections of the bi-metal gear showed close comparison in the 
flow behaviour of the aluminium and steel materials. The 
simulation did include heat transfer parameters between the 
materials and tooling, however, the internal heat generation 
[23] with plastic deformation was not clearly stated with 
the study incorporating rigid rather than elastic tooling. It 

is expected that the inclusion of these variables is possible 
although with appreciable cost in computational efficiency.

The greatest challenge in bi-metal gear forging is the 
incorporation of the effect of the interlayer and intermetallic 
effects between the two base material pairs. Bambach et al. 
[7] proposed a finite element framework for a bond formed 
during plastic deformation processes with Khaledi et al. [78] 
proposing a mathematical model for bonding during large 
deformations. Finite element bond models have been applied 
to processes such as rolling [61], however, according to the 
authors’ knowledge, there is no available study modelling 
the entire bi-metal gear hot forging process with intermetal-
lic effects. Studies to date have focused specifically on the 
interlayer through the bonding of dissimilar materials. For 
example, Behrens et al. [18] characterised the joint zone via 
tensile tests for EnAW-6082 to 20MnCr5 and C22 to 41Cr4 
joint pairs. In the study, the authors friction-welded two 
cylindrical samples along the axial direction of which dog-
bone tensile samples were extracted along the 0°, 20°, and 
30° axis. However, in the forging of bi-metal gears, the vary-
ing geometry of the gear teeth, temperature variations and 
pressure profiles along the tooth root, flank, and tip, result 
in any experimental and numerical studies being focused on 
conditions found in specific regions of the bi-metal interface 
rather than the entire gear tooth profile.

To this end, Politis [120] proposed a simplified test rig 
and specimen geometries that were designed to replicate 
the interface conditions found in aluminium-steel gear forg-
ing along the tooth profile. The tests attempted to replicate 
bi-metal gear forging for the reviewed geometry in terms 
of the pressure, contact time, slip and temperature condi-
tions at the tooth tip, flank and root simultaneously on a sin-
gle conical workpiece, enabling subsequent tests of tensile 
and shear as shown in Fig. 22. The test rig also enabled the 
evaluation of interlayer materials to enhance bonding. As 
shown in the figure, the steel sample was cylindrical with a 
machined internal cone, with the aluminium sample having 
an inverted chamfer. The temperatures of 400 °C for the 
core, 950 °C for the ring, and 150 °C for the tooling were 
incorporated in the model similar to the gear forging trials. 
During forming, the radial movement of both materials was 
constrained, enabling the aluminium sample to flow into the 
cone of the steel sample, with a small contact band slipping 
on the steel surface towards the centre of the workpieces. As 
the load is increased, the locations marked as ‘Average’ and 
‘Last Contact’ in Fig. 22a progressively roll out and contact 
onto the steel surface, with an increased strain and slip when 
compared with the ‘First Contact’ region. The overall effect 
is at the end of the deformation, there is a smooth variation 
in level of surface slip from the outside to the inside of the 
sample (excluding edge effects of the outermost diameter 
and central flat of the steel sample) which replicates the 
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strain and slip values found in analogous regions during the 
gear forging.

As can be seen from Fig. 23a and b, the highly com-
plex nature of the interface such as the contact pressure and 
temperature are reasonably represented. The proposed test 
rig was subsequently utilised for the evaluation of bonding 
interlayer materials, which enabled the elimination of costly 
equipment required for full scale gear forging trials.

In addition to the modelling of the bi-metal forging pro-
cesses, several studies have been conducted in the literature 
with the focus on the mechanical performance of the gears. 
Karpat et al. [74] evaluated the effect of outer ring thick-
ness on the stiffness of the gear for an aluminium-steel and 
CFRP-steel gear. For an aluminium core, it was found that 
a decreasing thickness of the high strength ring reduces the 
gear tooth stiffness, with a stiffness reduction of up to 27.5% 
compared to a solid gear. However, with a modest ring thick-
ness and CFRP core, it is possible to achieve similar stiffness 
with a solid steel gear at 38% less weight. Yilmaz et al. [171] 
numerically investigated the static and dynamic behaviour of 
bimetallic spur gears using ANSYS. For the gear geometry 
selected, the authors found that ring thicknesses between 
3.5–5 mm were optimum regarding weight reduction, and 
dynamic analysis showed that there is little difference 
between the solid and bimetallic gear designs. The variable 
that has a significant effect on the dynamic behaviour of the 
bimetallic spur gear is the addendum value. For example, 
when the addendum is increased by only 20% (from 1 to 
1.2 m), the maximum dynamic factor reduces by approxi-
mately 50%. Moreover, the authors suggest that instead of 
modifying the stress profile within the gear by adjusting the 
steel ring thickness, it is possible to focus on adjusting gear 
variables such as tooth tip radius and pressure angle. In this 
way, bi-metallic gears can exhibit similar dynamic response 

and bending performance to solid steel gears whilst achiev-
ing up to 40% weight reduction. The effect on tooth stiffness 
for a range of steel ring thicknesses and a solid steel tooth 
are shown in Fig. 24.

As can be seen in Fig. 24, the tooth stiffness values 
decrease with decreasing ring thickness, which is expected 
due to the core material having a lower elastic modulus than 
the ring material. In the figure, the radius of 60 mm cor-
responds to the tooth tip whereas 53.25 mm corresponds to 
the base circle. In terms of thickness, the mean stiffness is 
reduced by 38%, 28%, 15% and 9% for ring thicknesses of 
1, 2, 3.5 and 5 mm respectively.

In addition to the evaluation of gear tooth stiffness, Politis 
et al. [119] evaluated the stress distribution during contact 
of bi-metal gears. In this study, the stress distribution at 
the location of contact, and tooth roots were modelled for 
aluminium-steel gears of uniform steel ring thicknesses of 
1 mm, 2 mm, 4 mm and 6 mm and compared to a solid steel 
gear. In addition, the study incorporated the flow behaviour 
of the steel ring, including the thinning of the tooth flank 
determined during forging. In the study, it was found that the 
thinning occurring during forging had a significant effect on 
the compressive and tensile fillet stresses. For the evaluated 
gear geometry, a uniform steel ring thickness of 6 mm pre-
sented a stress distribution almost identical (within 4%) to 
that of a solid steel tooth. However, when incorporating the 
true ring profile post forging, it was found that the stresses 
were 20% greater than in a solid steel gear (Fig. 25).

From these early works, it is found that lightweight bi-
metal gears can be designed to exhibit comparable perfor-
mance to traditional single material steel gears. However, it 
should be noted that these studies were numerical in nature 
and thus further investigation including dynamic experimen-
tal testing is required.

Fig. 22  Bi-metal forging interface conditions test-rig: a Aluminium sample, b Steel sample, c Cross-section of test rig [120]
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7  Discussion

The present paper provides an overview of the literature 
related to the development of forged lightweight multi-metal 
gears, ranging from the initial workpiece design, workpiece 
heating methods, multi-metal workpiece production, multi-
metal bonding and post forging analysis. A review of the 
literature has shown that each study has focused on a unique 
workpiece and gear geometry, thus resulting in a direct abso-
lute comparison of the benefits of alternative methods being 
difficult, although it does provide indications as to the opti-
mal processing route.

The production of effective multi-metal workpieces prior 
to forging is crucial for the success of forging. In the litera-
ture, this has been generally performed as either the produc-
tion of a single workpiece combining two or more materials 
[51, 113, 150], or the assembly of two or more metals into 
the die prior to forging [118, 169]. For the production of a 
single multi-metal workpiece, significant processing prior to 
forging is required to optimise the workpiece integrity. For 
example, co-extruded inner core and outer sleeve materials 
require an extrusion tool arrangement which adds signifi-
cant cost to small scale production lines [150]. Moreover, 
bi-metal casting [98], whilst being used for several decades 

Fig. 23  Interface test rig model-
ling: a Contact pressure for gear 
forging simulation (at tooth 
root) vs. solid-state welding 
test simulation, b Steel surface 
temperature (final state) along 
interface [120]
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is limited to the selection of metals with similar thermal 
properties. Welding is a simple to use and widely available 
technology, which requires care to ensure air gaps between 
the two materials do not occur throughout the contact inter-
face. The use of magnetic pulse welding technologies has 
shown that an air gap free surface could be achieved between 
two materials [55]. An alternative method to the pre-joining 
of dissimilar metals, which involves the telescopic assembly 
of an outer high strength ring, followed by a lightweight 
cylindrical core material has been investigated. Through this 
method, the metals are joined during the forging process as 
a result of the high temperatures and pressures experienced. 
Whilst the bond between the two metals was found to not be 
consistent, due to the variation in pressure across the tooth 
root, flank and tip interfaces, this method has avoided time 
intensive and costly operations prior to forging.

Forging of dissimilar metals at elevated temperatures is 
challenging as dissimilar metals may have excessive differ-
ences in thermal properties and flow behaviour including 
poor ductility, vastly different thermal expansion coefficients 
and melting temperatures. Aluminium-steel pairs have been 
investigated in the literature showing the ideal processing 
window of steel being > 900 °C and aluminium between 
400–500 °C, in order to avoid melting of the aluminium and 
to correlate the relative shrinkage due to differing thermal 
expansion coefficients. Behrens and Kosch [19] presented 

a processing window in order to correlate the differences 
in thermal behaviour and avoid the presence of an air gap 
after contraction of the materials post forging. Heating of 
preforms has been conducted in either individual furnaces 
each set to the required temperature of the metals, requiring 
the workpieces to be transported into the die and forged. 
Whilst a relatively simple method to perform, the transpor-
tation of workpieces from the furnace to the die can involve 
substantial temperature reductions of up to 50 °C resulting 
in a non-optimised forging [26]. Moreover, for gears requir-
ing more than two metals, the use of several furnaces to 
heat individual workpieces becomes impractical. A prom-
ising solution is the use of induction heating coils to heat 
the workpiece whilst positioned within the die. Induction 
heating has been proven to heat telescopically assembled 
aluminium-steel pairs within 20 s, and moreover, the pres-
ence of the air gap between the steel ring and aluminium 
core is favourable due to the induction heating only heating 
the outer steel blank with radiation heating increasing the 
temperature of the aluminium. Through appropriate selec-
tion of coil design and frequency, a single coil arrangement 
positioned on the outer perimeter of the steel ring can simul-
taneously heat aluminium and steel to their target tempera-
tures [19, 56].

Experimental gear forging studies have demonstrated 
that mechanical bonding on the macro and micro scale 

Fig. 24  Effect of steel ring thickness on tooth stiffness [171]
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between dissimilar metals could be achieved during gear 
forging as a result of inherent forming of the gear teeth. 
The relative movement of an inner core material into 
the tooth profile restricts movement of the outer ring in 
both the rotational and axial direction, with axial restric-
tions forming as a result of friction between the punch 
and counterpunch against the workpiece. However, the 
greatest challenge to the integrity of a multi-metal gear 
is the metallurgical bond between the dissimilar pairs [4]. 
Forging conditions are favourable for diffusion bonding in 
forging as the pressure and temperature variables fulfil the 

requirements of such a bond. However, time under contact 
is an essential variable to the promotion of a strong met-
allurgical bond which is a competing requirement to the 
short production times required by industry [8]. Moreo-
ver, even thoroughly cleaned workpiece surfaces contain 
multiple contaminants of the order of several micrometres 
thick [75], with oxide quickly reforming post cleaning. It 
has been stated that an observable oxide layer can form on 
an aluminium workpiece within 15 s post cleaning at room 
temperature with times reducing at elevated temperature 
conditions [73].

Fig. 25  Stress distribution 
on the: a Compressive and 
b Tensile roots for bi-metal 
aluminium steel and solid steel 
gears [119]
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Numerous methods to remove contaminant and passiva-
tion layers and promote diffusion bonding had been pro-
posed in the literature. These include the use of a vacuum, 
macro and microscale deformation, the application of inter-
layer materials and protective coatings. The use of a vacuum, 
whilst effective, is impractical in a forging environment due 
to the size of the equipment involved [87]. For the applica-
tion of a protective atmosphere, it may be possible to uti-
lise an inert gas environment, such as argon gas, although 
it is recognised that there is significantly more oxygen pre-
sent that could oxidise the workpiece surfaces. Macro and 
microscale deformation inherently occurs during the forging 
process. This is an effective diffusion bonding promoter as 
it disrupts the oxide layer that has a lower ductility than 
the parent materials, with strains of 40% being sufficient 
to break up this layer [158]. Whilst bonding is promoted, it 
should be noted that the oxide layer is not entirely dissolved 
or removed from the interface, but is simply broken up ena-
bling base material to flow around it. Thus, these brittle 
areas of oxide may still potentially cause failure during long 
term operation of the gear. Interlayer materials have been 
proven to be highly effective at simultaneously encouraging 
bonding and also minimising galvanic corrosion [174] for 
materials of substantial corrosion potential such as alumin-
ium-steel or magnesium-steel combinations. The application 
of interlayer materials has been performed as either a foil or 
an additively manufactured surface layer. According to the 
literature, nickel [66], copper [83] and even silver [10] are 
effective interlayers in bonding promotion.

Modelling of multi-metal forging is challenging due to 
the complexity of dissimilar properties and the interlayer 
surface. Finite element modelling of bi-metal forging pro-
cesses has been conducted in the literature, however, the 
introduction of interlayer formation during such a forging 
process has not been performed according to the authors’ 
knowledge. The study of interlayer surfaces is typically 
subject to dedicated studies with Behrens et al. [18] model-
ling such a surface through the tensile testing of samples 
extracted through the bonding of EnAW-6082 to 20MnCr5 
and C22 to 41Cr4 material pairs. The limitation of such stud-
ies is that during gear forging, pressure and temperature con-
ditions along the tooth root, flank and tip profiles vary signif-
icantly resulting in any evaluation focusing on only a portion 
of the multi-metal tooth interface. Politis [120] designed a 
simplified test rig to model the pressure and temperature 
conditions along the tooth interface with preliminary analy-
sis showing a promising representation of the conditions 
found during bi-metal gear forging. The literature has also 
numerically evaluated the potential performance of bi-metal 
gears through the evaluation of tooth stiffness [74], dynamic 
characteristics [171] and internal tooth stresses [119]. It was 
found that for the evaluated geometries, bi-metallic gears 
exhibit similar bending performance to solid steel gears with 

a 40% weight reduction, stiffness reduction between 9–38% 
depending on outer steel ring thickness and tooth stresses 
between 4–20% greater than solid steel. Therefore the litera-
ture concludes that substantial weight savings can be made 
with a minimised mechanical performance impact. However 
it should be stated that the evaluated studies were numerical 
in nature and experimental work is further needed to verify 
the multi-metal forged gear performance.

Modern modelling approaches such as the use of genetic 
algorithms and case based reasoning (CBR) systems are 
increasingly being applied for forging of single material 
components with promising potential to be extended to 
multi-metal production. Optimisation studies [138] have 
proven that knowledge based systems, once having defined 
appropriate boundary constraints, can rapidly converge to an 
optimised solution in a relatively short period of time. How-
ever, the user should take care in the selection of boundary 
condition constraints as optimisation systems may converge 
to local rather than global solutions. It is expected that such 
intelligent systems will enable rapid optimisation of preform 
design and processing parameter selection whilst avoiding 
the time intensive and repetitive unidirectional FE modelling 
and optimisation approach which is currently in use.

8  Conclusions

A review of the literature suggests that multi-metal gear 
forging is a promising solution to the reduction of gearbox 
assembly weight whilst maintaining performance. Numer-
ous research works have focused on a range of material pairs 
including the achievement of cost reduction through the use 
of high strength steels at the tooth region with low carbon 
steel in the centre, or the reduction of weight through the 
replacement of low carbon steel with lightweight alterna-
tives such as aluminium alloys. As research studies have 
focused on unique material pairs and geometries, it is dif-
ficult to directly compare all the methods to common bench-
mark values, although valuable lessons can be learnt regard-
ing workpiece design, heating, forging and strengthening.

The co-extrusion of dissimilar metals is seen as the most 
rapid means of producing single workpiece bi-metal pre-
forms, with the use of individual workpieces assembled in 
the die prior to forging as the lowest cost alternative due to 
the avoidance of manufacturing operations prior to forging. 
The advantage of pre-joining the multiple metals prior to 
forging is the more accurate control of the bond interface 
compared to bonding directly through forging. The effects 
of material compatibility are crucial to minimise the impact 
of galvanic corrosion and promote bonding, and interlayer 
materials are recommended to limit the adverse effects 
of these parameters. The thermal processing window is 
crucial to the success of a multi-metal gear as the use of 



258 Production Engineering (2021) 15:235–262

1 3

inappropriate temperatures may lead to separation and the 
formation of an air gap due to differing thermal expansion 
coefficients, or result in cracking of the workpiece due to 
poor ductility. For aluminium-steel pairs it is recommended 
to heat steel to temperatures greater than 900 °C and alu-
minium between 400 to 500 °C. This temperature selection 
also enables the control of thermal contraction post-forging 
to produce a robust gear. Induction heating to attain such 
temperature control is superior to the use of furnace heat-
ing as induction systems could be placed in close proximity 
to the die thus minimising thermal loss during workpiece 
transfer. Moreover, the literature has stated that a single coil 
design could heat both metals to their target temperatures 
thus avoiding the use of multiple furnaces. However, the 
selection of any method, or combination of methods, to pro-
duce a multi-metal forged gear is highly geometry and mate-
rial dependent and therefore practical constraints mean there 
is no single processing route that is ideal for the manufacture 
of all multi-metal forged gears. Expert systems are expected 
to aid users in the optimisation of a gear forging, although 
these are still in the early stages of development, particu-
larly for multi-metal gear forging operations, and show enor-
mous potential to optimise all aspects of the manufacturing 
process. These systems would enable users to upload their 
geometry and material requirements, and through an evalu-
ation of prior case studies stored in a database, provide a 
suitable avenue to the most efficient processing route for the 
forging of multi-metal gears.
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