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Abstract 

This study deals with the sustainability analysis of bimetallic components putting emphasis on energy, material, and 
component efficiencies. Energy efficiency deals with the energy consumption of friction welding and material removal 
processes needed to produce the component. Material efficiency deals with the yield, light-weighting, cost, and CO2 
footprint of primary material production of the materials used in the component. Component efficiency deals with the 
alternation of functional properties of the component (surface-finish, strength, etc.). Numerical examples are cited based 
on a case-study of a bimetallic component made from commercial pure Aluminum and Titanium. It is found that the 
material efficiency is more effective than the energy efficiency in enhancing the sustainability. The outcomes of this study 
will help make informed decisions in developing sustainable components for automotive/aerospace industry and beyond. 
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1 INTRODUCTION 
The concept called energy efficiency (i.e., reduction of 
greenhouse gas emission by reducing the energy 
consumption or using cleaner energy sources) has been the 
main concept for achieving sustainability in different 
fields including manufacturing. Energy efficiency alone is 
not enough for solving the problems of sustainability. The 
concept called material efficiency is needed, in addition 
[1-3]. Material efficiency means reduction of material 
use/weight/cost, yield enhancement, and alike [1-3]. 
In some automotive/aerospace applications, bimetallic 
components (components consist of two different metal 
alloys) are preferred over their monometallic counterparts 
because the bimetallic components help reduce 
cost/weight [4-11]. This means that the bimetallic 
components help achieve some of the objectives of the 
abovementioned material efficiency. To produce a 
bimetallic component, on the other hand, two metal pieces 
are first joined employing friction welding [4-11]. A 
finishing process follows the joining process ensuring the 
desired shape and surface-finish [11]. The energy and 
material efficiencies of these manufacturing processes are 
also important ingredients of sustainability analysis. 
Moreover, due to the coexistence of two different metal 
alloys (say A and B), a bimetallic component may exhibit 
some unique features. For example, the surface-finish of a 
segment made from material A might not be the same as 
the surface-finish of the other segment made from material 
B. The material properties of the component is not the 
same as those of its constituent materials. The alternation 
of the functional properties (surface-finish, strength, etc.) 
of bimetallic components is referred to as component 
efficiency. Thus, the sustainability analysis of bimetallic 
components has three facets: energy efficiency, material 
efficiency, and component efficiency, as schematically 
illustrated in Fig. 1. This study sheds some lights on these 

three facets. 
The remainder of this article is organized as follows: 
Section 2 describes the fabrication of a bimetallic 
component. Sections 3-5 describe the indices to measure 
the energy efficiency, material efficiency, and component 
efficiency, respectively. Section 6 provides the concluding 
remarks of this study. 

 
Fig. 1: Sustainability analysis of bimetallic components. 

 
2 BIMETALLIC COMPONENT FABRICATION 
To fabricate a bimetallic component, first, two objects 
made of two different metal alloys are joined usually by 
friction welding [4-11]. A finishing process (e.g., turning) 
follows the joining process. The finishing process first 
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removes the flash generated during the joining process. 
This process also ensures the desired shape and surface-
finish of the component [11]. The right-hand-side of Fig. 2 
schematically illustrates such manufacturing processes. 
The left-hand-side of Fig. 2 shows pictures of a real 
bimetallic component made from commercial pure Al and 
Ti. The existence of flash can be observed from the first 
picture (Fig. 2) taken after performing the joining process. 
The second picture in Fig. 2 is the picture taken after 
performing the finishing process. The last picture is the 

picture of the surface around the joint interface, which is a 
magnified view of the surface around the joint interface. 
From this picture one can identify the difference in 
surface-finish that exists in the segments of Al and Ti. It is 
worth mentioning that the joining process affects the 
material properties, chemical compositions, and 
crystallographic characteristics of the joint interface [4-9]. 
As a result, a bimetallic component behaves differently 
than the constituent materials. 

 

 
Fig. 2: Producing a bimetallic component. 

 
 

 
Fig. 3: Important parameters of friction welding 

The process parameters of friction welding are 
schematically illustrated in Fig. 3. Some of the parameters 
are already shown in Fig. 2. As seen from Figs. 2-3, 
friction welding undergoes two stages: friction heating 
and upsetting [4-9]. In friction heating, one of the objects 
first approaches the other at a velocity (v) until a physical 
contact being established. Simultaneously, the 
approaching object rotates at a rotational speed (N). The 
other object remains standstill. Just after establishing the 
physical contact, the objects are pressed against each 
other. A pressure (P1) is maintained. As a result, heat is 
generated in the interface of the objects due to excessive 
friction. This causes a great deal of plastic deformation. 
After a period, the rotational speed is stopped and the next 
stage called upsetting starts. In this stage, one of the 
objects is moved toward the other while maintaining a 
pressure (P2). As a result, joining between two objects 
takes place. Note that P2 is greater than P1. An amount of 
flash is generated at the joint interface as a result of 
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joining. Later the finishing process removes the flash and 
ensures the desired shape and surface-finish. 
 
3 ENERGY EFFICIENCY 
Energy efficiency of a bimetallic component is the energy 
intensiveness of joining and finishing processes. In this 
study joining process means friction welding and finishing 
process means turning. 
It is worth mentioning that although there are 
comprehensive studies on different issues of friction 
welding [4-9], there is no study on the energy 
intensiveness of it. Therefore, it is important to a 
theoretical model of energy intensiveness of friction 
welding. On the other hand, energy efficiency of material 
removal processes (e.g., turning, milling, drilling, etc.) has 
been studied by many authors [12-17]. 
However, it is found that the theoretical minimum energy 
consumption of a manufacturing process [12-13] is about 
10-30% of the total energy needed to perform the same 
process in the real context because most of the energy is 
consumed by the peripheral devices (heating, cooling, and 
lighting equipments), not by the process itself [14-17]. 
Thus, it is not unlikely that real energy consumption of a 
manufacturing process is ten times greater than the 
theoretical energy consumption. 
Let t1 and t2 be the durations of friction heating and 
upsetting, respectively. Let r be the radius of the interface; 
µ be the coefficient of friction; L be the distance travelled 
during upsetting. As such, the theoretical energy 
consumption of friction welding (EJ) is the summation of 
friction heating energy (EF) and upsetting energy (EU): 
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Equation (1) can be modified for objects having cross-
sections other than the assumed cross-section (circular 
cross-section). Note that the coefficient of friction µ might 
vary during t1. It has been reported that at the time of 
initiation of friction heating (when the temperature is low), 
µ is quite high (about 0.8). With the increase in 
temperature µ goes down significantly (about 0.3) [10]. 
Thus, for the sake of estimation µ is considered to be 0.5, 
a value about the average. 
The component shown in Fig. 2 corresponds to P1 = 50 
MPa, P2 = 100 MPa, N = 1500 rpm, v = 20 mm/sec, r = 9 
mm, t1 = 2 sec, t2 = 6 sec, L ≅ 10.5 mm (L is calculated 
from LA + LB - LF). This yields EJ = 12290.85 J or 0.0034 
kWh. As a result, CO2 footprint of this amount of energy 
is about 2 g-CO2 (588 g-CO2 per kWh of energy [18-19]), 
which is not a significant amount. 

In addition to EJ, a theoretical amount of energy denoted 
as ET is consumed during the finishing process (turning). 
Thus, energy efficiency of a bimetallic component 
denoted as EP is given as: 

TJP EEE +=       (2) 

One of the recommended ways to estimate ET is given as: 
TVFE ccT =       (3) 

In Equation (3), Fc denotes the cutting force; Vc denotes 
the cutting velocity; and T denotes the machining time. It 
is assumed that the cutting force is directly proportional to 
hardness/strength of the material to be machined. In case 
of a bimetallic component, a great deal of variability in Fc 
is observed. In addition, Fc does not correspond to 
hardness/strength of the materials as expected [14-15]. 
This is best explained by the cutting force signals shown 
in Figs. 4-5. The signals shown in Figs. 4-5 are the signals 
of Fc when the bimetallic component shown in Fig. 2 is 
turned under the following conditions: carbide cutting 
tool; cutting tool nose radius = 0.4 mm; depth of cut = 0.5 
mm; feed rate = 0.051 mm/rev; cutting speed = 50 m/min. 

 
Fig. 4: Cutting force (turning direction Al to Ti). 

 
Fig. 5: Cutting force (turning direction Ti to Al). 

The cutting force signals shown in Fig. 4 correspond to the 
turning direction Al to Ti (i.e., turning from softer material 
to harder material). The cutting force signals shown in Fig. 
5 correspond to the other possibility, i.e., turning direction 
Ti to Al (i.e., turning from harder material to softer 
material). In Figs. 4-5, the time point equal to 1 sec 
represents the joint interface. When a cutting tool starts to 
cut the softer material (i.e., starts to cut Al) the cutting 
force remains unstable (see the left segment of cutting 
force signals in Fig. 4). This instability disappears soon, 
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but a degree of unwanted friction among the cutting tool, 
work-piece, and chip persists. Therefore, softer material 
(in this case Al) exhibits a higher cutting force than that of 
the harder material. This can be realized by comparing the 
force signals shown in Figs. 4-5. Thus, to estimate ET of a 
bimetallic component, the following expression can be 
used: 

[ ]BcBAcAcfcAcfT TFTFVTFVE ++=    (4) 

In Equation (4), Vcf denotes the average cutting velocity 
during the flash removal process; Vf denotes the average 
cutting velocity during finishing; FcA denotes the average 
cutting velocity while removing metal alloy A; FcB 
denotes the average cutting velocity of metal alloy B; Tf 
denotes the machining time of flash removal; TA denotes 
the machining time of metal alloy A; and TB denotes the 
machining time of metal alloy B. Note that in Equation 
(4), it is assumed that metal alloy A forms the flash. It is 
true if metal A is the softer material. In this study, A 
means Al and B means Ti, i.e., the above proposition is 
true for this study. However, referring to Figs. 4-5, FcA = 
110 N and FcB = 70 N. 
 
4 MATERIAL EFFICIENCY 
This section describes some parameters to measure the 
material efficiency of a bimetallic component. In 
particular, the parameters called volumetric yield, weight 
reduction coefficient, CO2 footprint diminution, and cost 
reduction coefficient are considered, as follows: 
4.1 Volumetric yield 
Volumetric yield (YV) measures how much material has 
been utilized (or how much material has been wasted) 
during manufacturing processes (joining and finishing) in 
terms of volume. The expression of YV is as follows: 
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+
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In Equation (5), VAI denotes the volume of blank made of 
metal alloy A; VBI denotes the volume of blank made of 
metal alloy B; VAF denotes the volume of metal alloy A in 
the finished component; and VBF denotes the volume of 
metal alloy B in the finished component. A value of YV 
close to 1 is desirable, indicating the fact that there is no 
significant loss of material due to joining/finishing. 
Recall the bimetallic component shown in Fig. 2. The 
component is made by joining two cylindrical objects 
(both 80 mm long) made from commercial pure Al and Ti. 
The diameter of Al blank is 18 mm whereas the diameter 
of Ti is 16 mm. (This is a common scenario in friction 
welding−the object made from relatively softer material 
has larger cross-sectional area so as to avoid any unwanted 
deformation/buckling.) The flesh is removed and the 
diameter is adjusted to 16 mm. The overall length of the 
bimetallic component after finishing is equal to 149.5 mm 
(LAF + LBF = 70 mm + 79.5 mm = 149.5 mm). Thus, for 

this case: VAI = π*92*80 mm3, VBI = π*82*80 mm3, VAF + 
VBF = π*82*149.5 mm3. This yields YV = 0.82 (or 82%). 
This means that 18% of the material in terms of volume is 
not utilized, which is not desirable, however. 
4.2 Weight reduction coefficient 
Let ρA and ρB be the density of metal piece A and B, 
respectively and A is lighter than the other, ρB > ρA. Let 
mAF and mBF be the masses of metal piece A and B in the 
finished product. Also, let mM be the mass of the 
monometallic counterpart of the bimetallic component. 
Weight reduction coefficient (WL) thus measures the 
degree of weight reduction of the bimetallic component 
compared to its monometallic counterpart, as follows: 
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Recall the bimetallic component shown in Fig. 2. For this 
case, ρA = 2.7 g/cm3 and ρB = 4.52 g/cm3 [20]. Thus, VAF = 
π*82*70 mm3 and VBF = π*82*79.5 mm3. This yields WL = 
0.82, i.e., 18% weight reduction has taken place. Note that 
from the density viewpoint the expected weight reduction 
should have been 60% (2.7/4.52), whereas in reality it is 
about 18%, only. The reason is that the segments of Al 
and Ti are unequal in length (LAF = 70 mm, LBF = 79.5 
mm). The weight reduction coefficient can be enhanced by 
keeping two lengths equal (i.e., by keeping LAF = LBF). 
This might reduce the volumetric yield YV because the 
blank size of the lighter (or less stronger metal piece) is 
larger than that of finished component (LAI = LAF + ∆LA, 
and ∆LA is larger enough). Thus, a trade-off is needed to 
get an optimal solution in terms of weight-reduction 
coefficient. 
4.3 CO2 footprint diminution 
CO2 footprint diminution measures CO2 emission 
reduction of the bimetallic component compared to its 
monometallic counterpart. The formulation is as follows: 
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In Equation (7), mAI and mBI are the masses of the blank of 
metal pieces A and B, respectively; and CA and CB are the 
CO2 footprints of primary material production of metals A 
and B, respectively. CO2 footprints of primary material 
production of Al and Ti are 9.5 kg-CO2/kg and 40 kg-
CO2/kg, respectively, [20] i.e., CA = 9.5 g-CO2/g and CB = 
40 g-CO2/g. This yields CP = (522 + 2908)/5434 = 0.63. 
This means that 37% reduction in CO2 footprint has been 
achieved. However, it would be beneficial to see the 
absolute reduction in CO2 footprint of primary material 
production. The formulation is as follows: 

( )BBIAAIBMPA CmCmCmC +−=     (8) 

In Equation (8), CPA denotes the absolute reduction in CO2 
footprint of primary material production. For the case 



shown in Fig. 2, CPA = [5434 - (522 + 2908)] g-CO2 = 
2004 g-CO2. 
It is worth mentioning that increase in CO2 burden due to 
friction welding is insignificant (2 g-CO2, see the previous 
section) compared to CO2 footprint reduction (2004 g-
CO2) as a result of material efficiency. However, CPA < 0 
means that the bimetallic component does not help reduce 
the CO2 burden. 
4.4 Cost reduction coefficient 
Cost is an important component of sustainability and 
material cost is many folds higher than manufacturing 
cost. Therefore, cost increment due to manufacturing 
(friction welding, turning) is assumed to be well 
compensated by material cost saving. To measure the 
degree of cost reduction, a coefficient is proposed, as 
follows: 
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In Equation (9), PP denotes the cost reduction coefficient; 
PA and PB are the cost of metal alloys A and B, 
respectively. For the case shown in Fig. 2, PA = 2.4 
USD/kg (Al) and PB = 53 USD/kg (Ti) [20]. This yields 
PP = (0.132 + 3.85)/7.2 = 0.553. This means that the 
bimetallic component helps reduce the material cost by 
44%. 
4.5 Material efficiency index 
The measures called volumetric yield, weight reduction 
coefficient, CO2 footprint diminution, cost reduction 
coefficient can be aggregated into a single measure called 
material efficiency index (MI), as follows: 

PP

LV
I PC

WYM =      (10) 

For the case shown in Fig. 2, MI = (0.82*0.82) / 
(0.63*0.553) = 1.93. The more the value of MI is the better 
the material efficiency is. 
 
5 COMPONENT EFFICIENCY OF BIMETALLIC 

COMPONENTS 
As mentioned before, due to the coexistence of two 
different metal alloys and alternation of material 
characteristics in the joint interface, a bimetallic 
component may exhibit some unique features (e.g., may 
exhibit a significant difference in surface-finish at 
different segments, a significant difference in material 
properties compared to those of constituent materials, and 
alike). This is referred to as component efficiency. To 
quantify the component efficiency, two quantities are 
proposed. One of the quantity deals with the surface-finish 
and the other deals with strength. 
5.1 Surface-finish coefficient 
Surface-finish coefficient measures the degree of 
difference in surface-finish of metals A and B in the 

finished component. Figures 6-7 show the surface profiles 
of the bimetallic of Fig. 2 for cutting directions Ti to Al 
and Al to Ti, respectively. As seen from Figs. 6-7 surface-
finish in the segment of Al is not the same compared to 
that of in the Ti segment. 

Fig. 6: Variability in the surface-finish (Ti to Al). 

 
Fig. 7: Variability in the surface-finish (Ti to Al). 

 
To measure the difference the following coefficient 
denoted as SP can be used: 

( )bBaA
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=     (11) 

In Equation (11), RaA and RaB are the arithmetic average 
surface roughness of the segments of A and B, 
respectively. Instead of using the coefficient defined by 
Equation (11), one may use the entropy-based parameters 
[11], however. 
5.2 Joint efficiency 
The strength of the bimetallic component is not the same 
compared to that of its constituents A and B. This evolves 
a parameter called joint efficiency (JP), given as: 

( )BA

P
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σσ
σ
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=      (12) 

In Equation (12), σA, σB, and σP are the strengths of A, B, 
and bimetallic component, respectively. Usually, JP = 1 is 
desirable. In reality it is difficult to achieve this [4-9]. The 
parameters of friction welding, as explained in Section 2, 
needed to be adjusted to achieve keep JP around unit. 
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6 CONCLUDING REMARKS 
Sustainable manufacturing should incorporate the aspects 
of energy, material, and process related issues [18-19, 21] 
to make it more meaningful. This study is one of the 
examples of such a comprehensive analysis of 
sustainability. Particularly some aspects of material 
efficiency, i.e., weight/cost reduction, might affect other 
aspects such as yield and energy efficiency as shown in 
this study. Nevertheless, the indices introduced in this 
study can be used a fair analysis of sustainability of a 
bimetallic component, in particular, and a component 
made from different materials, in general. However, the 
material efficiency of cutting tools is not considered in this 
study. In fact, cutting tools are nowadays made from very 
hard materials, which, on one hand creates a favorable 
condition for achieving sustainability by reducing the 
machining time and tool wear [22], but, on the other hand, 
might left a significant amount of environmental burden 
[23-24]. This issue remains open for further research. 
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