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Abstract The major difficulty when joining commercially
pure titanium (cp-Ti) and aluminum (Al) lies in the existence
of formation of oxide films and brittle intermetallics in the
bond region. The diffusion bonding (DB) process parameters
such as bonding temperature, bonding pressure, and holding
time play a major role to determine the joint strength. In this
investigation, an attempt was made to develop an empirical
relationship to predict the lap shear strength, interface layer
thickness, and weld interface hardness of diffusion-bonded
cp-Ti–AA 7075 aerospace aluminum alloy, incorporating
above said parameters. Response surface methodology
(RSM) was applied to optimize the DB process parameters
to attain the maximum shear strength, hardness, and optimum
interface layer thickness of the joint. Lap shear tensile test was
performed to evaluate shear strength of joints. From this in-
vestigation, it is found that the bonds fabricated with the bond-
ing temperature of 510 °C, bonding pressure of 17 MPa, and
holding time of 37 min yielded maximum shear strength of
87 MPa, hardness of 163 HV, and interface layer thickness of
7 μm, respectively.
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1 Introduction

Joining commercially pure titanium (cp-Ti) and AA 7075 alu-
minum alloy is important in the design and manufacture of
many parts. The main reasons for application of titanium and
aluminum alloys in aircraft structural parts are due to their
properties such as high strength-to-weight ratio and good cor-
rosion resistance [1–3]. Mahendran et al. reported about the
principal difficulty when joining dissimilar materials lies in
the existence of formation of oxide films and brittle interme-
tallics in the bond region. However, diffusion bonding can be
used to join these alloys without much difficulty [4, 5]. The
predominant process parameters in DB process are bonding
temperature, bonding pressure, and holding time [6]. As dif-
fusion bonding is formed from atomic migration across an
interface, there is no metallurgical continuity at the interface
and therefore mechanical properties and microstructure in the
bond region are not different from the base metal.

Solid-state DB is a process that joins component parts to-
gether without the use of secondary phases, solvent, or liquid.
DB can be achieved by applying a static pressure to achieve
intimate contact for certain amount of time at high tempera-
ture, well below the melting temperature of metals [7]. Since
DB is done between 40 and 80 % of the melting point of
materials, no phase transformation (similar joints) or micro
structural changes can occur during welding [8]. Diffusion is
promoted by high temperature, since adhesion is necessary for
bonding process [9]. Similar and dissimilar materials can be
joined by the DB technique. To produce a metallurgical joint
between dissimilar metals, a faster diffusion rate between the
materials is necessary, which is accomplished by higher bond-
ing temperatures and longer holding times [10].

Response surface methodology (RSM) consists of a group
of mathematical and statistical techniques used in the devel-
opment of an adequate functional relationship between a
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response of interest. One of the main objectives of RSM is the
determination of the optimum settings of the control variables

that result in a maximum (or a minimum) response over a
certain region of interest, R. This requires having a “good”

Table 1 Observation of diffusion-bonded cp-Ti/AA 7075

Input 

parameters

Parameter 

range

Photographs of  samples Observation Probable reason

Bonding 

temperature
< 425 

o
C No bond

This is mainly due to 

insufficient temperature 

to cause diffusion of 

atom is very less

Bonding 

temperature >  525 
o
C Deformed

The use of elevated 

temperature will aid the 

inter diffusion of atoms 

across the interface of 

the bond and assist 

surface deformation

Bonding 

pressure
< 5 MPa No bond

Due to less no of mating 

surface between Cp 

Ti/AA7075. This causes 

the poor bonding

Bonding 

pressure
> 20 MPa Deformed

The bonding pressure 

should be high enough to 

ensure a tight contact 

between the joining 

surfaces.

Moreover, it should be 

sufficient to aid in the 

deformation of surface 

asperities

Holding time < 5 min No bond

No bonding at below at 

5 min holding time. Due 

to insufficient time 

Holding time
> 45 min Deformed

Excessive holding time 

may lead to degradation 

of physical and chemical 

properties of the bonds
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fitting model that provides an adequate representation of the
mean response because such a model is to be utilized to de-
termine the value of the optimum. Optimization techniques
used in RSM depend on the nature of the fitted model. For
first-degree models, the method of steepest ascent (or descent)
is a viable technique for sequentially moving toward the opti-
mum response. This method is explained in detail in [11].

Various methods are there to attain desired output
through developing mathematical models to specify the
relationships between input and output. The RSM is
helpful in developing a suitable approximation for the
true functional relationship between independent vari-
ables and the response variable that may characterize
the nature of the joints. Gunaraj et al. suggested that
the submerged arc welding (SAW) is used extensively
in industries to join metals for the manufacture of pipes
of different diameters and lengths. In this work, RSM
technique of design of experiment (DOE) has been ap-
plied for the selection of the optimum input variables
[12]. Elangovan et al. developed a methodology to

determine the optimum welding conditions that maxi-
mize the strength of joints produced by ultrasonic
welding using RSM coupled with genetic algorithm
(GA). The second-order regression model was devel-
oped to predict the weld strength using RSM-central
composite design for spot and seam welding of 0.3-
and 0.4-mm-thick aluminum specimens [13]. Rajakumar
et al. allow fabrication of defect-free welds characterized
by good mechanical properties. It is well known that the
input welding parameters play a major role in determin-
ing the weld quality as the process facts have not been
disclosed so far. The selection of input parameters to join
aluminum alloy is very difficult. RSM is a collection of
mathematical and statistical techniques useful for the
modeling and analysis of problems in which a response
of one interest is influenced by several variables and the
objective is to optimize this response [14].

From the literature review, it is understood that the
reported literature [15–20] on DB of cp-Ti–AA 7075
aluminum joints dissimilar materials could be counted

Table 2 Important diffusion bonding parameters and their levels for Cp-Ti/AA 7075

S. no. Parameter Notation Unit Levels

(−1.414) (−1) (0) (+1) (+1.414)

1 Bonding temperature T °C 425 439.6 475 510.36 525

2 Bonding pressure P MPa 5 7.20 13 17.86 20

3 Holding time t Min 5 10.86 25 39.14 45

Table 3 Experimental design matrix and responses of Cp-Ti/Al 7075 joints

Joint no. Coded value Actual value SS (MPa) ILT (μm) IH (HV)

T P T T (°C) P (MPa) t (min)

1 +1 +1 −1 510.36 17.80 10.86 80 4.6 140

2 +1 −1 +1 510.36 7.20 39.14 79 5.2 145

3 −1 +1 +1 439.64 17.80 39.14 72 4.5 143

4 −1 −1 −1 439.64 7.20 10.86 70 4.9 147

5 −1.414 0 0 425 12.50 25 70 4.9 145

6 +1.414 0 0 525 12.50 25 81 6 153

7 0 −1.414 0 475 5 25 68 5.1 145

8 0 +1.414 0 475 20 25 77 5.8 152

9 0 0 −1.414 475 12.50 5 73 6.8 149

10 0 0 +1.414 475 12.50 45 79 7.3 155

11 0 0 0 475 12.50 25 74 8.2 162

12 0 0 0 475 12.50 25 75 8 165

13 0 0 0 475 12.50 25 74 8.2 164

14 0 0 0 475 12.50 25 75 8.1 163

15 0 0 0 475 12.50 25 74 8 165
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with fingers. Moreover, the available literature is focus-
ing on microstructure analysis, phase formation studies,
hardness survey at the interface, and their subsequent
influence on bonding strength. No literature was found
related to multi-response optimization for DB process
parameter of cp-Ti and high strength aerospace alumi-
num alloy dissimilar joints. The combined effects of
process parameters on multi-responses like bonding tem-
perature, bonding pressure, and holding time are hither-
to not reported. Hence, in this investigation, an attempt
was made to optimize multi-responses of DB process
parameters to attain maximum shear strength, interface
hardness, and optimum interface layer thickness in cp-

Ti–AA 7075 aluminum alloy dissimilar joints using
RSM.

2 Methodology

2.1 Response surface methodology

Engineers often wish to determine the values of the
input process parameters at which the responses reach
their optimum. The optimum could be either a minimum
or a maximum of a particular function in terms of the
process input parameters. RSM is a collection of

Numerical Graphical

Start

Development of the empirical 

relationships

Select 

optimization 

method

Set the optimization 

criterion and importance

Set the min. and max. Limits 

for each response and factor

Solution
Solution

Results display
Results display

End

Fig. 1 Flow chart for
optimization steps

AA 7075 aluminium alloy Cp-Ti

Fig. 2 Base material
microstructures
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mathematical and statistical technique useful for analyz-
ing problems in which several independent variables in-
fluence a dependent variable or response, and the goal
is to optimize the response [21]. In many experimental
conditions, it is possible to represent the independent
factor in quantitative form as given in Eq. 1. Then,
these factors can be thought of having a functional re-
lationship or response as follows:

Y ¼ Φ x1; x2; : : : ; xkð Þ � er ð1Þ

Between the response Y and x1, x2… xk of k quan-
titative factors, the function Φ is called response surface
or response function. The residual er measures the

experimental errors. For a given set of independent
variables, a characteristic surface is responded. When
the mathematical form of Φ is not known, it can be
approximated satisfactorily within the experimental re-
gion by a polynomial. In the present investigation,
RSM was applied for developing the mathematical
model in the form of multiple regression equations for
the quality characteristic of the DB of cp-Ti–AA 7075.
In applying the RSM, the independent variable was
viewed as a surface to which a mathematical model is
fitted. Representing the lap shear strength of joints by
“Y,” the response is the function of bonding tempera-
ture (T), bonding pressure (P), and holding time (t) and
it can be expressed as:

Y ¼ f bonding temperature Tð Þ; bonding pressure Pð Þ; and holding time tð Þð Þ
Y ¼ f T ; P; tð Þ

The second-order polynomial (regression) equation used to
represent the response surface “Y” is given by [22], and the
selected polynomial could be expressed as:

Y ¼ b0 þ
X

bixi þ
X

biixi
2 þ

X
bi jxix j þ er ð2Þ

2.2 Experimental design

The test was designed based on a three-factor, five-level central
composite rotatable design with half replication [23]. In order
to find the range of each input parameters, trial experiments
were performed by changing one of the parameters at a time.
Table 1 displays the observation to provide the evidence for
fixing the feasible working range of DB parameters. Table 2
shows the process variables, their coded and actual values.

Statistical software Design-Expert V8 was used to code the
variables and to establish the design matrix as shown in
Table 3. RSM was applied to the experimental data using the
same software; polynomial Eq. (2) was fitted to the experimen-
tal data to obtain the regression equations for all responses.

2.3 Desirability approach

There are many statistical techniques for solving multiple re-
sponse problems like overlaying the contour plot for each
response, constrained optimization problems, and desirability
approach. The desirability method is preferred due to its sim-
plicity and availability in the software and provides flexibility
in weighting and giving importance for individual response.
Solving such multiple response optimization problems using

Table 4 Chemical composition of the base metals

Base metals C Mg Si Cr Mn Fe Cu Zn O N H Ti Al

cp-Ti (grade 2) 0.08 – – – – 0.30 – – 0.25 0.03 0.0015 Bal –

AA 7075 – 2.1 0.58 0.15 0.12 0.35 1.2 5.1 – – – 0.2 Bal.

Table 5 Physical and mechanical properties of the base metals

Base metals Crystal
structure

Density
(g/cc)

Melting
point (°C)

Hardness
(Hv)

Ultimate tensile
strength (MPa)

Yield strength
(MPa)

Elongation
(%)

cp-Ti (grade 2) HCP 4.51 1667 142 420 356 20

AA 7075 FCC 2.7 660 160 485 410 12
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this technique involves combining multiple responses into a
dimensionless measure of performance called the overall de-
sirability function. The desirability approach involves
transforming each estimated response, Yi, into a unit-less util-
ity bounded by 0<di<1, where a higher di value indicates that
response value Yi is more desirable; if di=0, this means a
completely undesired response [24]. In the study, the individ-
ual desirability of each response, di, was calculated using
Eqs. 3–6. The shape of the desirability function can be
changed for each goal by the weight field “wti.” Weights are
used to give more emphasis to the upper/lower bounds or to
emphasize the target value. Weights could be ranged between
0.1 and 10; a weight greater than 1 gives more emphasis to the
goal, while weights less than 1 give less emphasis. When the
weight value is equal to 1, this will make the di vary from 0 to
1 in a linear mode. In the desirability objective function (D),
each response can be assigned an importance (r), relative to
the other responses. Importance varies from the least impor-
tant value of 1, indicated by (+), to the most important value of
5, indicated by (+++++). If the varying degrees of importance
are assigned to the different responses, the overall objective
function is shown in Eq. 7 below, where n is the number of
responses in the measure and Ti is the target value of
ith response [25].

For the goal of maximum, the desirability will be defined
by:

di ¼ f01
yi−Lowi

High j−Lowi

 ! wti; Y i≤Lowi

;Lowi < Highi
; Y i≥Highi

ð3Þ

For the goal of minimum, the desirability will be defined
by:

di ¼ f10
Highi−Y i

Highi−Lowi

� � Y i≤Lowi
wtiLowi < Y i < Highi

Y i≥Highi
ð4Þ

For the goal as a target, the desirability will be defined by:

di ¼

Y i−Lowi

T i−Lowi

� �wt1i

Lowi < Y i < Ti

Y i−Highi
T i−Highi

� �wt2i

T i < Y i < Highi

0; otherwise

0
BBBB@ ð5Þ

For the goal within range, the desirability will be defined
by:

di ¼ 1;Lowi < Y i < Highi
0; otherwise

�
ð6Þ

D ¼ ∏
n

i¼1
drii

 !1=
∑

ri

ð7Þ

2.4 Optimization

The optimization part in Design-Expert software V8
searches for a combination of factor levels that

Fig. 3 Experimental details. aConfiguration of the diffusion bonding die
setup. b Machine setup

Fig. 4 Dimensions of lap shear tensile test specimens
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Before testing After testing

Fig. 5 Lap shear tensile test
specimens

Table 6 ANOVA test results for cp-Ti/Al 7075 bonds (to identify significant factors)

Shear strength (SS) Interface layer thickness (ILT) Interface hardness (IH)

F value P value
Prob >F

F value P value
Prob >F

F value P value
Prob>F

Model 77.5679 <0.0001 267.3271 <0.0001 76.37037 <0.0001

T 201.6667 <0.0001 47.90323 0.0010 20 0.0066

P 135 <0.0001 19.39883 0.0070 15.3125 0.0113

T 60 0.0006 9.897361 0.0255 11.25 0.0202

TP 23.3456 0.0047 2.545178 0.1715 4.3773 0.0906

Tt 39.43019 0.0015 39.19255 0.0015 27.90554 0.0032

Pt 0.868387 0.3942 13.21785 0.0150 20.79196 0.0061

T2 11.42857 0.0197 1125.448 <0.0001 247.6339 <0.0001

P2 17.85714 0.0083 1125.448 <0.0001 265.2121 <0.0001

t2 21.60714 0.0056 189.7801 <0.0001 154.8214 <0.0001

R2 92 % 95 % 90 %

Adj. R2 98.00 % 99.41 % 97.97 %

Pred. R2 83.76 % 91.58 % 87.36 %

Model Significant Significant Significant
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a

Error=5.55%

Error=-1.85%

b

Error=3.5%

c

Fig. 6 Normal probability plot of
experimental versus predicted. a
Shear strength. b Interface layer
thickness. c Interface hardness
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simultaneously satisfy the requirements placed (i.e., op-
timization criteria) on each one of the responses and
process factors (i.e., multiple response optimization).
Numerical and graphical optimization methods were
used in this work by selecting the desired goals for each
factor and response. As mentioned before, the numerical
optimization process involves combining the goals into
an overall desirability function (D). The numerical opti-
mization feature in the Design-Expert package finds one
point or more in the factor domain that would maximize
this objective function. In a graphical optimization with
multiple responses, the software defines regions where
requirements simultaneously meet the proposed criteria.
Also, superimposing or overlaying critical response con-
tours can be defined on a contour plot. Then, a visual
search for the best compromise becomes possible. In
case of dealing with many responses, it is recommended
to run numerical optimization first; otherwise, it could
be impossible to find out a feasible region. The graph-
ical optimization displays the area of feasible response
values in the factor space, regions that do not fit the
optimization criteria are shaded [25]. Figure 1 shows a
flow chart of the optimization steps in the Design-
Expert software.

3 Experimental work

Square-shaped specimens (50 mm×50 mm) were ma-
chined from rolled plates of 5-mm-thick cp-Ti and AA
7075 materials. Figure 2 reveals the base metal micro-
structure of cp-Ti and AA 7075 alloys. Kroll’s reagent
(6 ml HCl, 2 ml HF, and 92 ml water) was used for Ti

alloy, and Keller’s reagent made of 5 ml HNO3 (95 %
concentration), 2 ml HF, 3 ml HCl, and 190 ml H2O
was used for Al alloy to reveal the microstructure. The
chemical composition and mechanical properties of base
metals are presented in Tables 4 and 5, respectively.
The polished and chemically treated specimens were
stacked in a die. Figure 3a, b shows the configuration
of the diffusion bonding die setup inserted into a vacu-
um chamber (vacuum pressure of −29 mmHg was main-
tained) and close up view of DB machine setup supplied by
VB Ceramics, Chennai Model No. VBCC/DBE/1600° C-01.
The specimen was heated up to the bonding temperature
using heating furnace with a temperature capacity of
1600 °C; simultaneously, the required pressure was

Fig. 7 Perturbation plot sowing
the effect of shear strength

Fig. 8 Contour plot showing the effect of bonding temperature on shear
strength

Int J Adv Manuf Technol (2016) 86:1095–1112 1103



applied. After the completion of bonding, the samples
were cooled to room temperature before removing from
the chamber. As prescribed by design matrix, 15 joints
were fabricated. The lap shear tensile test was per-
formed to evaluate the shear strength of the joints. As
the joints were not large enough for normal lap shear
strength and bond strength testing, a non-standard test
was devised to measure the shear strength of the bonds.
The dimensions of lap shear tensile specimens are
shown in Fig. 4. The bonded specimens were prepared
from the Al/Ti diffusion-bonded joints by a wire cut
electric discharge machine (WEDM). The lap shear ten-
sile test and bond strength test were carried out in
100 kN capacity servo-controlled Universal Testing Ma-
chine. The images of the specimens before and after the
tensile test are shown in Fig. 5. At each experimental
condition, three specimens were tested and average of
three results is presented in Table 3. Vickers microhard-
ness testing machine (Make: Shimadzu and Model
HMV-2T) were employed for measuring the hardness
of the bonded region.

3.1 Developing empirical relationships

The response (Y) shear strength (SS) is a function of bonding
temperature (T), bonding pressure (P), and holding time (t)
and it can be expressed as:

SS ¼ f bonding temperature Tð Þ; bonding pressure Pð Þ; and holding time tð Þð Þ

The second-order polynomial (regression) equation used to
represent the response surface “Y,” and the selected polynomi-
al could be expressed as

Shear strength SSð Þ ¼ b0 þ b1 Tð Þ þ b2 Pð Þ þ b3 tð Þ−b11 T 2
� �

−b22 P2
� �

−b33 t2
� �þ b12 TPð Þ þ b13 Ttð Þ

þ b23 Ptð Þ ð8Þ

Fig. 9 The XRD result of
transition zone on of Ti/Al
diffusion bonding

Fig. 10 Perturbation plot sowing the effect of interface layer thickness
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where b0 is the average of responses b1, b2, b3…b34 which
are the coefficients that depend on respective main and inter-
action factors [21, 22]. In the above expression, all the factors
(main and interaction factors) may not have a significant effect

on the responses. To identify the significant factors, analysis
of variance (ANOVA) test was carried out and the results are
presented in Table 6.

Final equations in terms of coded factors are as follows:

SS ¼ 74:33þ 3:89 Tð Þ þ 3:18 Pð Þ þ 2:12 tð Þ þ 1:87 TPð Þ þ 2:43 THð Þ−0:36 Ptð Þ þ 0:67 T 2
� �

–0:83 P2
� �þ 0:92 t2

� �� �
MPa ð9Þ

Interface layer thickness ILTð Þ ¼ 8:12þ 0:39 Tð Þ þ 0:254 Pð Þ þ 0:18 tð Þ þ 0:13 TPð Þ þ 0:5 THð Þ þ 0:29 Ptð Þ−1:36 T2
� �

−1:36 P2
� �

−0:56 t2
� �� �

μm ð10Þ

Interface hardness IHð Þ ¼ 163:67þ 2:83 Tð Þ þ 2:47 Pð Þ þ 2:12 tð Þ þ 1:87 TPð Þ þ 4:72 THð Þ þ 4:08 Ptð Þ−7:17 T2
� �

−7:42 P2
� �

−5:67 t2
� �� �

HV ð11Þ

The adequacy of the developed empirical relationships was
tested using the ANOVA technique [21].

The adequacies of the models so developed were then test-
ed by using the ANOVA, and the results are presented in
Table 6. The determination coefficient (R2) indicates the good-
ness of fit for the model. In this case, the values of the deter-
mination coefficient (R2) indicate that the model does not ex-
plain only less than 5% of the total variance. The values of the
adjusted determination coefficient (adjusted R2) are also high,
which indicates a high significance of the model. From the
analysis, it was found that calculated F ratios were larger than
the tabulated values at 95% confidence level; hence, the mod-
el is considered to be adequate. Predicted R2 has also made a
good agreement with the adjusted R2. Adequate precision
compares the range of predicted values at the design points
to the average prediction error [26]. Each observed response
(shear strength, interlayer thickness, and interface hardness) of
cp-Ti/Al AA 7075 bonds is compared with the predicted re-
sponses calculated from the model, and their respective corre-
lation graphs are presented in Fig. 6a–c. The value of “R2” for
the above-developed relationships are found to be in the range
of 90–97 %, which indicates high correlation exists between
experimental values and predicted values.

4 Results and discussion

4.1 Shear strength

Perturbation plot shown in Fig. 7 illustrates the effect of DB
parameters on the shear strength of an optimized design. This
graph shows how the response changes as each factor moves
from choosing reference point with all factors held constant as
the reference value. Figure 8 contour plot shows that shear
strength increases with increasing bonding temperature. It is
also evident that the shear strength of the joints closely de-
pends on bonding temperature [27, 28]. At a low temperature
of 425 °C, the shear strength of the joints is low. Generally,
atoms on either side of the interface can diffuse into the oppo-
site side during the diffusion process only if the temperature is

Narrow diffusion layer 

Optimum diffusion layer 

Wide diffusion layer

a

b

c
Fig. 11 Optical micrographs of interface region of cp-Ti AA 7075 bonds. a
Narrow diffusion layer. b Optimum diffusion layer. cWide diffusion layer
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sufficiently high. So, necessary levels of temperatures are usu-
ally in the range of 0.5–0.7 Tm (where Tm represents the melt-
ing point of the materials involved). At 400 °C, only a small
number of Al atoms might diffuse into the Ti side. This may
be the reason for low shear strength. Also, at low temperature,
the flowability of metal is substantial yet the yield strength of
the base materials remains high, which leads to an incomplete
coalescence of the bonding surfaces [29], while increasing in
DB temperature 475 °C results in a considerable improvement
in shear strength. An increase in DB temperature promotes
mass transfer of alloying elements across the interface, which
is responsible for the increase in volume fraction of the reac-
tion products and leads to more brittle joints. However, plastic
collapse of the bonding surface asperities leads to intimate

contact, which counterbalances the embrittlement due to the
intermetallic phases. So, shear strength naturally improves and
attains their maximum values. In contrast, at high temperature,
the initial stages of bonding could involve migration of inter-
face grain boundaries, and the higher rate of grain growth
leads to rapid removal of the bond line and increases the
strength near the parent metal [30]. When the bonding tem-
perature reaches 525 °C, the eutectic liquid appears in the
interface, and a great quantity of Al elements diffuses into
base Ti and forms the intermetallic compounds, which leads
the thickness of the intermetallic compound to increase quick-
ly. A quick increase in thickness of intermetallic compound
leads to a decrease in the strength and an increase in the brit-
tleness of the joint. With temperatures increasing, the width of

Fig. 12 SEM measurement of
optimum diffusion layer of the
interface thickness of cp-Ti/AA
7075 bonds

Fig. 13 Contour plot showing
the effect of bonding temperature
on interface layer thickness
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brittle intermetallics considerably increases and the embrittle-
ment effect over-balances the positive effect obtained due to
the improvement in coalescence of faying surfaces. As Al-Ti
diffusion-bonded joint is a dissimilar joint, the reaction prod-
ucts with new phases are found in the diffusion layer. It is
understood that the presence of intermetallics is responsible
for low strength. In diffusion bonding between cp-Ti and Al
7075, the highest shear strength value was produced (87MPa)
at the test temperature of 510 °C. From the interface micro-
graphs, the thickness of the intermetallic phase layer was in-
creased by increasing the process parameters. From the pre-
dicted model, iterations were carried out to find the optimum
intermetallic layer thickness, to achieve maximum lap shear
strength. From the results of iterations and experimental re-
sults, it is found that intermetallic layer with thickness of 7 μm
resulted in higher lap shear strength (87 MPa) irrespective of
hardness value. The intermetallic compound grows steadily
and gradually at the bond region of dissimilar metal joints with
increasing the temperature. The particle distribution of

intermetallic compounds has no harmful effects on the joint
performances; moreover, it strengthens the joints. To deter-
mine the newly formed phase observed in microstructure, X-
ray diffractometry (XRD) was conducted on two sides of the
interface. Before the test, the sample was cut off along joining
interface surface. The XRD analysis used copper target with
40 kV voltage and 150 mA current. The XRD result of the
transition zone on Ti substrate was shown in Fig. 9. Then,
diffraction results were compared to JCPDS power diffraction
file. The results showed that intermetallics Al3Ti, TiAl, AlTi3,
and AlCu2Ti were formed in the transition zone on Ti sub-
strate and aluminum substrate.

4.2 Interface layer thickness

Perturbation plot shown in Fig. 10 illustrates the effect of DB
parameters on the interface layer thickness for an optimized
design. This graph shows how the response changes as each
factor moves from choosing reference point with all factors

Fig. 14 Microhardness survey
across the interface region and
indentation mark for optical
microstructure

Table 7 Optimization criteria
used in this study Parameter or responses Limits Importance First criterion Second criterion

Lower Upper

Bonding temperature 425 525 3 Is in range Maximize

Bonding pressure 5 20 3 Is in range Is in range

Holding time 5 45 3 Is in range Is in range

Lap shear strength 68 81 3 Maximize Maximize

Interface layer thickness 4.5 8.2 3 Is in range Is target = 7

Interface hardness 140 165 3 Maximize Maximize
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held constant as the reference value. The interface layer thick-
ness value increases with increasing bonding temperature
since the formation of an interface layer at the interface influ-
ences the strength of the bond, and it is necessary to analyze
the role of interface layer on bonding characteristics. Optical
micrographs were taken in the interface region of all the bonds
to understand the effect of DB process parameters on the for-
mation of interface layer, and they are presented in Fig. 11a–c.
While correlating shear strength results and interface layer
thickness, it is concluded that a narrow diffusion layer thick-
ness (Fig. 11a) and relatively wide diffusion layer thickness
(Fig. 11c) both lead to minimum shear strength. An optimum
interface layer thickness is obtained in Fig. 11b. Figure 12

shows the measured interface layer thickness at middle por-
tion of cp-Ti and AA 7075 dissimilar joints using SEM image.
From the SEM image, the average diffusion layer thickness of
7 μm was found to be optimum to obtain higher shear
strength. Figure 13 reveals the effect of process parameters
on diffusion layer thickness of diffusion-bonded joints. From
the contour graphs, the following inferences can be obtained:
(1) interface layer thickness increases with increasing the
bonding temperature and holding time, and (2) bonding pres-
sure has the least effect when being compared with bonding
temperature and holding time. When bonding temperature is
taken into consideration, it is seen that interface layer thick-
ness depends mainly on bonding temperature. At 425 °C, the

Table 8 Optimal solution as obtained by Design-Expert based on the first criterion (cp-Ti/Al 7075)

Experimental details Response details

Input parameters Response

Run Bonding
temp (°C)

Bonding pressure
(MPa)

Holding
time (min)

Lap shear strength
(MPa)

Interface layer
thickness (μm)

Hardness
(HV)

Desirability

1 495 15 34 81 7.923 164.984 1

2 495 15 34 81.001 7.92 164.984 1

3 494 14 34 81 7.926 164.984 1

4 494 14 34 81.003 7.928 164.983 1

5 494 14 34 81.001 7.93 164.982 1

6 495 14 34 81 7.933 164.97 0.999

7 495 14 32 78.23 7.86 160.56 0.99

8 489 13 33 69.56 7.75 159.25 0.99

9 492 15 34 80.2 7.69 159.02 0.99

10 493 13 35 79.58 7.91 155.98 0.99

Table 9 Optimal solution as obtained by Design-Expert based on the second criterion (cp-Ti/Al 7075)

Experimental details Response details

Input parameters Response

Run Bonding
temp (°C)

Bonding pressure
(MPa)

Holding
time (min)

Lap shear strength
(MPa)

Interface layer
thickness (μm)

Hardness
(HV)

Desirability

1 510 15 37 86.85 6.99 162.7 0.976

2 512 15 37 86.75 7 162.7 0.976

3 512 15 36 86.99 7 162.69 0.976

4 510 15 37 86.66 7.00 162.69 0.976

5 510 15 37 86.53 7.00 162.68 0.976

6 510 15 36 87.21 6.99 162.68 0.976

7 512 15 36 86.39 7.00 162.67 0.976

8 512 15 37 86.62 6.99 162.71 0.975

9 512 15 37 86.04 7.00 162.61 0.975

10 510 15 37 87.25 6.99 162.70 0.972
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interface layer thickness increases gradually with increasing
the bonding temperature. When the bonding temperature
reaches to 525 °C, interface layer thickness reaches the max-
imum. The thickness of diffusion layer depends on atom dif-
fusion [31]. When the bonding temperature increases to over
525 °C, the joining process allows the diffusion of all elements
from both metals, which promotes the chemical joint (in all
welding condition) between materials when inter-diffusion

between the materials is provided without the formation of
voids and brittle phases such as intermetallic compounds.
These findings are in agreement with Fick’s second law, a
partial differential equation describing the rates at which
atoms are redistributed in a material by diffusion [32]. The
composition, extent, nature, and properties of the phases orig-
inated during the welds control the resulting mechanical prop-
erties. The intermetallic compound grows steadily and

Fig. 15 Processing maps
(overlay) shows the region of
optimal bonding condition of
cp-Ti/Al7075 (first criterion)

Fig. 16 Processing maps
(overlay) shows the region of
optimal bonding condition of
cp-Ti/Al7075 (second criterion)
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gradually at the bond region of dissimilar metal joints with
increasing the temperature. The particle distribution of inter-
metallic compounds has no harmful effects on the joint
performances.

4.3 Microhardness

Microhardness was measured across the interface of cp-Ti/AA
7075 joints (perpendicular to the diffusion layer) at the differ-
ent locations, and the results are presented in Fig. 14. Hard-
ness is maximum at the interface, irrespective of thickness of
the diffusion layer. This may be due to the formation of inter-
metallic compounds at the interface. In similar studies, re-
searchers [33, 34] bonded varies materials by diffusion bond-
ing at different temperatures. Thick diffusion layer recorded
maximum hardness at all locations. This may be due to higher
level of bonding temperature, bonding pressure, and holding
time used to fabricate the joints. Very near to the interface
region (approximately 1 mm from the interface region on both
the sides), an appreciable reduction in hardness was recorded
in all the joints. This may be due to the depletion of respective
atoms, which are diffused into the interface region to form
intermetallic compounds. Micrograph as shown in Fig. 14 de-
picts indentation marks at the interface.

4.4 Multi-response optimization

In this investigation, two criteria were implemented to maxi-
mize both shear strength and hardness in range of interface
layer thickness. Table 7 summarizes these two criteria, while
Tables 8 and 9 present the optimal solution based on the two
optimization criteria as determined by Design-Expert soft-
ware. In the first criterion, bonding temperature, bonding pres-
sure, holding time, and interface layer thickness are in range,
and the shear strength and interface hardness are at maximum.
In the second criterion, bonding temperature, lap shear

strength, and interface hardness are in maximum range, and
bonding pressure and holding time are within range, but a
target of 7 μm is fixed for interface layer thickness. Table 9
presents the optimal bonding conditions, according to the sec-
ond criterion that would lead to the shear strength of 87 MPa,
interface layer thickness of 7 μm, and hardness of 163 HV.
The result of graphical optimization is the overlay plots. This
type of plots is extremely practical for quick technical use in
the workshop to choose the values of bonding parameters that
would achieve certain response values. Figures 15 and 16
show the processing maps (overlay plots) for criteria 1 and
2. From the maps, the yellow-shaded areas are the regions that
meet the proposed criteria. These will act as reference maps
for design engineers.

4.5 Validation of the developed models

To validate the developed models, three confirmation experi-
ments were carried out with DB conditions chosen randomly
from the optimization results. For the actual responses, the
average of three measured results was calculated. Table 10
summarizes the experiments condition, the average of actual
experimental values, the predicted values, and the percentages
of error. The optimum value of process parameter and the
average shear strength of diffusion-bonded joint cp-Ti/Al
7075 were found to be 87 MPa which shows the excellent
agreement with the predicted values. From Fig. 11b, it is ev-
ident that the optimum diffusion layer thickness and micro-
structure show the finer grains, and there is no defect in the
bond region as compared with base metal micrographs
(Fig. 2a, b). The validation results demonstrated that the pre-
dicted models developed are quite accurate as the percentages
of error in prediction were in good agreement, with the exper-
imental values. However, the predicted model can only be
used in the parameter ranging from bonding temperature
(425 to 525 °C), bonding pressure (5 to 20 MPa), and holding

Table 10 Validation test results

Experimental details Results

Input parameters Responses

Exp. no. Bonding
temperature (°C)

Bonding pressure
(MPa)

Holding
time (min)

SS (MPa) IFL (μm) H (HV)

1 514 15 37 Actual
Predicted
Error%

82
86.82
5.55

7.12
7.00
−1.85

157
162.70
3.5

2 489 13 33 Actual
Predicted
Error%

72
69.56
−3.50

7.2
7.75
7.09

150
158.25
5.21

3 495 14 34 Actual
Predicted
Error%

78
81
3.70

7.18
7.92
9.34

155
164.98
6.04
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time (5 to 45 min) for diffusion bonding of Cp-Ti and AA
7075 aluminum alloy only.

5 Conclusions

1. The diffusion bonding process parameters were optimized
using desirability function solving the multi-response op-
timization to obtain the maximum strength, maximum
hardness, and optimum range of interface layer thickness.

2. A maximum shear strength of 87 MPa was achieved un-
der the bonding pressure of 15MPa, bonding temperature
of 510 °C, and holding time of 37 min. Under these pro-
cessing conditions, interface layer thickness was optimum
(7 μm) and hardness was maximized (163 HV).

3. Empirical relationships were developed using statistical
tools such as design of experiments, regression analysis,
and analysis of variance to predict the shear strength (SS),
interface hardness (IH), and interface layer thickness
(ILT) of FSW joints of aluminum alloys at 95 % confi-
dence level.

4. From the ANOVA test results, it was found that bonding
temperature has a great influence on bonding characteris-
tic followed by bonding pressure and holding time.

5. Developed processing maps (overlay plots) will act as
reference maps to predict the output responses.
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