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Abstract: A method to decide near optimal settings of the process parameters in friction welding was proposed. The success of the 
friction welding process is based on various input parameters like friction pressure, friction time, upset pressure and upset time and 
output parameters like tensile strength, hardness and material loss. Ti−6Al−4V and SS304L(SS) materials were joined by friction 
welding process using interlayer techniques. The Box−Behnken design and response surface methodology (RSM) were applied to 
deciding the number of experiments to be performed and identify the optimum process parameters for obtaining better joint strength. 
The results were highly encouraging. Join strength of 523 MPa was obtained at a friction pressure of 12 N/mm2, upset pressure of  
40 N/mm2, friction time of 1.2 s and upset time of 7 s. 
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1 Introduction 
 

Joints of dissimilar metal combination are popular 
in recent years in the field of special applications like 
automotive, aerospace, defence, marine, etc., the joining 
of dissimilar metal by solid state welding is widely 
preferred in such situation. Titanium alloys are the most 
preferred materials nowadays due to its superior 
properties and the best life time performance. Joining of 
titanium alloy with stainless steel needs some special 
care in friction welding for better bonding between the 
dissimilar materials. Ti−6Al−4V with stainless steel 
joined by friction welding was experimentally studied 
with certain optimum parameters [1], by analyzing the 
outputs such as joint strength. Mechanical properties of 
Ti−6Al−4V friction welded with Ni interlayer were 
investigated with suitable parameters. The strength was 
moderate to 340−380 N/mm2 and hardness also increased 
in both metals [2]. A good quality welding based on the 
input variables and the output variables like strength, 
hardness and bonding quality was analyzed in AISI 304 
austenitic stainless steel by artificial neural network 
(ANN). It was found that tensile strength of 520 MPa 
was achieved with minimum metal loss [3]. Trial runs in 
dissimilar metal welding like stainless steel and 

aluminum alloy were made to predict the optimum 
process parameters for maximizing the output by 
response surface methodology (RSM). Ti−6Al−4V alloy 
of 1.6 mm-thick rolled sheet was welded by PGTAW 
method and welding parameters were optimized by 
Hooke and Jeeves algorithm to identify maximum impact 
toughness [4]. In this study, the maximum tensile 
strength of 213 MPa was attained under friction pressure 
of 90 MPa for 3 s and upset pressure of 90 MPa for 3 s 
[5]. Friction welded AISI1035 joints were analyzed for 
its mechanical, metallurgical and chemical properties. 
The joint exhibited a tensile strength of 88.55% of the 
base metal and hardness increased to 72% of the base 
metal at the fusion zone with elongated ferrite and 
pearlite [6]. Friction welded austenitic stainless steel 304 
and aluminum alloy 6082 T6 joint were analyzed for 
tensile strength using design of experiments and welding 
parameters were optimized by the popular RSM and the 
tensile strength was compared with friction time and 
forging time graphically [7]. The finite element method 
was developed for titanium and pseudo alloy joint and 
outcomes were analyzed for its heat generation and  
HAZ [8]. Dissimilar friction welding of 6061 aluminum 
alloy with 304 steel was performed and process 
parameters were optimized by Taguchi methods with 9 
trials [9,10]. Friction welding of pure titanium and pure 
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copper was established and the performance was 
analyzed. Due to higher purity of copper, optimum 
parameter selection with a fine surface finish increased 
the bonding strength tremendously on the faying surfaces 
with tensile strength of 409 MPa [11]. 

TiAl cast alloy and AISI 4140 commercial steel rod 
were fabricated by friction welding with pure copper as 
an intermediate material with two-joint principle by 
standard parameters. From the evaluations, it was found 
that the direct bonding has crack through interface due to 
brittle reaction, but in the case of copper interlayer, the 
joint was free from defects with the maximum tensile 
strength of 375 MPa [12,13]. Friction welding with 
different interlayers for dissimilar materials was studied 
and the strengths were revealed. The joint strengths were 
compared without interlayer [14−19]. Friction welding 
of incompatible materials of ductile iron with stainless 
steel was performed and joint strength was analyzed. The 
joint had tensile strength ranging from 195 to 285 MPa 
and the hardness increased to 50% of the substrate 
material at the interface region due to increase of bainitic 
ductile iron [20,21]. Based on the above literature survey, 
our research work with Ti−6Al−4V and SS304L was 
analyzed to obtain better strength by identifying the 
optimum condition with copper interlayer by two joint 
method. The Box−Benhken design was used for 
minimizing the number of experiments to be performed 
and obtained model was tested for its adequacy [21−23]. 
The joint was established by joining stainless steel and 
copper initially and then copper with Ti alloy to complete 
the joint. The various parameters were analyzed by 
ANOVA technique for its adequacy. The fabricated weld 
joint was analyzed for its mechanical properties, 
microstructural characterization, and elemental analysis 
was carried out by SEM, EDAX and XRD at the 
interface region and the obtained results were presented. 
 
2 Materials and methods 
 
2.1 Joint fabrication 

The materials used in this process are commercial 
rolled round rods of d100 mm × 20 mm Ti−6Al−4V and 
stainless steel 304L. The chemical composition of the 
base metal was carried out as per ASME-E-1086—2008 
standard at room temperature and presented in Tables 1 
and 2. A rotary type friction welding machine was used 
at a constant speed of 1500 r/min with a maximum of 
150 MPa pressure capacity. From the literature and the 
experiments done in the laboratory, predetermined 
factors for friction welding were chosen as shown in 
Table 3. Samples were prepared from the standard    
20 mm-diameter rod. The edges were polished with 
various ranges of abrasive cloth for uniform and smooth 

surface finish, which is very important for friction 
welding of dissimilar metal bonding. The prepared 
materials were fixed in friction welding machine. The 
machine was set at a feed rate of 0.5 mm/s and 
experiments were conducted as per the levels of 
parameters chosen for investigation. The process 
parameters are especially important for generation of 
heat, plasticity and other friction related principles. 
 
Table 1 Chemical composition of SS304L (mass fraction, %) 

C Si Mn P S 

0.030 0.36 1.58 0.038 0.022 

Cr Mo Ni N Fe 

18.37 0.13 8.28 0.033 Bal. 

 
Table 2 Chemical composition of Ti−6Al−4V (mass fraction, 
%) 

C Si Al V Ni Fe Ti 

0.030 0.010 6.3 4.3 0.01 0.05 Bal. 

 
Table 3 Process parameters for friction welding 

Factor Level −1 Level 0 Level 1 

FT (X1)/s 0.8 1.0 1.2 

UT(X2)/s 5 6 7 

ILT(X3)/mm 0.65 2.65 4.65 
FT: Friction time; UT: Upset time; ILT: Interlayer thickness 
 
2.2 Response surface methodology 

Response surface methodology is a collection of 
statistical and mathematical methods that are useful for 
the modeling and analyzing problems in engineering 
applications. In this technique, the main aim is to 
optimize the process parameters through response 
surface. Response surface methodology also brings out 
the relationship between the controllable input 
parameters and the obtained response surfaces. 

The procedure of response surface methodology is 
as follows: 

1) Designing of a series of experiments for adequate 
and reliable measurement of the response of interest; 

2) Developing a mathematical model of the second 
order response surface with the best fittings; 

3) Finding the optimal set of experimental 
parameters that produce the maximum or minimum value 
of response; 

4) Representing the direct and interactive effects of 
process parameters through two and three dimensional 
plots. 
 
2.3 Identifying important parameters 

From the literature and basic experiments done in 
the laboratory [24], predetermined factors for friction 
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welding were chosen. After choosing the factors and 
levels, the Box−Behnken design was used to perform the 
experiments as shown in Table 4. The Box−Behnken 
design is an independent quadratic design in which it 
does not contain an embedded factorial or fractional 
factorial design. In this design, the treatment 
combinations are at the midpoints of the edges of the 
process space and at the center. These designs are 
rotatable (or near rotatable) and require 3 levels of each 
factor. 
 
Table 4 Box−Behnken design 

Level 
No. 

FT (X1) UT (X2) ILT (X3) 

1 −1 −1 0 

2 1 −1 0 

3 −1 1 0 

4 1 1 0 

5 −1 0 −1 

6 1 0 −1 

7 −1 0 1 

8 1 0 1 

9 0 −1 −1 

10 0 1 −1 

11 0 −1 1 

12 0 1 1 

13 0 0 0 

14 0 0 0 

15 0 0 0 

 
2.4 Conducting experiments and recording responses 

After identifying the important friction welding 
process parameters, experiments were conducted 
following the Box−Behnken design. The welding was 
achieved in two phases. Initially, the stainless steel− 
copper rod joint (Joint 1) was prepared with stainless 
steel and copper rod by using the levels of parameters 
like speed 1500 r/min, friction pressure 8 MPa, friction 
time 2 s, upset pressure 14 MPa and upset time 8 s. 
Usage of pure copper gives better result for the above 
combination as shown in Fig. 1. Next, the copper side 
was cut to 12 mm in length from the joined interface. 
Then, second phase (Joint 2) of the joint was prepared 
with titanium alloy and copper side of previous Joint 1, 
with the parameters used previously. Due to the 
increased upset pressure and upset time, flash comes out 
from the copper side as shown in Fig. 2, which results in 
different thicknesses of copper between Ti alloy and 
stainless steel. It is considered as interlayer thickness. 
The process was repeated for different parameters as per 
Table 4. The samples were subjected to drop test 

immediately to understand whether the bond is intact. 
The specimens cleared the drop test without being 
separated due to excellent bonding, which was achieved 
using copper as interlayer. Necessary samples were 
prepared for further evaluation of mechanical and 
metallurgical properties. 
 

 

Fig. 1 Friction welded joints (SS304L and copper) 
 

 
Fig. 2 Friction welded joints (SS304L, copper, Ti−6Al−4V) 
 
2.5 Development of mathematical model and its 

adequacy checking 
Tensile strength=f (FT, UT, ILT)=f(X1, X2, X3) 
The second order polynomial (regression) equation 

used to represent the response tensile strength is given by 
Tensile strength=302.3−27.66X1−27.66X2− 
80.55X3+55.325X1X2+27.66X1

2+27.66X2
2+ 

113.087X3
2 

A mathematical model was developed using the 
second order regression equation. The adequacy of the 
developed model was checked by using the ANOVA 
technique. With this technique, if the calculated value of 
the Fratio of the developed model does not exceed the 
standard tabulated value of Fratio for a desired confidence 
level (e.g., 99%), then the model is considered to be 
adequate within the confidence limit. The ANOVA test 
results are presented in Table 5 and the model is found to 
be adequate. 

 
2.6 Optimization procedure using response graphs 

During this investigation, an attempt has been made 
to optimize the friction welding parameters to attain the 
maximum tensile strength. The developed model given 
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Table 5 ANOVA for response surface quadratic model 
P-value 

Source Sum of square DOF Mean square F value 
Prob.>F 

Model 126106.7015 9 14011.85572 5.722197 0.0346 
X1−X1 6121.71125 1 6121.71125 2.5 0.1747 
X2−X2 6121.71125 1 6121.71125 2.5 0.1747 
X3−X3 51906.42 1 51906.42 21.19768 0.0058 
X1X2 12243.4225 1 12243.4225 5 0.0756 
X1X3 0 1 0 0 1.0000 
X2X3 0 1 0 0 1.0000 
X1

2 2825.405192 1 2825.405192 1.153846 0.3318 
X2

2 2825.405192 1 2825.405192 1.153846 0.3318 
X3

2 47220.12058 1 47220.12058 19.28387 0.0071 
Residual 12243.4225 5 2448.6845   

Lack of fit 12243.4225 3 4081.140833   
Pure error 0 2 0   
Cor. total 138350.124 14    

 
in the equation presented in Section 2.5 was utilized to 
develop the contour plots and response surfaces. The 3D 
plot of the model can be viewed to arrive at the optimum 
values for the process parameters which yield optimum 
responses considering any two variables at a constant 
value. The response graphs and contour plots exhibit the 
behavior of the response (i.e., tensile strength) at 
different values of the process variables. 

A contour plot is produced to visually display the 
optimal process parameter region. For the second-order 
response surfaces, this plot can be more complex than 
the simple series of parallel lines that can occur with the 
first-order models. Once the stationary point is 
established, it is usually necessary to identify whether the 
stationary point found is the maximum response, 
minimum response or saddle point. To sort this, the most 
straight forward way is to examine it through a contour 
plot. Contour plots play a very important role in the 
study of the response surface. By developing contour 
plots for response surface analysis, the optimum is 
identified with practical accuracy by characterizing the 
shape of the surface. If a contour pattern of 
circular-shaped contours occurs, it tends to suggest 
independence of the factor effects, while elliptical 
contours may indicate factor interactions (Montgomery, 
1991; Barker, 1985). Response surfaces were developed 
for all of the models, taking one parameter in the middle 
level, two parameters in the X and Y axes and the 
response in the Z axis. The response surfaces clearly 
indicate the optimal response point. 
 
3 Result and discussion 
 
3.1 Tensile strength 

Tensile tests were performed on the samples 

generated from the joints prepared with constant   
speed rotation (1500 r/min), constant axial pressure   
(12 N/mm2) and variable friction time. The prepared 
specimens are tensile tested as per ASTM standard with a 
gauge length of 50 mm and a diameter of 12.5 mm   
(Fig. 3). Tensile test was performed at room temperature 
on the universal tensile testing machine of MTS criterion 
series having a capacity of 1000 kN. The test showed 
that breaking occurs either in the welding area or in the 
immediate vicinity in the austenitic steel component. 
 

 

Fig. 3 Samples for tensile test 
 

Earlier studies done on Ti−6Al−4V and 
X5CrNi18-10 dissimilar friction welded joint without 
interlayer has produced tensile strength between 340 and 
380 MPa [8]. Nickel, vanadium and tantalum were used 
as an interlayer in friction welding of Grade 1 Ti to 304L 
SS rods. Tensile strength of Ti/Ta/Ni/SS304L sample 
produced 388 MPa, Ti/V/Ni/SS304L sample experienced 
403 MPa, while Ti/Ni/SS304L sample produced     
410 MPa. Further Ti/Ta/SS304L experienced 394 MPa 
and Ti/V/SS304L produced 388 MPa [14]. When 
Maraging steel was bonded to low alloy steel with nickel 
interlayer, tensile strength of 410 MPa was reported [15]. 
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Commercially pure titanium to a 304L stainless steel 
with an electroplated nickel interlayer has been 
investigated. Tensile test showed that the maximum 
average tensile strength of 289 MPa was obtained from 
the joint welded at a forging pressure of 320 MPa [16]. 
Ni interlayers were introduced prior to dissimilar friction 
welding of Ti−6Al−4V base material to three cemented 
carbide substrates. The tensile strengths of Ti−6Al−4V/ 
(WC−6%Co) welds were poor and were markedly 
improved when 20 µm-thick Ni interlayers were 
introduced prior to dissimilar friction welding [17]. It is 
also evident from the previous literatures [16,17] that 
copper has not been used as an interlayer with titanium 
alloy and SS304L. In TiAl and AISI 4140 steel with 
copper insert layer revealed that the tensile strength 
increased with decreasing layer thickness. For a 

interlayer thickness of 0.6 mm, tensile strength of    
250 MPa, for a interlayer thickness of 0.3 mm, 345 MPa 
and for 0.2 mm, 375 MPa were obtained [18]. The 
present study with copper interlayer proved that higher 
tensile strength is achievable. From the experimental 
interpretation, it is observed that the maximum tensile 
strength of 523.6 MPa is possible. Response plots are 
plotted (Fig. 4) to understand the impact of variables on 
desired output. From the findings, it is observed that the 
strength gradually reduces with the increase in copper 
interlayer thickness. One more significant observation is 
that the bonding of copper between titanium alloy and 
stainless steel is equally well because of high friction 
time and upset time of 1.2 and 7 s, respectively      
(Fig. 4(f)). When friction time and upsetting time are low,  
the copper de-bonding takes place at titanium alloy side  

 

 
Fig. 4 Response surface graphs depicting effects of process parameters: (a) Interlayer thickness and friction time on tensile strength, 
upset time=0 s; (b) Friction time and upset time on tensile strength, interlayer thickness=0 mm; (c) Interlayer thickness and upset 
time on tensile strength, friction time=0 s; (d) Interlayer thickness and upset time on tensile strength, friction time=1 s; (e) Interlayer 
thickness and friction time on tensile strength, upset time=1 s; (f) Friction time and upset time on tensile strength, interlayer 
thickness=1 mm 
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during tensile testing, so it needs more upsetting time for 
superior bonding. 

In the present investigation, SS 304L and titanium 
alloy with copper as interlayer have been proven to have 
the highest tensile strength of 523 MPa for an interlayer 
thickness of 0.65 mm. By increasing the friction time and 
maintaining constant rotational speed and axial pressure, 
high quality welded joints without defects are achieved. 
Response graph in Fig. 4(a) shows the influence of 
friction time and the interlayer thicknesses on the tensile 
strength. Both the parameters are found to influence the 
tensile strength. As the friction time increases, the tensile 
strength increases and reaches 500 MPa. When the 
interlayer thickness increases, the tensile strength 
decreases and reaches 375 MPa. At higher friction time 
and interlayer thickness, the tensile strength is minimum. 

Figure 4(b) shows the influence of friction time and 
upset time on tensile strength. Both the parameters have 
an influence on the tensile strength. As the friction time 
decreases, the tensile strength increases and reaches   
450 MPa. When upset time increases, the tensile strength 
increases and reaches 350 MPa. At lower friction time 
and upset time, the tensile strength is maximum. At 
higher upset time and lower friction time, the tensile 
strength is minimum. Response graph in Fig. 4(c) shows 
the influence of upset time and interlayer thickness on 

tensile strength. Both the parameters have an influence 
on the tensile strength. As the upset time decreases, the 
tensile strength increases and reaches 500 MPa. When 
the interlayer thickness increases, the tensile strength 
decreases and reaches 375 MPa. At higher upset time and 
interlayer thickness, the tensile strength is minimum. 

When friction time is kept at the highest level, the 
response surface shown in Fig. 4(d) clearly shows that at 
the highest upset time and lower interlayer thickness, 
tensile strength more than 500 MPa is achieved. On the 
contrary, when the interlayer thickness is more and upset 
time is less, tensile strength above 300 MPa is achieved. 
Figure 4(e) shows that when upset time is kept at a 
higher level, at the maximum friction time and minimum 
interlayer thickness, the maximum tensile strength 
around 530 MPa is achieved. On the other hand, at 
higher interlayer thickness and lower friction time, 
tensile strength of 325 MPa is achieved. Figure 4(f) 
shows the influence of upset time and friction time on 
tensile strength when interlayer thickness is maximum. 
At a lower friction time and lower upset time, the tensile 
strength rises to 500 MPa for higher level of interlayer 
thickness. 

To summarize, as the interlayer thickness decreases, 
tensile strength increases as shown in Fig. 5(a). When the 
remaining interlayer metal layer is thick and the insert 

 

 
Fig. 5 Plots of process variables: (a) Tensile strength vs interlayer thickness; (b) Tensile strength vs friction time; (c) Tensile strength 
vs upset time; (d) Interlayer thickness vs friction time 
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metal is mixed at the weld interface, the resulting joint 
strength is low. When the interlayer metal remains thin 
and is evenly spread over the entire weld interface, joint 
strength is high. The insert metal was found to prevent 
direct contact between the base materials. As friction 
time increases, tensile strength increases as shown in  
Fig. 5(b). This can be attributed to the amount of heat 
generated. As the friction time increases, the heat 
generated increases, which in turn deforms the interlayer 
to a greater extent and in consequence forms thin 
interlayer which results in higher tensile strength. Figure 
5(c) clearly brings out the effect of upset time. As the 
upset time increases, the tensile strength increases. The 
relationship between interlayer thickness and friction 
time is interesting. As the friction time increases, the 
interlayer thickness decreases as seen in Fig. 5(d). R2 
values depicted in Fig. 5 show that a good correlation 
exists between actual and predicted values. 
 
3.2 Microstructural characterization 

Titanium alloy and stainless steel with copper 
interlayer shown in Fig. 6 are observed through an 
metallurgical microscope. The SS matrix far away from 
the center shows microstructure with equi-axed grains of 
austenite. The interface zone is not in a straight line and 
varies according to the upset pressure and also shows the 
plastic deformation of both the metals. The 
microstructure of titanium alloy shows the presence of 
acicular alpha transformed into beta phase and some 
formation of alpha prime near the centre due to heating 
and cooling. The microstructure of the copper shows the 
presence of alpha phase in transformed beta matrix and  
 

 

Fig. 6 Metallurgical microscope images of interface zone 

the interface zone of the copper and stainless steel is 
visualized as the dark diffusion zone shown in Fig. 6. In 
the case of Ti alloy and austenitic stainless steel, joints 
without interlayer produce hard intermetallic layer    
(Fig. 6). 

From the prepared samples, specimens were 
subjected to tensile and hardness test to find out 
suitability of engineering application. Micro hardness 
testing was done on Vickers hardness test machine model 
of 423D with 0.098−19.6 N load. In this test, the HV1 
method was conducted along the weld centre line at the 
regular interval of 1 mm. Variation in the hardness near 
the centre line is due to the present of heat affected zone. 
From the observed value, it is found that the hardness is 
increased by 15% to 20% in the stainless steel region and 
minimum in Ti alloy side. In the case of copper, the 
hardness is increased by 23%. It is observed that the 
increase of hardness at the interface of stainless steel and 
copper may be due to high temperature rise and upset 
pressure in the weld zone. The microstructure at the 
stainless steel and copper interface reveals that austenitic 
structure is changed to martensite due to high upset 
pressure and rapid atmospheric cooling. 
 
3.3 EDS and XRD analyses 

Energy dispersive X-ray (EDS) analysis was 
performed to find out the elemental distribution at the 
interface region. The observations were analyzed by 
20.00 kV field effect scanning electron microscope 
coupled with energy dispersive analysis of X-rays (EDS) 
analysis. EDS of the stainless steel and copper interface 
region reveals the elemental distribution as seen in   
Fig. 7. It is evident that 14.52% of mass solubility of 
copper is seen at the stainless steel region. Also, it is 
evident that the solubility of copper in the Ti alloy side is 
more than that of any other elements. The presence of 
chemical composition at the interface of SS side is 
enriched with iron (47.97%, mole fraction, the same 
below), chromium (13.53%) and copper (10.71%). The 
average composition from the EDS spectrum at the 
interface shows copper (46.59%) and titanium (21.93%). 

From EDS result, it is confirmed that more element 
copper is diffused on both the sides of the base metal as 
intermetallic compounds and there is no direct contact 
between both the parent metals. Such intermetallics 
region has improved the bonding strength and high 
tensile strength compared with direct bonding. The 
binary phase diagram of Cu−Ti indicates the occurrence 
of various Cu−Ti intermetallic phases with increasing Cu 
content. The low melting point of copper encourages 
improved contact area on the mating surface. The nature 
and the localization of intermetallic phases in these 
welds were studied by EDS, XRD and micro hardness 
measurements. The local accumulation of Cu3−Ti and 
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Fe30CuMn30 based phase is less detrimental to the 
strength of the welds, which makes high strength joint 
possible (Fig. 8). 
 

 

Fig. 7 EDS patters at SS−copper (a) and Ti alloy−copper (b) 
interfaces 
 

 
Fig. 8 XRD pattern of intermetallics in weld zone 
 
4 Conclusions 
 

1) An empirical relationship was developed to 
predict the tensile strength of friction welded Ti alloy and 
stainless steel joint at 95% confident level. 

2) The maximum tensile strength of 523 MPa could 

be attained with the welding parameters of spindle speed 
1500 r/min, friction pressure 12 N/mm2, upset pressure 
40 N/mm2, friction time 1.2 s and upset time 7 s. 

3) In mechanical and metallurgical characterizations, 
it is observed that, samples with an optimum parameter 
with low interlayer thickness produce better results. 

4) The presence of copper interlayer in this joint 
plays a significant role in obtaining excellent bonding 
between Ti alloy and stainless steel without crack and 
preventing major martensitic changes in the HAZ. 

5) In copper interlayer, the heat affected zone is 
narrow and equally distributes on both the sides of the 
parent metal due to the minimum change of 
microstructure in the base metal. 

6) The formation of intermetallic compounds 
namely Cu3Ti in Ti alloy side and Fe30CuMn20 in SS side 
reduces the effect of brittle intermetallics on the 
mechanical properties. 
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摘  要：提出了摩擦焊接过程中近优化设置工艺参数。基于不同的输入参数，如摩擦压力、摩擦时间、顶锻压力

和顶锻时间及输出参数，如拉伸强度、硬度和材料损耗，成功获得摩擦焊接工艺。采用夹层技术，通过摩擦焊接

工艺，连接 Ti−6Al−4V 和 SS304L。采用响应曲面法和 Box−Behnken 设计确定实验次数并证实优化工艺参数，以

得到更好的接头强度。结果很令人满意。在摩擦压力为 12 N/mm2、顶锻压力为 40 N/mm2、摩擦时间为 1.2 s、定

锻时间为 7 s 的条件下，得到接头强度为 523 MPa。 

关键词：摩擦焊接；焊接参数；Ti−6Al−4V；SS304L；铜夹层 
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