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Abstract: Joining of Al-Cu plays an important role in electronic, automotive & refrigeration industries. Welding is widely used 

technique to join metals. However, welding of some dissimilar metals like Al and Cu is not easy due to formation of Al-Cu inter-

metallic compounds due to which strength of joints reduces. Brazing is identified as the process to join Al-Cu. The properties of 

Al-Cu brazed joint depend on different brazing parameters such as brazing method, filler material, joint design, etc. The 

mechanical properties of a brazed joint depend largely on the aforementioned process parameters. The aim of this research work 

is to investigate the effect of variation in joint design on joint strength and other mechanical properties of a brazed joint. The 

objective of the research is achieved by selecting Al 6061 &pure Cu as base metals having thickness of 6 mm. By performing 

brazing through manual brazing method, mechanical testing is carried out. By using this result, numerical analysis is performed to 

check the variation in mechanical properties due to variation in joint design. Using optimization, optimum joint design is selected 

from the numerical analysis. 

I. INTRODUCTION 

The joining of dissimilar metals has many engineering applications due to the potential improvement in the combination 

properties of the welded structure. Among them, the joining of aluminium and copper is known to provide many advantages in 

term of higher electrical, heat conductivity, and corrosion resistance than only one of the metals. Owing to these properties, Cu/Al 

joints are widely used in electronics, heat exchanger and refrigeration industries. [1-4]. 

However, a sound joint is difficult to make by joining these two metals owing to their significantly different melting points, 

fusion heat and linear expansion, which lead to large misfit strain and residual stress in the joint. Moreover, Cu and Al are 

incompatible metals because they have high affinity to each other at temperature greater than 120 °C, which produces intermetallic 

compounds (IMCs) with brittle, low strength and high electrically resistant nature at their interface. [5-6] 

There are many methods which are used to produce joint between Aluminium and Copper, such as friction stir welding, cold 

metal transfer technology, brazing, diffusion bonding, laser welding, etc.In friction stir welding, there is a formation of high amount 

of intermetallic compound which reduces strength of the joint. [7] In cold metal transfer technology, effect of heat input must be 

controlled precisely because strength of the Al/Cu joint declines with the increase of heat input. [8] Nowadays, brazing is widely 

used to produce sound joint between Al/Cu. In comparison to friction stir welding and laser beam welding, brazing of Al to Cu 

result in only two layers of IMCs with very less defects compares to other two. [9] 

Flame brazing, furnace brazing, induction brazing, vacuum brazing etc. are the widely used brazing technique to joint 

Al/Cu[10-13].By comparing friction stir brazing and furnace brazing, furnace brazing is more suitable to achieve sound joint 

between Al and cu which gives failure load at 4762 N in comparison to 1962 of friction stud brazing[13]. The thickness of interface 

layer in joint produced by furnace brazing is much thicker than joint produced by flame brazing. Joint made with flame brazing 

have higher strength as compared to joint made by furnace brazing. [11] 

The quality of Al/Cu joint is largely dependent upon the proper selection of filler metal. Proper selection of filler metal results 

in sound joints between Al/Cu. When brazing is performed using Al-Si filler metal, the micro hardness of the joint is high as 

compared to Al-Zn filler metal. [14]For flame brazing using Al-Zn filler metal, highest strength is obtained when filler metal is Zn-

15Al and has same strength when brazed with Zn-2Al and Zn-22Al. [15]Use of the Al-Zn filler metal with flux (known as flux 

cored filler wire) reduces the brazing time and simplify the brazing process. [16] 

 

II. EXPERIMENTAL SETUP AND METHODOLOGY 

To produce a sound joint between Al/Cu, Al 6061 and pure Cu was selected as a base metal. The composition of Al 6061 is 

shown in Table 1 and composition of pure Cu is shown in Table 2. Size of the plate was selected 50×25×6 mm. Manual flame 

brazing method was selected for this purpose having oxygen - LPG flame. This experimental setup is shown in Figure 1. Filler 

metal used in this process is flux cored Al-Zn filler metal in wire shape having diameter of 2 mm. Flux used in this wire is 

CsKAlF4 which is nontoxic and noncorrosive in nature. Composition and properties of the filler metal are shown in Table 3 and 

Table 4 respectively. 
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Fig. 1: Experimental setup for flame brazing 

Table 1: Chemical composition of Al 6061 (%wt) 

 

 

 

 

Table 2: Chemical composition of pure Cu (%wt) 

Cu Zn Fe P Bi Al 

Bal. 0.01 0.01 0.004 0.012 0.004 

Table 3: Chemical composition of filler metal (%wt) 

Al Zn Other Elements 

18.53 81.27 0.20 

Table 4: Properties of filler metal (%wt) 

Melting Temperature 425 – 450 °C 

Diameter 2 mm 

Shape Wire shape 

 

To check the effect of variation in joint design, V – groove is selected. The geometry of V – groove is shown in Fig. 2. As 

shown in Fig. 2, geometric features of V – groove joint are; root face thickness, root opening and bevel angle/groove angle. 

Fig. 2 Geometry of V-groove 

 

Mg Cr Cu Mn Fe Si Al 

0.560 0.05 0.20 0.008 0.1 0.410 Bal. 
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Table 5: Levels of geometric variables 

Parameters Level -1 Level 0 Level 1 

Groove Angle 10° 20° 30° 

Root Opening 0.1 0.2 0.3 

Root Face Thickness 1 2 3 

 

15 experiments were performed using different geometric parameters from the given range. 

 

For conducting experimental, Box-Behnken method was used. It is an experimental design for response surface methodology. 

In Box-Behnken method, each factor is placed at one of the three equally spaced values. This values are coded with -1,0,1. Fig.3 

shows the points considered by the Box-Behnken design. Here, it is to be noted that Box-Behnken design is a spherical design, with 

all points lying on a sphere of radius square root 2.  

 

 

Fig. 3: Box-Behnken design 

Also, the Box-Behnken design does not contain any points at the vertices of the cubic region created by the upper and lower 

limits for each variable. This could be advantageous when points on the corners of the cube represent factor-level combination that 

is prohibitively expensive or impossible to test because of physical process constraints. The experimental design used is that 

defined by Box-Behnken design is indicated in Table 6. 

After DOE, all of the 15 experiments were performed. These specimens are shown in figure 4. Specimens were tested for 

ultimate tensile strength and microhardness. Ultimate tensile strength was joint were examined by Fie universal testing machine, 

UTE – 40, while microhardness of the joint were examined by Fie Vickers microhardness Tester VM50 

 

Table 6: Values of variable of the matrix of experiments 

Order 

Coded Variable Real Variable 

Groove 

Angle 

“A” 

Root Face 

Thickness 

“B” 

Root Opening 

“C” 

Groove Angle 

“α” 

Root Face 

Thickness 

“a” 

Root 

Opening 

“t” 

1 -1 -1 0 10° 1 0.2 

2 1 -1 0 30° 1 0.2 

3 -1 1 0 10° 3 0.2 

4 1 1 0 30° 3 0.2 

5 -1 0 -1 10° 2 0.1 

6 1 0 -1 30° 2 0.1 

7 -1 0 1 10° 2 0.3 

8 1 0 1 30° 2 0.3 

9 0 -1 -1 20° 1 0.1 

10 0 1 -1 20° 3 0.1 
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11 0 -1 1 20° 1 0.3 

12 0 1 1 20° 3 0.3 

13 0 0 0 20° 2 0.2 

14 0 0 0 20° 2 0.2 

15 0 0 0 20° 2 0.2 

 

 

Fig. 4: Brazed specimen of Al/Cu 

III. RESULTS AND DISCUSSION 

Result obtained after performing experiments, as suggested by DOE in given in table 7. 

Table 7: Experimental results of ultimate tensile strength, micro hardness 

Std. 

Order 
Run 

Groove Angle 

“α” 

(Degree) 

Root face 

thickness 

“t” 

(mm) 

Root opening 

“a” 

(mm) 

Ultimate tensile 

strength 

(MPa) 

Microhardness 

(HV) 

1 8 10 1 0.2 90.432 115 

2 6 30 1 0.2 82.546 104 

3 13 10 3 0.2 94.813 119 

4 5 30 3 0.2 86.222 108 

5 14 10 2 0.1 84.8 122 

6 7 30 2 0.1 74.131 108 

7 11 10 2 0.3 80.21 111 

8 2 30 2 0.3 72.989 100 

9 3 20 1 0.1 78.245 112 

10 12 20 3 0.1 81.539 114 

11 15 20 1 0.3 75.786 104 

12 4 20 3 0.3 77.41 102 

13 9 20 2 0.2 88.31 108 

14 1 20 2 0.2 89.25 107 

15 10 20 2 0.2 88.184 106 

From the result, it can be said that variation in root opening, root face thickness & groove angle largely affects the ultimate 

tensile strength & microhardness. These results were examined by Analysis of variance (ANOVA). ANOVA is a computational 

technique that enables the estimation of the relative contribution of each of the control factors that makes to the overall measured 

response and expresses it as a percentage. Analysis of variance has been performed to find the effect of each factor and their 

interactions with the responses. 
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3.1 Ultimate tensile strength of the joint 

The second order Ultimate tensile strength model is developed using Response surface methodology (RSM) from the 

experimental results of Ultimate tensile strength (UTS), The final equation in terms of coded factors for UTS is given by, 

Tensile strength = 88.5813 + (-4.29588*A) + (1.62187*B) + (-1.54*C) + (-0.17625*AB) + (0.862*AC) + (-0.4175*BC) + (-

0.145292*A2) + (0.0672083*B2) –(10.4035*C2) 

Where A=Groove angle, B=Root face thickness, C=Root Opening 

In table 8, the analysis of variance (ANOVA) and F-ratio test have been performed to justify the goodness of fit for the second 

order UTS model. Here, The Model F-value of 146.87 implies the model is significant. P-values less than 0.0500 indicate model 

terms are significant. These values indicate that groove angle, root face thickness & root opening are crucial terms for the ultimate 

tensile strength. 

Table 8: ANOVA for the ultimate tensile strength model 

 

Regression analysis of tensile strength is shown in Table 9. Table 9 was utilized to decide the influence of geometric parametric 

parameters on ultimate tensile strength. From the table 9, The "Pred R-Squared" of 0.9533 is in reasonable agreement with the "Adj 

R-Squared" of 0.9894 as one might normally expect; i.e. the difference is less than 0.2. Reasonable agreement between these two 

terms of regression Pred R2 and Adj R2 shows that data obtained through the experimental investigations is properly fitted through 

the mathematical models obtained through the regression analysis. 

This implies that the model proposed is adequate and there is no reason to suspect any violation of the independent or constant 

variance assumption. Hence, the model can be used for further analysis to determine the effects of various process parameters on 

the response. 

Table 9: Regression analysis of ultimate tensile strength model 

Std. Dev. 0.6710 R2 0.9962 

Mean 82.99 Adjusted R2 0.9834 

C.V.% 0.8086 Predicted R2 0.9553 

Press 26.69 Adeq Precision 39.3114 

3.2 Effect of geometric parameters on ultimate tensile strength 

In the given figure 5, the effect of root opening on ultimate tensile strength is shown. For root opening UTS increases with 

increasing in root face opening upto 0.2 mm and after that it decreases with increasing root opening. When root opening is narrow, 

then little amount of filler metal flows into the gap which result in low strength joint. As root opening increase, more amount of 

filler metal flows into the gap and solidifies and high strength joint is obtained. Further increase in root Opening, increase more 

amount of filler metal flows into the gap. This filler metal is more than sufficient for the joint and some part of filler solidifies 

directly without contacting base metal. This reduces the strength of joint. 

Source Sum of Squares DOF Mean Square F-value p-value  

Model 595.19 9 66.13 146.87 < 0.0001 significant 

A-Groove Angle 147.64 1 147.64 327.87 < 0.0001  

B-root face thickness 21.04 1 21.04 46.73 0.0010  

C-root opening 18.97 1 18.97 42.13 0.0013  

AB 0.1243 1 0.1243 0.2759 0.6218  

AC 2.97 1 2.97 6.60 0.0501  

BC 0.6972 1 0.6972 1.55 0.2685  

A² 0.0779 1 0.0779 0.1731 0.6946  

B² 0.0167 1 0.0167 0.0370 0.8550  

C² 399.63 1 399.63 887.50 < 0.0001  

Residual 2.25 5 0.4503    

Lack of Fit 1.57 3 0.5243 1.55 0.4161 not significant 

Pure Error 0.6786 2 0.3393    

Total 597.44 14     
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Fig. 5: Effect of Root opening on UTS 

 

For groove angle, there is declined in UTS with increase in groove angle (Figure 6). As groove angle increase, more filler metal 

is added between the gap. This filler metal is more than sufficient for the joint and strength of filler metal is less as compared to 

base metal and joint. Hence, this extra added filler metal solidifies without contacting base metal and reduces strength of the joint. 

 

 

Fig. 6: Effect of groove angle on UTS 

Fig. 7: Effect of Root face thickness on UTS 

For Root face thickness, the effect is not much dominant as earlier discussed two parameters as shown in figure 7. Tensile 

strength varies slightly with root face thickness. As root face thickness increases, it results in more amount of constant gap between 

the plates. This filler metal flows and it’s solidification in that gap increases the strength 

3.3 Microhardness 

The second order model for microhardness is developed using Response surface methodology (RSM) from the experimental 

results. The final equation in terms of coded factors for microhardness is given by, 

Microhardness = 107 + (-5.875*A) + (1*B) + (-4.875*C) + (2.68699e-14*AB) + (0.75*AC) + (-1*BC) + (3.375*A2) + 

(1.125*B2) + (-0.125*C2) 

C: root opening (mm)
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Where A=Groove angle, B=Root face thickness, C=Root Opening 

The analysis of variance (ANOVA) and F-ratio test have been performed to justify the goodness of fit for second order 

microhardness model (Table 10). Here, The Model F-value of 25.98 implies the model is significant. P-values less than 0.0500 

indicate model terms are significant. These values indicate that Groove angle, root face thickness & root opening are crucial terms 

for the microhardness. 

Table 10: ANOVA for micro hardness model 

Source Sum of Squares DOF Mean Square F-value p-value  

Model 526.08 9 58.45 25.98 0.0011 significant 

A-Groove Angle 276.13 1 276.13 122.72 0.0001  

B-root face thickness 8.00 1 8.00 3.56 0.1180  

C-root opening 190.13 1 190.13 84.50 0.0003  

AB 0.0000 1 0.0000 0.0000 1.0000  

AC 2.25 1 2.25 1.00 0.3632  

BC 4.00 1 4.00 1.78 0.2399  

A² 42.06 1 42.06 18.69 0.0075  

B² 4.67 1 4.67 2.08 0.2091  

C² 0.0577 1 0.0577 0.0256 0.8790  

Residual 11.25 5 2.25    

Lack of Fit 9.25 3 3.08 3.08 0.2544 not significant 

Pure Error 2.00 2 1.0000    

Total 537.33 14     

Regression analysis of microhardness is shown in Table 11. Table 11 was utilized to decide the influence of geometric 

parametric parameters on microhardness. The "Pred R-Squared" of 0.7162 is in reasonable agreement with the "Adj R-Squared" of 

0.9414 as one might normally expect.  

This implies that the model proposed is adequate and there is no reason to suspect any violation of the independent or constant 

variance assumption. Hence, the model can be used for further analysis to determine the effects of various process parameters on 

the response. 

Table 11: Regression analysis of hardness model 

Std. Dev. 1.50 R² 0.9791 

Mean 109.33 Adjusted R² 0.9414 

C.V. % 1.37 Predicted R² 0.7162 

Press 152.50 Adeq Precision 17.5547 

 

3.4 Effect of geometric parameters on microhardness 

Effect of root opening on the micro hardness of the joint is shown in figure 8. For root opening, microhardness decreases with 

increase in root opening. As the root opening increases, filler metal flows increase, this reduced the microhardness of the joint. 

This is due to the fact that more amount of filler metal solidifies in the gap without contacting base metal, which reduces 

microhardness. 
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Fig. 8: Effect of Root opening on micro hardness 

For groove angle due to larger groove angle more amount of filler metal flows between the gap. This extra filler metal remains 

without contacting base metal and solidifies. This reduces the microhardness of the joint. This variation in micro hardness due to 

groove angle is shown in figure 9. 

Fig. 9: Effect of groove angle on micro hardness 

 

For groove angle due to larger groove angle more amount of filler metal flows between the gap. This extra filler metal remains 

without contacting base metal and solidifies. This reduces the microhardness of the joint. This variation in micro hardness due to 

groove angle is shown in figure 10.  

 

Fig. 10: Effect of root face thickness on micro hardness 

For root face thickness, this variation in microhardness is not much dominant with compared to other parameters (Figure 10). 

The microhardness increases slightly as root face thickness increases. When root face thickness increases it reduces the effect of 

groove angle. Due to decreases in effect of groove angle, it increases the microhardness. 
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3.5 Multiobjective optimization 

The process variable that affects the value of responses are groove angle, root opening and root face thickness. An optimization 

was carried out for finding maximum tensile strength, minimum micro hardness. Goals apply to the factors and responses that were 

used for optimization are shown in table 12.  

 

Table 12: Constraints values for the optimization for maximum tensile strength, minimum micro hardness 

Name Goal Lower Limit Upper Limit Importance 

A:Groove Angle is in range 10 30 3 

B:root face thickness is in range 1 3 3 

C:root opening is in range 0.1 0.3 3 

Tensile strength none 72.989 94.813 3 

Microhardness minimize 100 122 3 

 

Following table 13 represents the optimum result having highest desirability. The values given in the table 13 gives optimum joint 

design for desired output. 

Table 13: Optimum conditions for maximum tensile strength, minimum micro hardness 

Groove angle Root face thickness Root opening Tensile Strength Microhardness Desirability 

20.083 3.000 0.215 89.690 108.17 0.742 

 

IV. CONCLUSION 

 By performing flame brazing of al/cu using flux cored Al-Zn Filler metal, it results in sound joint between Al/Cu. 

Variation in joint design largely affects the mechanical properties and microhardness.  

 Effect of groove angle is dominant on tensile strength and microhardness. As groove increases the ultimate tensile 

strength of the joint reduces. For the microhardness, it varies inversely. With increasing in groove angle the 

microhardness of the joint decrease. 

 Effect of root opening is dominant on tensile strength of the joint. The ultimate tensile strength of the joint first increase 

with increase in joint gap. After attaining the maximum value, the ultimate tensile strength decrease with increase in root 

opening.Effect of on microhardnessis not so dominant like groove angle. 

 Root face thickness produces more constant area for the filler metal. Hence, as root face thickness increases, the ultimate 

tensile strength of the joint increase which result in good joint. Effect of root face thickness on microhardness is not 

much dominant. Microhardness increases slightly or can say remains constant with increasing root face thickness. 

 For the maximum ultimate tensile strength, minimum microhardness and minimum filler consumption suggested 

parameters are : groove angle 20°, root face thickness 3 mm and root opening 0.215 mm. This value of parameters gives 

ultimate tensile strength of 89.690 MPa, microhardness of the joint 108.174 HV and filler metal consumption 72.010 

mm3. 

 

V. FUTURE SCOPE 

 Effect of surface roughness with combination of variation in joint design can be check on the mechanical and 

metallurgical properties of the joint. 

 By changing the filler material and flux, experiment can perform with same parameters and comparison between the two 

filler metals can be performed. 

 By performing different brazing technique in controlled atmosphere experiments can be performed and its effect on 

output parameters can be recorded. 
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