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Abstract- In This Work, Empirical Relationships Were 

Developed To Predict The Joint Tensile Strength And Joint 

Shear Strength Of The Rolled Plates Made Of 5 Mm Thick 

Aluminum Alloy Aa6082, Joined By Diffusion Bonding. Three 

Diffusion Bonding Parameters Such As Bonding Temperature, 

Bonding Pressure And Holding Time Were Used To 

Formulate The Relationship. Experiments Are Designed As 

Per The Taguchi Technique To For The Experimentation 

Sequence According To L9 Orthogonal Array. The 

Desirability Approach Is Used As Optimization Technique To 

Obtain The Maximum Bonding And Shear Strength And 

Bonding Strength Of The Joint. After Running Through 10 

Cycles Of Optimization, The Most Optimal Parameters Are 

Bonding Temperature Of 510 °C, Bonding Pressure 13 Mpa 

And Holding Time Of 45 Min With The Desirability Of 0.82. 
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I. INTRODUCTION 

 

 Aluminium And Its Alloys Are Also Widely Used 

For Structural Components In Many Applications Such As 

Automobiles, Aerospace, Etc. Because Of Their High Specific 

Strength And Excellent Corrosion Resistance [1].When 

Joining Aluminium (Al) Alloys By Fusion Welding Process 

Lies In The Existence Of Oxide Films And Formation Of 

Brittle Intermetallic In The Weld Region, However, Solid 

State Welding Process Such As Friction Welding And 

Diffusion Bonding Are Suitable Process To Join The Material. 

Solid State Diffusion Bonding Is An Important Advanced 

Technique For Joining Both Similar And Dissimilar Materials 

Can Produce Coalescence At Temperatures Below The 

Melting Point Of The Base Materials Being Joined, Without 

Formation Of Liquid Phase During The Process Of Joining 

[2]. In Diffusion Bonding Process, The Application Of A 

Moderate Pressure Causes Plastic Collapse Of Contacting 

Asperities Leading To The Formation Of A Planar Array Of 

Interfacial Voids. Creep/Super Plasticity And Diffusion 

Processes Transport Atoms To The Void Surfaces From 

Adjacent Areas, Thus Reducing Interfacial Void Volume. If 

Sufficient Time Is Given, The Voids Will Be Removed And 

An Atom To Atom Bond Across The Original Interface Will  

Result. As Bonding Does Not Involve Melting Or Gross 

Macroscopic Interface Distortion, The Microstructure Of The 

Bond Region Is Similar To That Of Regions Remote From 

The Joint And Has Parent Metal Properties [3]. Diffusion 

Bonding Provides A Novel Joining Operation For Similar (Al-

Al Alloys)And Dissimilar Materials (Al-X Alloys) Without 

Gross Microscopic Distortion And With Minimum 

Dimensional Tolerance, The Bond Strength Increased With 

The Increase In Bonding Temperature And This Is Essentially 

Due To The Increase In The Width Of The Brittle 

Intermetallic Compounds [4-7]. The Bond Specific Strengths 

Achieved Were Dependent On Interface Grain Boundary 

Migration And Grain Growth During The Bonding Process, 

And These Were Considered To Be The Main Mechanisms By 

Which The Initial Bond Interface Was Removed [8, 9]. 

Strengths Are Believed To Have Occurred Because Of 

Variations In The Amount Of Liquid Gallium Used [10]. 

Bonding Temperature Due To The Formation Of Finer Size 

Intermetallic Compounds And Good Bonding Between 

Mating Surfaces, Increases In The Joining Temperature Cause 

The Volume Fraction Of Intermetallics To Increase. These 

Intermetallics Lower The Strength Of Diffusion Bonds When 

Proposed At Higher Temperature [11]. Bonding Time 

Increases The Hardness Of The Joint Interface Increases Due 

To Intermetallic Compounds Formation, With The Increasing 

Of Bonding Time, The Shear Strength Of The Joints Increases 

Due To Diffusion Of Atoms In The Interface [12].Hence, The 

Researchers [13] Recommend Diffusion Bonding Technique 

To Join Aa 6082 Aluminium Alloy. The Selection Of 

Diffusion Bonding Process Variables Affecting The Interface 

Structure, Compound Formation And Morphology Is Critical 

To Attain Good Quality Bonds. The Predominant Process 

Parameters In Diffusion Bonding Process Are: (Bonding) 

Temperature (Bonding) Pressure And (Holding) Time [14]. 

 

There Are Different Mathematical Models Are Available To 

Predict The Required Output Variables And To Specify The 

Relationship Between The Input Parameters And Output 
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Variables. The Taguchi’s L9 Orthogonal Array [15, 16] Is 

Used To Develop An Empirical Relationship Between The 

Input Parameters And The Desired Output. Hence, In This 

Present Study An Effort Is Made To Optimize Diffusion 

Bonding Process Parameters Using Taguchi’s L9 Orthogonal 

Array And Desirability Approach To Attain Maximum Shear 

Strength And Bonding Strength In Aa6082 Aluminium 

Bonded Joints. 

 

II. EXPERIMENTAL WORK 

 

Fabricating The Joints And Preparing The Specimens 

 

Rolled Plates Of 5 Mm Thick Aa6082 Aluminium 

Alloys Are Used In This Investigation. The Chemical 

Composition And Mechanical Properties Of The Base Metal 

Are Presented In Tables 1 And 2. 

 

 
 

The Optical Micrograph Of Aa6082 Aluminum Alloy 

Is Shown In Chart 1. The Microstructure Of Base Metal Was 

Exhibiting Deformed Grain Structure With Precipitated 

Decorating Grain Boundaries. It Should Be Observed That 

Elongated Grains Were Observed Even In The Parent Material 

With Particular Reference To The Central Zone Of The Joint 

Section (Shown In Later Part). The Plate Was Cut To The 

Required Size (50 X 50 Mm) By Power Hacksaw Followed 

By Milling. 

 

 
 

The Surface Of The Samples Was Grinded To Flat 

With Different Sic Papers And Acetone Wash Is Required 

[17]. Now, The Samples Were Dried And The Surfaces (Top 

And Bottom Only) Should Be Covered With Mica Sheet 

Inside A Die Made Of Steel And Placed Inside A Vacuum 

Chamber With Pressure Of 29 Hg- Mm. Heat The Specimen 

To The Bonding Temperature Specified Inside The Induction 

Surface By Applying 25ºc/Min. Temperature Range. 

Simultaneously, Both Bonding Pressure And Holding Time 

Are Applied. The Samples Were Cooled To The Room 

Temperature Inside The Vacuum Chamber Upon Successful 

Bonding. Chart 2 Shows The Experimental Set Up. 

 

 
Chart-2 Diffusion Bonding Set Up 

 

Finding The Limits Of Diffusion Bonding Parameters 

 

From The Literature [18-20], The Predominant Factors 

That Have A Greater Influence On The Diffusion Bonding Of 

Aa6082 Aluminium Alloy Joints Had Been Identified. They 

Were: (I) Bonding Temperature (T), Bonding Pressure (P) 

And (Iii) Holding Time (T). Large Numbers Of Trial 

Experiments Were Conducted To Identify The Feasible 

Testing Conditions Using Diffusion Bonding Conditions. The 

Following Inferences Were Obtained: 

 

i. If The Bonding Temperature Was Lower Than 490˚C, 

Then No Bonding Was Occurred Between 

Aa6082/Aa6082 Aluminium Alloy And This Was Due 

To The Insufficient Temperature To Cause Diffusion 

Of Atoms. 

ii. If The Bonding Temperature Was Greater Than 520 

˚C, Then The Bonding Pressure Decreased 

Automatically After Few Minutes And This Was Due 

To The Melting Of Phase Particles Especially Zn Wets 

The Aluminium Surface Readily And The Difficulty 

Associated With Diffusion Bonding With The Zn 

Particles. 

iii. If The Bonding Pressure Was Lower Than 5 Mpa, 

Then No Bonding Was Occurred And This Was Due 

To Less Number Of Contacting Points (Between 

Surface Asperities) Through Which Diffusion Of 

Atoms Generally Should Occur. 
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iv. If The Bonding Pressure Was Greater Than 15mpa, 

Then The Plates Were Deformed Plastically Causing 

Reduction In Thickness And Bulging At The Outer 

Edges. 

v. If The Holding Time Was Less Than 15 Min, Then No 

Bonding Was Occurred And This Was Due To The 

Insufficient Time Allowed For The Diffusion Reaction 

To Take Place. 

vi. If The Holding Time Was Higher Than 45 Min, Then 

Excessive Grain Growth Followed By Melting Of 

Interphase Particles Alloy Was Observed. 

 

Developing The Experimental Design Matrix 

 

Owing To A Wide Range Of Factors, The Use Of 

Three Factors And An Orthogonal Array Matrix Were Chosen 

To Minimize The Number Of Experiments. Orthogonal 

Arrays Of The Taguchi Method Are Highly Fractional 

Orthogonal Designs. These Designs Can Estimate The Main 

Effects Of S/N Ratios By Using Only A Few Experimental 

Runs. In This Experiment With Three Parameters At Three 

Levels Each, The Fractional Factorial Design Used Was A 

Standard L9 (33) Orthogonal Array. Table 3 Represents The 

Range Of Factors Considered, And Table 4 Shows The 20 

Sets Of Coded And Actual Values Used To Conduct The 

Experiments. 

 

 
 

Recording The Responses 

 

After The Bonding Process, The Samples Were 

Prepared From The Al/Al Diffusion Bonded Joints By A Wire 

-Cut Electric Discharge Machine, The Tensile Test Was 

Carried Out In 50 Kn Capacity Servo Controlled Universal 

Testing Machine. Determine The Mechanical Properties Of 

The Bonding And Shear- Tensile Test Were Carried Out On 

The Diffusion Bonded Samples, To Measure Shear Strength 

Of The Joints, Lap Joint Samples Were Prepared In 

Accordance With Astm Standard D1002-99 [21].Micro 

Structural Characterization To Examine The Diffusion Layer 

Formation At The Interface Was Carried Out Using A Light 

Optical Microscope (Versamet-3) Incorporated With An 

Image Analysing Software (Clemex-Vision). The Diffusion 

Bonded Side Was Etched With A Keller’s Solution (3ml Hcl, 

2 Ml Hf And 90 Ml Distilled Water) [22]. The Test Specimens 

Were Polished In Disc Polishing Machine For Scratch Fewer 

Surfaces And The Surface Was Observed At 200x 

Magnification. 

 

III. DEVELOPING AN EMPIRICAL RELATIONSHIP 

 

Simulations Are Run As Per Taguchi Experiment 

Plan And Bonding Strength And The Shear Strength For Each 

Simulation Run Is Converted Into Their Respective S/N 

Ratios As Per Expression As; 

 

Bonding Strength (Bs) = F (T, P, T) Shear Strength (Ss) = F 

(T, P, T) 

 

Data Analysis Is Made Using Minitab R6 Software 

At 95% Of Confidence. Main Effect Plots And Interaction 

Plots Are Used To Determine The Optimum Factor Levels For 

Each Response And Results. The Mean And Signal To Noise 

Ratio Are The Two Effects Which Influence The Response Of 

The Factors. The Influencing Level Of Each Selected Bonding 

Parameter Can Be Identified. The Bonding Strength And The 

Shear Strength Of The A6082 Aluminium Alloys Were 

Considered As The Output Results. The Responses For The 

S/N Ratio Shows That The Bonding Temperature Ranks First 

In The Contribution Of Good Bonding And Shear Strength, 

While Bonding Pressure And Holding Time Take The Second 

And Third Ranks Shown In The Table 5. The Same Trend Has 

Been Observed In The Response Table Of The Mean Which Is 

Presented In Tables 6. The Responses For The Plot Of The 

S/N Ratio And Mean Are Shown In Chart.3 & 4 Respectively. 

 
 

 
Chart-3 Response Plot For S/N Values 
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Chart-4 Response Plot For Mean Values 

 

Relative Influence Of Each Factor Is Determined By Analysis 

Of Variance Method (Anova) And Results Are Presented In 

Table 7. The Fitness Of The Models Is Determined Using R2 

(Standard Deviation). Using The F-Test The Bonding And 

Shear Strength Models Show Highly Significant. 

 

 
 

The Probability Of Significance Of The Model Terms 

Should Be Less Than 0.05, As 95% Of The Confidence Level 

Is Considered. In This Case Bonding Strength And Shear 

Strength Includes T, P And T Are Significant Model Terms. 

The ‘‘Lack Of Fit F-Value’’ Of Bonding And Shear Strength 

Are 2.05 And 2.25 Implies The Lack Of Fit Is Not Significant 

Relative To The Pure Error Respectively. Non-Significant 

Lack Of Fit Is Good. The Predicted R-Squared Of Bonding 

And Shear Strength Are 0.7819and 0.7490 Relative To The 

Adjusted Root Mean Square Of 0.927 And 0.912. The Target 

For The Root Mean Square Is Less Than 0.2 The Probability 

Ratio For Bonding And Shear Strength Are 19.178 And 

18.809 Shows Better Fitness. The Normal Probability And 

Residual Plots Of The Bonding And Shear Strength Are 

Shown In Fig. 5 And 6 Respectively. It Is Found That The 

Residuals Arrayed In A Straight Line, Which Show The 

Errors, Were Distributed Normally. 

 
(A) Bonding Strength               (B) Shear Strength 

Chart-5 Normal Probability Plots 

 
(A) Bonding Strength (B) Shear Strength 

Chart-6 Correlation Of The Response (Bonding And Shear 

Strength) 

 

IV. OPTIMIZING THE DIFFUSION BONDING 

PARAMETERS 

 

In This Investigation, The L9 Orthogonal Array Was 

Used To Optimize The Diffusion Bonding Parameters [16]. 

The Response Plots Developed From The S/N Ratio And 

Mean Values Indicating The Maximum And Minimum Output 

Responses And The Empirical Relationship Was Made Shown 

In Fig. 3 & 4respectively. Maximum Achievable Bonding And 

Shear Strength Observed From The Apex Of The Response 

Surface Shown The Figures. The Bonding And Shear Strength 

Is Very Low Beyond The Lower Limit Of Temperature And 

Pressure. This Is Mainly Due To The Fact, At Low 

Temperature, The Flowability Of The 

 

Metal Is Substantial; Yet, Yield Strength Of Base 

Materials Still Remains High, Which Leads To An  

Incomplete Coalescence Of The Mating Surfaces [23,24] The 

Bonding And Shear Strength Is Relatively High With The 

Increase In Temperature. It Is Found From The Study; The 

Diffusion Of Atom From Metal To Metal Is More Feasible 

With Higher Temperature. This Enhances The Chemical 

Bonding. With The Increase In Temperature Beyond 520°C, 

The Bonding And Shear Strength Deteriorate. The 

Deterioration Of Strength Is Mainly Due To The Mass 

Transfer Of Alloying Element Across The Interface. This 

Cause Embrittlement Of The Joints By Causing The Increase 

In Volume Fraction Of The Inter Phase Particle.The Effect Of 

Bonding Pressure On Strength Is Less When Compared To 

Temperature And Time. At A Bonding Pressure Less Than 5 

Mpa, Minimum Shear Strength And Bonding Strength Are 

Obtained. Higher Shear Strength Is Obtained At A Pressure Of 

10 Mpa. Increase In Pressure Develops Higher Rate Of Plastic 

Deformation At Contact Sites, Which Increases The Contact 

Areas Of Clean Surfaces And Hence Diffusion Rate Changes 

Abruptly [24]. Further Increase Of Pressure To 15 Mpa 

Resulted In Decrease Of Shear Strength. The Property Of The 

Bonded Joints Also Depends On Thickness Of The 

Intermetallic Compounds. At Less Than 15 Min Of Holding 

Time, The Shear Strength And Bonding Strength Reduced, 

Respectively. At 30 Min Of Holding Time, Maximum 
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Strengths Were Obtained Due To The Growth Of Intermetallic 

Compounds. But The Shear Strength Of The Joints Is 

Increasing With Increase In Holding Time, Irrespective Of 

Temperature And Pressure. This Is Mainly Because The 

Holding Time Has An Effect On The Creep Of The 

Protrusions And The Quantity Of Atomic Diffusion [25]. At 

45 Min Of Holding Time, Decline In Strength Was Obtained 

Due To The Growth Of Intermetallic Compounds. 

In Order To Optimize The Process Parameters To Maximize 

The Mechanical Characteristics Such As Bonding And Shear 

Strength, A Combined Analysis Is Done Based On Their 

Desirability Criteria. Desirabilities Range From Zero To One 

For Any Given Response. The Greatest Overall Desirability 

Obtained By Associating The Individual Objectives Into 

Single Objectives, Later Transform It Into Single Desirability. 

The Program Combines The Individual Desirabilities Into A 

Single Number And Then Searches For The Greatest Overall 

Desirability [18]. A Value Of One Represents The Ideal Case. 

More The Number Of Cycles Will Develop Better Optimal 

Solutions. 

 

 
 

Chart-7 Desirability Chart For The Optimal Solution 

 
Chart-8 Overlay Plot For The Optimal Solution 

 

The Duplicate Solution Filter Establishes The 

Epsilon (Minimum Difference) For Eliminating Duplicate 

Solutions. The Program Using Design Expert Software, 

Randomly Picks A Set Of Conditions From Which To Start Its 

Search For Desirable Results. After Running Through 10 

Cycles Of Optimization, The Results Appear As The Most 

Optimal Parameters Are Bonding Temperature Of 510 °C, 

Bonding Pressure 13 Mpa And Holding Time Of 45 Min With 

The Desirability Of 0.82. Fig.7 Shows Histogram Of 

Desirability Is Generated For The Optimal Solution Of 

Process Parameters Found Via Numerical Optimization. The 

Graphical Optimization Is Also Generated By Overlaying The 

Plot Shown In Fig. 8. 

 

V. CONCLUSIONS 

 

 A Maximum Bonding Strength Of 34 Mpa Obtained 

Under The Condition Of Bonding Temperature 520 °C, 

Bonding Pressure 10 Mpa And Holding Time 30 Min. 

While, The Maximum Shear Strength Of 113 At The 

Same Parameters. 

 Bonding Temperature Was Found To Have Greater 

Influence On Shear Strength And Bonding Strength Of 

The Joints Followed By Bonding Pressure And Holding 

Time. 

 From The Anova Results, The Most Significant Model 

Parameters For Both Bonding Strength And Shear 

Strength Are Bonding Temperature (T), Bonding Pressure 

(P), Holding Time (T). Similarly, The Interactive 

Parameters Such As Bonding Temperature-Bonding 

Pressure (Tp) And Bonding Pressure-Holding Time (Pt) 

Are The Significant Model Terms For Both Bonding 

Strength And Shear Strength. 

 After Running Through 10 Cycles Of Optimization, The 

Most Optimal Parameters Are Bonding Temperature Of 

510 °C, Bonding Pressure 13 Mpa And Holding Time Of 

45 Min With The Desirability Of 0.82. 
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