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4.3.2 DOE Experiment and Results 

Coding the high and low values of the variables using 1 and -1 respectively, an eleven 

run 2
3 

full factorial with center points was performed with two replications.  Each run was 

randomized.  Table 6 shows the DOE setup, analysis, and experimental results. 

The results of the full factorial DOE indicated that only the weld dwell time had a  

significant effect on the lap shear strength at the 95% confidence level with a p-value of 0.0004, 

with a longer welding dwell time creating a stronger weld. The interaction between tip length 

and weld dwell time was approaching significance with a p-value of 0.0669, but this is likely due 

to the high significance of weld dwell time.  Also, curvature was significant, so a quadratic 

model of the data was required.   

To create an optimized equation for lap shear strength, the general equation for the 

strength of the weld as determined by the welding dwell time and the quadratic term was formed, 

and then Microsoft® Excel 2007 Solver was used to maximize the strength.  The coefficient for 

the weld dwell time factor was the effect thereof divided by two.  Regression analysis was used 

to replace the interaction with the smallest effect size with an X
2 

term to account for the curvature 

found through experimentation.  The factors that were not significant were also eliminated one at 

a time until only the weld dwell time and the quadratic term remained.  The intercept of the 

equation was reported to be 1414.56.  Maximizing Equation 2 gives a strength of 1425.4 lbf 

when the weld dwell is at a factor level of 0.268, which equates to 1133.8ms. 

 

                                
            (4.2) 



 

 

3
1
 

 

Table 6: Replicated DOE after Stiffening the Frame of the Machine 

      
 

Factors 
 

Interactions 
 

Lap Shear Strength 

 

Tip 
Length 

Cool 
Dwell 

Weld 
Dwell 

        Run X1 X2 X3 X1X2 X1X3 X2X3 X1X2X3 Y1 Y2 Y3 Mean Range Variance 

1 -1 -1 -1 1 1 1 -1 1126 1046 1334 1168.7 288 22101.3 
2 1 -1 -1 -1 -1 1 1 1132 1288 1201 1207.0 156 6111.0 
3 -1 1 -1 -1 1 -1 1 1180 1285 1065 1176.7 220 12108.3 
4 1 1 -1 1 -1 -1 -1 1218 1041 1267 1175.3 226 14134.3 
5 -1 -1 1 1 -1 -1 1 1418 1501 1461 1460.0 83 1723.0 
6 1 -1 1 -1 1 -1 -1 1403 1121 1218 1247.3 282 20526.3 
7 -1 1 1 -1 -1 1 -1 1339 1415 1326 1360.0 89 2311.0 
8 1 1 1 1 1 1 1 1365 1267 1295 1309.0 98 2548.0 

9 
0 0 0 0 0 0 0 

1343 1445 1452 
1414.6 291 7215.8 10 1255 1546 1410 

11 1409 1378 1493 

 
       

    
  

Sumprod: -226.67 -62.00 648.67 122.00 -300.67 -14.67 201.33 
  

Sp
2
 = 9202.20 Sp = 95.93 

              Effect: -56.67 -15.50 162.17 30.50 -75.17 -3.67 50.33 
  

Runsf= 8 Repsf = 3 

              H0: Effects=0 HA: Effects≠0 
      

nf = 24 SeE = 39.162 

              α = 0.05 df = 24 
      

Runsc= 3 nc = 9 

              teffects = -1.447 -0.396 4.141 0.779 -1.919 -0.094 1.285 
  

C = 151.56 H0: C = 0 

              p-value = 0.1608 0.6958 0.0004 0.4437 0.0669 0.9262 0.2110 
  

SeC = 37.495 tc = 4.042 

              Significant: N N Y N N N N 
  

t*crit = 2.064 pvalue= 0.0005 

              

           

Curvature 
Significant: Yes 
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4.3.3 Additional DOE Analysis 

 To determine if stiffening the frame had an effect on the results of the experimentation, 

the first and second full factorial experiments were analyzed as a blocked experiment.  The first 

experiment was determined to be in the first block with a factor level of -1, and the second 

stiffened frame experiment was used as the second block, which had a factor level of 1.  If the 

blocked factor of stiffening the frame had no effect on the strength of the weld, then the effects 

of the interactions between the experimental factors and the blocked factor would be 

insignificant.  Using a similar analysis as before, it was determined that stiffening the frame had 

no significant effect on the strength of the weld.  However, an analysis of the variation showed 

that stiffening the frame did have a significant effect on reducing the variation of weld strength. 

4.4 Bit Design and Material 

 After determining the optimum welding settings within the tested range, it was decided to 

experiment with different bit geometry and material combinations to find out if they would have 

a significant effect on the lap shear strength.  Because of analytical mistakes made during 

experimentation, the optimal settings were thought to be different than was reported here.  Thus, 

the following experiments were run at a tip length of 0.175”, cooling dwell of 500 ms, and 

welding dwell of 1500 ms.  The other settings remained the same as before with a tip diameter at 

0.245”, neck diameter at 0.198”, cutting and welding z-velocities at 2.6”/min, cutting and 

welding RPMs at 550 and 2160 RPM respectively, and cutting and welding z-commands at -

0.07” and -0.12” respectively. 

 The two bit geometries studied in this experiment were the non-fluted and the fluted 

designs as discussed in Chapter 3.  Combined with both 4340 and 4140 steel, four different 
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combinations of bit geometry and bit material were studied.  To compare the combinations, ten 

runs of each bit were measured and recorded as shown in Table 7.  These results were analyzed 

using F-tests and T-tests.  F-tests were used to compare the variance in lap shear strength of the 

bit combinations, and T-tests were used to compare the average lap shear strengths. 

 First, the effect of the bit geometry was analyzed.  When comparing the 4340 non-fluted 

and fluted bits, it was found that the fluted bits significantly reduced the variance in lap shear 

strength, but did not significantly increase the average lap shear strength.  When comparing 4140 

non-fluted and fluted bits, the fluted bits were marginally significant in both reducing the 

variance in lap shear strength and increasing the lap shear strength with p-values less than 0.08.  

This shows that the fluted bit geometry creates welds that are more consistent in strength.  This is 

important for industry because reducing variation helps to improve quality and ensures that the 

product works as intended. 

 Next, the effect of the bit material was analyzed.  Comparing the 4340 and 4140 non-

fluted bits showed that there was no difference in either the variance of the two samples or the 

lap shear strength.  Similarly, comparing 4340 and 4140 fluted bits provided further evidence 

that these bit materials do not affect the variance in lap shear strength.  However, the difference 

in the average lap shear strength was found to be significant with a p-value of 0.013.  Thus, the 

4140 steel bit material has the potential to create a stronger weld. 

Overall, the 4140 fluted bit design was found to create the strongest weld in lap shear 

with the least amount of variance.  The average strength of the weld was 1320 lbf (5.87 kN), 

with a range of 177 lbf and a variance of 3855. 



 

 

3
4
 

 

 

Table 7: Bit Geometry and Material Combinations 

4340 - flat design 
 

4340 - fluted design 
 

4140 - flat design 
 

4140 - fluted design 

Sample # 
Lap Shear 

Strength (lbf) 
 Sample # 

Lap Shear 
Strength (lbf) 

 Sample # 
Lap Shear 

Strength (lbf) 
 Sample # 

Lap Shear 
Strength (lbf) 

   

1 1495 
 

1 1096 
 

1 1403 
 

1 1268 

2 1381 
 

2 1255 
 

2 1134 
 

2 1284 

3 985.8 
 

3 1225 
 

3 1251 
 

3 1394 

4 1220 
 

4 1274 
 

4 1284 
 

4 1228 

5 1339 
 

5 1250 
 

5 1256 
 

5 1379 

6 1057 
 

6 1206 
 

6 1253 
 

6 1282 

7 1225 
 

7 1297 
 

7 1365 
 

7 1365 

8 1232 
 

8 1070 
 

8 1052 
 

8 1329 

9 1148 
 

9 1298 
 

9 1216 
 

9 1405 

10 1182 
 

10 1318 
 

10 1283 
 

10 1270 

Average: 1226 
 

Average: 1229 
 

Average: 1250 
 

Average: 1320 

Range: 509 
 

Range: 248 
 

Range: 351 
 

Range: 177 

Variance: 22611 
 

Variance: 7107 
 

Variance: 10304 
 

Variance: 3855 
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4.5 Weld Time Reduction 

In order to be competitive with SPR, FBJ needed to not only match joint strength, but 

also to match joint creation speed. The welding time was calculated by dividing the displacement 

by the Z-velocity (in/min) and multiplying by 60 sec/min to find the welding time in seconds. At 

the welding parameters that were thought to be optimal as shown in Table 8, the welding time 

per joint was approximately 4.77 seconds. To be within the processing time range of SPR, it was 

decided that FBJ needed to be able to produce welds at 2.0 seconds or less. 

Table 8: Final Weld Parameters from the Incorrectly Analyzed DOE 

 Cutting Welding Cooling Breaking 

RPM 550 2160 0 800 
Z-velocity (in/min) 2.6 2.6 0 10 
Z-command (in) -0.070 -0.120 -0.120 0.200 
Peck Cycles 1 0 0 — 
Dwell (ms) 0 1500 500 0 
 

 

Using the welding parameters in Table 8 as a start point, the parameters were changed 

and tested until acceptable parameters were found that would create a joint in less than 2.0 

seconds and still create a strong weld.  Two main strategies were used to decrease the weld 

creation time: increasing the cutting and welding Z-velocity, and decreasing the welding dwell 

time.  Because of the increase in cutting Z-velocity, the cutting RPM was also increased in order 

to ensure that the aluminum was being removed from the welding interface. Increasing the 

welding Z-velocity increases the friction heat generated, which somewhat counteracts the 

decrease in welding dwell. Another change that was made that decreased the welding time was to 

decrease the welding Z-command depth by 0.01in.  The final parameters that were discovered 

are shown in Table 9.  Using the same welding time calculation as above, it was found that at 
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these new welding settings, welds could be created in 1.66 seconds, which nets a 65.2% welding 

cycle time reduction. These faster welding parameters were used for all subsequent 

experimentation.  

Table 9: Parameters Used to Create Welds in Under 2.0 Seconds 

 Cutting Welding Cooling Breaking 

RPM 1200 2160 0 800 
Z-velocity (in/min) 10.0 10.0 0 10 
Z-command (in) -0.070 -0.110 -0.110 0.200 
Peck Cycles 1 0 0 — 
Dwell (ms) 0 500 500 0 

 

 Five consecutive runs of both the 4140 fluted and non-fluted bits were run at the 1.66 

second welding time, as shown in Table 10.  Compared with the 4140 fluted bit run at the 4.77 

second weld time, both the 4140 fluted and the non-fluted bits run at the 1.66 second weld time 

were found to be significantly stronger.  Although the fluted bit run at 1.66 seconds also had an 

increase in variation, it was decided that the fluted bit would be used for future experimentation 

because it had the higher average strength of 1462 lbf (6.50 kN) which would assumedly allow 

for a higher potential strength for future welds created. 

 Two samples of the 4140 fluted bits were also run at the 1.66 second welding parameters 

in DP590 to ensure that the parameters and bit choice would still work for that material choice.  

Both samples had lap shear strengths over 1500 lbf (6.67 kN).  The first sample sheared at 1523 

lbf (6.77 kN) and the second sheared at 1575 lbf (7.00 kN).  Although not many DP590 samples 

were made, these results were promising. 
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Table 10: 4140 Fluted and Non-Fluted Bits at 1.66 Seconds 

 

 

 Leonid Lev of General Motors R&D and Planning was able to create some SPR samples 

with which to compare these results.  Using a 6mm diameter Emhart Rucker rivet and 5754 

aluminum and DP590 steel coupons, the SPR samples created had lap shear strengths ranging 

from 4690N to 5422N with the strength increasing as the rivet penetration depth increased.  Five 

consecutive runs at the best rivet penetration depth averaged 5345N with a range of 405N.  FBJ 

samples had an average strength 21.7% stronger than the SPR samples, with an average strength 

of 1462lbf (6505N).  However the range for FBJ was 358lbf (1592N), which was almost four 

times that of SPR. 

4.6 Weldbonding 

The next experiment performed was to determine if it was possible to weldbond using the 

FBJ process.  Using the parameters discovered in Table 9 and the 4140 fluted bit design with a 

tip length at 0.175”, tip diameter at 0.245”, and neck diameter at 0.198”, five consecutive runs 

were performed on DP980.  The DOW Betamate 73305GB structural adhesive was applied as a 

Z-bead, and then the samples were welded as usual. 

The average lap shear strength of the five runs was 1443 lbf (6.41kN) as shown in Table 

11.  Unlike the FSSW weldbond study cited in the literature review, a t-test showed that there 
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was no difference in strength between the FBJ uncured weldbonded samples and the non-

adhesive samples.  Also, Figure 14 and Figure 15 show sectioned samples that demonstrate how 

the frictional heat somewhat cured the adhesive, and this heat affected zone (HAZ) of the 

adhesives is localized around the welded bit.  It also appears that the majority of the adhesive 

was forced out of the weld zone. 

Table 11: Weldbonded 4140 Fluted Bits in DP980 at Fast Parameters 

Sample 

# 

Lap Shear 

Strength (lbf) 

  1 1472 Avg: 1443.8 

2 1422 Range: 82 

3 1408 Variance: 1242.2 

4 1427 

  5 1490 

   

 

 

Figure 14: Weldbonded Shear Samples Showing the Cured Adhesive 
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Figure 15: Sectioned Weldbonded Sample Showing the Adhesive 

HAZ around the Weld Zone   

 

4.7 T-peel and Cross Tension 

Once acceptable lap shear strengths were achieved, the next step was to determine if the 

same parameters would create welds in T-peel and cross tension configurations with strengths 

equal to or greater than 731 lbf, which is 50% of the average lap shear strength.  Five samples of 

each configuration were run in DP980 and DP590.  Extra samples were made when the bit head 

did not separate properly from the shank and thus had no flange to hold the top aluminum sheet 

securely to the steel sheet.  This made for a total of 23 runs, with three of them being repeats.   

 Table 12 shows the strength of each sample.  On average, none of configurations were 

able to produce welds equal to half the average lap shear strength.  However, one DP590 cross 

tension sample did surpass this benchmark at a strength of 756 lbf (3.36kN), and two others 

within this category were over 42% of the average lap shear strength.  None of the other samples 

exceeded 34% of the average lap shear strength. 
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Table 12: T-Peel and Cross Tension Tests in DP980 and DP590 

DP980       DP590       

T-Peel 

  

  T-Peel 

  

  

Run # Strength(lbf) Notes   Run # Strength(lbf) Notes   

1 200.8 BB   1 27.7 NF   

2 85.9 NF   2 180.9 BB   

3 166.7 BB   3 199.5 BB   

4 138.5 BB   4 223.1 BB   

5 178 BB   5 218.3 BB   

6 363.2 AL   6 215.8 BB   

Average 188.85 Average 177.55 

Average without run 2 209.44 Average without run 1 207.52 

DP980       DP590       

Cross Tension 

 

  Cross Tension 

 

  

Run # Strength(lbf) Notes   Run # Strength(lbf) Notes   

1 478.1 BI   1 654.2 BB   

2 564.8 BI   2 489.1 BB   

3 494.8 BI   3 307.7 NF   

4 413.2 BI   4 756.2 BI   

5 484.8 BI   5 619.9 BB   

  

  

  6 295.3 BI   

Average 487.14 Average 520.4 

    Average without run 3 562.94 

Key: 
AL: Aluminum tear-out;          BB: Broke in the bit ;                                    

BI: Broke at the interface;       NF: No flange 

 

In addition to the strength of each sample, a note indicating how the joint failed is also 

included in Table 12.  An example of the different failure modes is shown in Figure 16, with 

image a) showing aluminum tear-out, image b) showing breaking in the bit, image c) showing 

breaking at the interface, and image d) showing no flange.  Both the T-peel and the cross tension 

samples suffered from shearing within the bit during welding.  Only one sample pulled out of the 

aluminum, which is the preferred failure mode, while the majority of the samples broke in the 

bit.  The samples that broke in the bit greatly resembled the samples that had no flange, leading 

to further experiments to discover what was happening in the bit during the welding process. 
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Figure 16: Failure Modes of Cross Tension and T-Peel Samples 

 

4.8 Friction Bit Hardness and Depth Study 

To gain understanding of why the samples were breaking in the bit, a preliminary depth 

analysis study was performed.  This preliminary analysis was run at the 1.66 second welding 

parameters using the 4140 fluted bit design.  However, the welding phase Z-command depth was 

varied from -0.105 to -0.120 in., incrementing by 0.005 in.  A visual inspection of a cross-

sectioned sample indicated the presence of an HAZ within the bit that was a slightly darker color 

than the rest of the bit.  Two main defects were present within this HAZ: void zones and cracks.  

The cracks appeared to be a shearing of the bit during the welding phase when the bit would 

soften.  The void zones appeared to form along these cracks, as well as along the edges of the bit 

where it deformed and folded upon itself.  An example showing the presence of defects is shown 

in Figure 17.  This shows that when a weld does not have a flange present, it is likely because the 
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bit sheared during the welding phase and either did not rejoin with the flange, or it was weaker 

than the neck region and broke during the final phase of the FBJ process. 

 

 

Figure 17: Depth Analysis Sample Run at -0.110” Welding Depth 

Showing Void and Cracks    

 

In order to determine if the Rockwell C (Rc) hardness of the bit would affect the quality 

of the weld as determined through visual inspection, three groups of heat treated 4340 bits and 

one group of non-heat treated 4140 bits were compared at the same parameters of the 

preliminary depth analysis.  The 4340 bits were all heat treated and hardened to approximately 

54 Rc.  One group of the 4340 bits was left untempered, while the other two groups were 

tempered to approximately 47 Rc and 37 Rc.  The 4140 steel was used as received and had a 

hardness of approximately 33 Rc. 

None of the samples mounted and polished were free from defects.  No one particular 

heat treatment seemed to perform better than the others.  It is possible that the heat generated 

during the welding process negates much of the heat treatment on the bits.  Figure 18 includes 

some of the samples from the hardness analysis.  Sample 10 was one of the worst samples, 
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5.2 Conclusions 

In order to determine the feasibility of using the FBJ process to join 5754 aluminum to 

DP980 steel in a dissimilar joining configuration, the focus of this research was to optimize the 

strength of the weld while decreasing the welding time.  Feasibility was defined as the ability to 

produce strong, quality welds at high speed as stated and tested through the following 

hypotheses. 

Hypothesis 1: The FBJ process is capable of producing aluminum to steel lap shear joints 

with strengths that are greater than joints produced using SPR as a comparison. 

 This hypothesis was not rejected. 

 FBJ was able to create samples with an average strength 21.7% stronger than the 

SPR samples, averaging 1462 lbf (6.5 kN). 

Hypothesis 2: The FBJ process is capable of producing high quality joints as evaluated 

through visual inspection and by statistical consistency over a large number of samples. 

 This hypothesis was rejected. 

 Cross sectioned samples indicated the presence of cracking and void zone defects 

within the bit material. 

 Defects led to poor joint performance in the cross tension and T-peel 

configuration. 

 Defects also caused the bit to break below the neck region during the final phase 

of the welding cycle, resulting in welds without flanges. 

Hypothesis 3: The FBJ process is capable of producing joints with the cross tension and 

T-peel strengths equal to or greater than 50% of the lap shear strength.   

 This hypothesis was rejected. 
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 No T-peel or cross tension sample group averaged 50% of the lap shear strength 

 Only one sample had a tensile strength over 50% of the lap shear strength. 

 These poor pulling strengths were likely due to the shearing within the bit that 

was seen in the cross sectioned samples. 

Hypothesis 4: The FBJ process is capable of producing joints in less than 2 seconds.   

 This hypothesis was not rejected.   

 The total welding time was reduced from 4.77 seconds to 1.66 seconds. 

At the current welding capabilities and bit design, the FBJ process is not a feasible 

alternative to joining dissimilar 5754 aluminum with DP980 steel.  Although the samples were 

able to be created in under two seconds and performed better than SPR in a lap shear 

configuration, cross tension and T-peel joints suffered from poor quality within the weld.  For 

FBJ to be feasible according to these hypotheses, progress on improving the weld quality would 

also have to improve the cross tension and T-peel strengths. 

5.3 Recommendations 

Although these experiments showed that FBJ is capable of creating dissimilar 5754 

aluminum to DP980 steel joints, visual inspection of sectioned samples and sub-optimal cross 

tension and T-peel samples showed that there is still much room for improvement.  Two main 

problems with the FBJ process that were observed during experimentation involved the FBJ 

machine and the friction bit.  Resolving these problems would be beneficial for future research. 

The first problem that was observed with the current welding process involved the 

welding machine itself.  The purpose-made friction bit joining machine is essentially made up of 

a spindle and an anvil attached to a large C-frame. A laser micrometer is used to determine how 
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far the bit will travel in the Z-axis direction. However, it was observed that a lack of machine 

rigidity was allowing the frame to flex open and twist laterally. This resulted in the actual bit 

depth being greater than the programmed depth, as well as possibly causing shearing within the 

bit during the welding cycle. Thus, the first recommendation is to develop a smaller, more rigid 

design for the welding frame, which would provide the following benefits: 

 Eliminate welding frame flexing 

 Eliminate lateral movement during the welding cycle 

 Provide more accurate weld depth control 

The second problem that was observed involved the friction bit design.  The current bit 

design is simple and easy to manufacture, which makes it appropriate in an experimental setting. 

However, almost 3/4 of the bit is waste that does not become part of the welded joint.  No 

process that was studied in the literature review had unused material after the joint creation.  In 

order to be competitive with other processes, this waste needs to be eliminated. Thus, the other 

recommendation is to redesign the friction bit to only include the portion that is consumed in the 

welding process, which would provide the following benefits: 

 Eliminate material waste 

 Eliminate the cooling and shearing phases, further reducing weld cycle time 

Developing new equipment and tooling according to these proposed recommendations 

would hopefully make the FBJ process more reliable, as well as increase its competitiveness with 

other joining processes.  It is important to make these changes before continuing with more 

research since new welding parameters would likely be necessary to accommodate these 

modifications. 
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