Short Fatigue Crack Growth And Durability Modeling Of
Resistance Spot Welded 5754 And 6111

by

Vir S. Nirankari

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
(Materials Science and Engineering)
in The University of Michigan
2017

Doctoral Committee:
Professor John E. Allison, Chair
Professor Pingsha Dong
Professor J. Wayne Jones
Dr. Mei Li, Ford Motor Company
Professor Alan Taub



© Vir S. Nirankari
2017



Acknowledgements

First and foremost, I would like to express my gratitude to my academic advisor and
committee chair, Professor John Allison, for his support and guidance, without which this thesis
would not have been possible. I would also like to thank the rest of my committee members,
Professor J. Wayne Jones, Professor Pingsha Dong, Professor Alan Taub and Dr. Mei Li for their

insights and helpful critiques.

In addition I wish to thank our collaborators at the Ford Motor Company Research and
Innovation Center. Dr. Bita Ghaffari, Dr. Elizabeth Hetrick, and Dr. Xuming Su provided the
materials used in this research along with countless helpful discussions. Sainan Wu and Li
Huang for conversations and advice with spot welds and finite element analysis. Special thanks
also to Dr. Steven Yalisove, for giving me permission to utilize the femtosecond laser

equipment.

I would also like to thank my numerous colleagues, all of whom who provided support,
thoughtful discussions, camaraderie and encouragement that have made this work more pleasant
and productive: Dr. Tracy Berman, Dr. Michael Kimiecik, Dr. Jared Tracy, Dr. Jiashi Miao, Dr.
Xianfeng Ma, Dr. Alfred Okello, Dr. Jason Geathers, Dr. Zhe Chen, Dr. Qianying Shi, Dr.
Surendra Makineni, Erin Deda, Jacob Adams, Sinsar Hsie, Aeriel Murphy, Maya Nath, Anna

Trump and Zhihua Huang.



I would also like to thank my family and friends for their love, support encouragement,

and prayers. All of this would have been impossible without you.

Finally, I gratefully acknowledge the funding of this work from Ford Motor Company.
This work was supported by the University of Michigan — Ford Alliance Program. I would like
to thank the Horace H. Rackham Graduate School for financial travel awards that supported
travel to conferences throughout my work. A final thanks to Dr. Shaopin Song for his tireless
work to help me with finite element analysis, Dr. Michael Abere and Rico Cahyadi for helping
me with femtosecond notching, John Lasecki for his help in the lab and MTS frames, and Marv

Cressey and Kent Pruss for helping me with sample fabrication.



Table of Contents

ACKNOWIEAZEIMENLS.......iiiiieiiieiieeie ettt ettt e et e st e e bt esabeesseeesaeebaessbeenseesaseenseennsaens il
LSt OF TADIES ..ottt et st et sttt et vii
LSt OF FIGUIES ..ttt ettt et e st e et e s b e enbeesabeenbeeenseenseesnseenseennnes viil
AADSTIACE ..ottt ettt e h bt et e a e bt et ea e bttt ehte bt et e eate bt et xiii
Chapter 1 INTrOQUCTION .......eeiiiiiieiieie ettt ettt ettt et e st e e beesabeesbeessaeenseesnseenseennne 1
Chapter 2 Literature REVIEW .......cccuiiiiiiiiiiiieeiieeie ettt ettt ettt e siaeesbeessaeenseesnseenseennns 5
2.1 Aluminum Alloys 5754 And 6111 And The Resistance Spot Welding Process................... 5
2.1.1 ATuminum ALLOY 5754 ..ottt ettt ettt sttt e et eesaae b e 6
2.1.2 Aluminum ALLOY 6111 ..oooiiiiiiiiiieiieie ettt et e e eee 7
2.1.3 Resistance SPot WeEldiNg ........cocvieiieiiiiiiieieeieesie ettt ettt 9

2.2 Behavior Of Short Cracks .......ooeiuiiiiiiieieecieee e 11
2.3 Short Crack MOGELS ....cc..eeuiiriiiiiiiecieeee ettt st 13
2.4 EATECE Of POTOSILY ...teeuvieiiieiieeiie ettt ettt ettt ettt e et e et e seaeeseeenbeebeesnseensaennseans 18
2.5 Lap-Shear Specimen Failure MOdes........cccceeouieiiieiieniiiiiieieeieeee ettt 19
2.6 Structural Stress And The Master Fatigue Life Curve..........ccooceeviiiiiienieeiienieeieeieee 21
Chapter 3 Experimental APProach.........cccocieiiieriieiiiiiieeie ettt sae e seae e 44
Bl MALETIAL ...ttt et b et nbeenees 44
3.1.1 Wrought Material........c.cooiiiiiiiiiiieiiee ettt et 44
3.1.2 Resistance SPOt WElding .......cccueeoiiiiiiiiieiieie ettt 45
3.1.3 Heat Treatment PrOCEAUIE .........cccueriiriiiiiiiiiiieieeiereeeeee e 46
3.1.4 Dogbone Specimen DESIZN.........cccuiiiiiriieiieiieeieeie ettt eebe e 47

3.2 Microstructural CharacteriZation .............coeevueeiirierienienieieeee ettt 47
3.2.1 Sample Preparation ...........cocueeuierieiiieiie ettt ettt s 47
3.2.2 OPICAl IMICTOSCOPY ..eeuvveeurieiieeitieniieeteesiteeteessteeteesseeeseeseesnseeseessseeseessseenseessseenseennns 48
3.2.3 SEM and EBSD ANALYSIS .....ceeuiiiiiiiiieiieeieeeiie ettt ettt ettt esaesese e eee 48



3.2.4 Hardness and Microhardness ProCcedure ...........oooovviviiiiiiiiiiii 49

3.2.5 RadiographiC TeSHNE ......c.ceriieiieriieeiiesiie ettt ettt ettt et eeae et e s beesaeenseenseeeens 50

3.3 MeChanical TESHINE.......ccueeiuiieiiiiieeieeeiie ettt ettt ettt e et esaaeeteesaeeenbeessseenseennsaens 50
3.3.1 Short Fatigue Crack Growth (SFCG) TeStING ......ceoveevieriiieiiiiieeiieie e 50
3.3.2 TENSIIE TESHNG.....ccuieeiiieiieiieetieeite ettt ettt et e stte et et e et e e seeeabeeaeesnbeenseesnseenseennns 51
3.3.3 MICTOtenSile TESTING ....eeevieiieeiieiie ettt ettt ettt eteeeebeensee e 51
Chapter 4 Short Fatigue Crack Growth In Wrought and Resistance Spot Welded Aluminum 5754
) 110 G ) U 1 OO TSSOSO USORRRUPPRP 60
4.1 Microstructure CharaCteriZation ...............eeeererieriieneeiieneenieeee sttt sttt st 60
4.1.1 Parent Sheet ATloy MICTOSIIUCTUIES ......ccuvieriieriieiieeiieeiie e eieeseveeieeeteeieesveeseesaaeens 61
4.1.2 Resistance Spot Welded ALLOYS .......ieuiiiiieiieiiieiiecie ettt 62
4.1.3 MechaniCal PrOPETtiEs. .......cecuiiiiieriieiieeieeite et eite ettt ete et e seveeteesaaeebeesaeenseesnnaens 65

4.2 Short Fatigue Crack Growth (SFCG) .....coouiiiiiiiiieiieieeeeeetee et 66
4.2.1 SFCG in the Parent Sheet Material...........ccceviivieiiiiiniiieiiceceeeeee e 67
4.2.2 SFCG in Resistance Spot Welded RegIons ...........ccccueeiiieriieniieniiiiniienieeiieeee e 69

4.3 Adjustments To Unified Short Crack Model..........c.cooovieiiiniiiiiiiieiieieceeeeee e 74
4.4 DISCUSSION ..ottt ettt ettt st ettt e sbe et e eate s bt e bt eate s bt e bt eateebeenbeesbesbeenbeestesbeenbeennenaeenee 81
4.4.1 Short Crack Growth Behavior of Parent Sheet Metal..............ccoceeviiiiiieniiniiiiee 81
4.4.2 Short Crack Growth Behavior of Resistance Spot Welded Alloys.........cccceeveeiienenne 82
4.4.3 Unified Short Crack Model.........ccccoouiiiiniiiiiiiiicieee e 84

4.5 CONCIUSIONS ...ttt ettt ettt sttt et b e et et s bt e bt e st e sbe et e eatesbeebeeneesaeenee 87

Chapter 5 Development Of A Structural Stress Master Fatigue Life Relationship For Modeling

Durability Of Resistance Spot Welded Joints In Aluminum AIlOYS ......coceeverieviininiiiniiniennns 119
5.1 INEOAUCHION ...ttt ettt b e bt et st e st e e eaeesbeeeeeaeen 119
5.2 Finite Element and Structural Stress Model for Fatigue Life Calculation........................ 122

5.2.1 Finite Element MOdel .........ccccooiiiiriiiiiiiiieienceeeteee e 122
5.2.2 Structural Stress MOdel.......c.eiiiiiiiiiiiieeeee e 124
5.2.3 Fatigue Life MOd@ING ........ccoeviiiiiiiiieiiece ettt 126
5.3 Experimental Fatigue Life TeStS........cccoueriiiiiiiiiieiieeie et 128
5.3.1 Experimental APProach .........coccuieiiiiiiieiiiiiiiciiecieeee ettt 128
5.3.2 Fatigue Life RESUILS ......ooouiiiiiiiiiciieie et 129
5.4 Equivalent Initial FIaW S1Z€........ccooviiiiiiiiiiiiiiiiicece ettt 132
5.5 DISCUSSION ...ttt ettt ettt et be et be e bt et e eb e e st e e bt sat e s bt enbeestesbeenseeaeens 135



5.5.1 Fatigue Life Data ......cccooiiiiiiiiieciiee ettt 135

5.5.2 Structural Stress MOdEL.......oueiiiiiiriiiieiieeeeetee e 137
5.5.3 Model Validation .....c..cocuevieriieiiniieiiiiesiteieee ettt 140

5.6 CONCIUSIONS ...ttt ettt ettt b et e b e sttt sat e s bt et eseesbeeaesaeens 141
Chapter 6 Conclusions and Future Work...........cccooviiiiiiiiiiiienieciicecieee e 162
0.1 CONCIUSIONS ...ttt ettt ettt b et e b e sb et saeesae et eseesbeebesaeens 162
6.2 Recommendation for Future Work ..........c.ccooioiiiiiniiiiiiieeeeeee e 163

Vi



List of Tables

Table 3.1 - Compositions of the aluminum alloys investigated.............cceccvevieriiienieniiienieeieenee. 54
Table 4.1 - Composition of Aluminum Alloys 5754 and 6111 .......cccevieiiiiiniiniiineceee, 95

Table 4.2 - Elastic modulus and yield strength for materials tested. (* calculated from
microhardness COMPATISON [22])...ccveeruieeriierieeiiienieeiieesteeieeeteesteesiteeseeseaeesseessseenseessseeseas 95

Table 4.3 - da/dN vs. AK power law fit components short cracks growing in wrought aluminum
5754 and 6111 (da/dN = C(AK)™) c.oiiieeeiiirieieieieeteee ettt 95

Table 4.4 - Number of surface welding defects observed in 4x4mm view field around micronotch
for RSW 6111 specimens (defect $12€ > 30 [UM) ..oovuvievieiiieriienieeiieeie et 96

Table 4.5 - Measured fraction of porosity in the short crack regime for resistance spot welded
ALLOYS tESTEA. ...vviiiiietie ittt ettt ettt ettt e bt e s b et e e e abe e bt e e nbeebaeenaaens 96

Table 4.6 - Fitting parameters for the unified short crack model ( da/dN = p(®,d6ys)™ )........ 96

Table 5.1 - Structural stress and its components values for an applied force / stress for each

ZEOMETIIC CONAILION. ..eeuviieiiieiiiieiieeie ettt ettt ee ettt e et e et e st e estaesabeenbeessseenseessbeenseennns 148
Table 5.2 — Test matrix of conditions investigated with fatigue life experiments for the structural

stress based fatigue life Mmodel. ..........cooviiiiiiiiiiii e 149
Table 5.3 - Average lifetimes and standard deviations for eyebrow failed or run-out lap-shear

specimens per condition per Stress 1eVel. ......ooviiiiiiiiiiiiiiciece e 149
Table 5.4 — EIFS (in meters) per geometric condition and stress level. .........cccccooevervenienenne. 150

Table 5.5 - Thickness correction comparison. The variables A and B represent the power law fit
exponents for the experimental structural stress fit (Acss = A(N 9®). The first row represents
N0 thiCKNESS COTTECLION. ...cuuiiiiiiiiieiiieiie ettt ettt e et eebee e 150

vii



List of Figures

Figure 2.1 - Al-Mg phase diagram [90].........cocuiiriieiiiiieeiieee ettt e 31

Figure 2.2 - Typical microstructure of rolled Al 5xxx alloy. (a) 5754 Al [91], (b) 5083-H116 (Al-
4.5Mg) [8] and (c) 5456-H116 (Al-5ME) [8]. cveereeriirrieieeiienieeecteeeetee e 31

Figure 2.3 - Typical microstructure of rolled Al 6xxx alloy. (a) 6013 Al [92], (b) 6061-T651 [93]
ANA (C) 6061-TO [94]. ..eeeeeieeiieieeeeeteete ettt ettt teebe e e saaebeessesseeseessenseenes 32

Figure 2.4 — Schematic of the resistance spot welding process; (a) clamping of the sheets
between copper electrodes, (b) application of current, generating thermal energy and
melting the material and (c) solidification of the melted material, forming a nugget which

comprises the JOINE [31]. coueeriiiiiieeiee ettt 33
Figure 2.5 - Resistance and temperature distribution during the RSW process [95]............c....... 34
Figure 2.6 - EBSD maps of different regions in a resistance spot welded 6061-T6 joint [96]. The

spot weld contains an equiaxed dendritic and columnar dendritic zone............c.cccceeuennene. 34
Figure 2.7 - Generic da/dN-AK CUIVE [97]. .ooouiiiiieiieie ettt 35
Figure 2.8 - Fatigue crack growth rate vs. stress intensity factor [98]. Short cracks exhibit

anomalous behavior compared to traditional long crack growth behavior........................... 36
Figure 2.9 - Idealized crack with periodic deflections from Suresh [54]. ......cccooivviniiiiniennne. 36

Figure 2.10 — Edge dislocation distribution along a crack subjected to uniaxial tension [59]. x =+
a corresponds to the edge of the crack tip and x = + ¢ corresponds to the edge of the

MONOLONIC PlASTIC ZOMC. ...uvveeiieiiieiiiieiie et eite ettt ete et et e et esateebeesaaeeseesaseenbeessseenseesnsaens 37
Figure 2.11 — Short fatigue crack growth rates vs. AK for a variety of systems [65]................... 38
Figure 2.12 - Short crack growth rates vs. the unified parameter. The short crack growth rate for

a given value of the unified parameter is similar across all alloy systems investigated. ...... 39
Figure 2.13 - Schematic of (a) nugget pullout and (b) interfacial failure in resistance spot welds

L7 T ] et b ettt sa e aeeae 40
Figure 2.14 - Schematic of an "eyebrow" crack, defined as crack initiation at the edge of the spot

weld and propagation through the sheet thickness. ...........cccocoieviiieiienciiinieneeeceeeee 40

Figure 2.15 — Schematic of stress linearization. (a) Non-linear stress state at the spot weld edge,
(b,c) lincarized Stress State [87]. ..uuiiiciieeciieeeiie ettt 41

viii



Figure 2.16 — Structural stress approach proposed by Sheppard [81,86]. (a) Nominal load vs.
cycles to failure and (b) max structural stress vs. cycles to failure (normalized by the R
ratio). The structural stress consolidates the data for different conditions. ..............ccuecn.e... 41

Figure 2.17 — Spot weld represented as a rigid inclusion as proposed by Rupp et al. [82]. ......... 42

Figure 2.18 — FE mesh of the spot weld in the Battelle method [87]. Triangular shell elements
and rigid beams form a SPOKe PAtteIN. .........coviieiieiieeiieiie ettt 42

Figure 2.19 - Conversion from nodal forces and moments to line forces and moments (a)
Definition of the line forces/moments at an FE element nodal point [99], (b) line forces
distributed along the weld line between nodes in the local coordinate system [100]........... 43

Figure 3.1 - Lap-shear spot welded specimen design. ..........cocueveevieriinieneeienieienescee e 55
Figure 3.2 - RSW 2-3-2 stackup for manufacturing of short fatigue crack growth specimens. ... 55

Figure 3.3 - RSW nugget locations in the middle sheet of the 2-3-2 sheet stackup. All units in
TTITL. .ottt e e e h e et h e bbb s h et b e s h e bbbt b e anesae e 56

Figure 3.4 - Dogbone specimen Sample deSIZN. ......cc.eevuieiiieriieiiieiieeieeeie ettt 57

Figure 3.5 - RSW design for fatigue tests. (a) Removal of top and bottom sheets from 2-3-2
stackup. (b) RSW nugget location on the dogbone specimen. Note that the nugget size is
EXAZZETAEA NETC. ....eiiiiieiiieiie ettt ettt et e e e ebe bt et eeebeenaee e 57

Figure 3.6 - SEM image of a femtosecond notch (a) Notch shape on the surface (TD-RD plane)
(b) Notch shape from the fracture surface (ND-RD plane) with an irregular shape............. 58

Figure 3.7 - MTS servohydraulic setup (a) Fatigue testing setup noting the camera and external
lighting system and (b) schematic of the MTS wedge grips used for rectangular specimens
L ] ettt ettt bbbt b ettt ettt 58

Figure 3.8 - Microtensile specimen geometry and RSW nugget location. ...........cccceecvveuvennnennnen. 59

Figure 3.9 - Kammrath and Weiss tensile stage (a) Schematic of the setup [9] (b) Image of the
ACTUAL SETUP [L0]. 1eeeniieiieeiieee ettt et ettt et e et e et e s abe e bt e snbeenseesnseenseennns 59

Figure 4.1 - Representative EBSD micrographs of the aluminum alloys being studied (500 x 500
um view field) (a) Aluminum alloy 5754 (b) Aluminum alloy 6111.........ccccevieiirninannennne. 97

Figure 4.2 — Rockwell hardness vs. artificial aging times for T4 and 6111 Al spot welds. The PB
heat treatment is marked, and the OA heat treatment was selected to match the hardness and
yield strength of the PB condition. .........ccccoooieriiiiiiiinieiiiceeecececee e 98

Figure 4.3 - Schematic of the resistance spot welding process for sheet metal. The image displays
a 2-3-2 stackup used in this STUAY. ....c.cooueriiriiiiiieeeee e 98

Figure 4.4 - Optical images, associated microhardness maps and EBSD of the weld
microstructure from the weld centerline to the parent material in the ND-RD plane. (A)
RSW Al 5754 (b) RSW Al 6111. The numbers underneath the EBSD map correspond to the
average grain Sizes at theSE TEZIOMNS. ....cc.ueeuierieeiiieiie ettt et sre e e eebeeaee e 99

Figure 4.5 - Residual stress measurement of RSW specimen (a) Dogbone specimen used for
XRD analysis with the regions marked (b) values obtained from the weld centerline + 4mm.
............................................................................................................................................. 100



Figure 4.6 - Schematic detailing the location of the femtosecond micronotch on the dogbone
SPECIIMCTL. ...iutieiieenieeeiteetteeteeteeeateeateeabeeateeenseenseeenseensseesseansseenseensseanseassseenseensseanseanssennseas 100

Figure 4.7 — Measured fatigue crack growth rates, da/dN vs. AK for wrought aluminum 5754 and
O LT ettt a e ettt a e 101

Figure 4.8 — EBSD surface crack profiles showing crystallographic propagation and deflection of
short cracks at grain boundaries in (a) PB 5754 (b) PB 6111 and (c) OA 6111 conditions.
The crack propagation direction is from left to right. ... 102

Figure 4.9 - Fatigue fracture surfaces adjacent to the micronotch for (a) PB 5754 (b) PB 6111
and (c) OA 6111 conditions. The crack propagation direction is from bottom to top........ 102

Figure 4.10 - Short-crack growth rates vs. AK for resistance spot welded regions compared to
growth in the parent material (in white and gray)........ccoceeeeveeneniinieninieneeeeeee s 103

Figure 4.11 - SFCG rates for the RSW and parent PB5754 alloy. For a given AK, short cracks
propagating in the spot weld can grow up to two orders of magnitude faster than the parent
SHERL. ..ottt 104

Figure 4.12 — 5754 RSW S1 (Omax =45 MPa). The arrow designates the initiating pore. (a) SEM
surface image and (b) the EBSD map of the crack propagation path overlaid. The fracture
surface showing (c) macroscopic fracture surface, (d) zooming in on the surface initiating
pore; (e) displays the same feature at a 45° tilt........ocooieriiiiniiniii 105

Figure 4.13 — 5754 RSW S6 (Omax = 50 MPa). The arrow designates the initiating pore. (a) SEM
surface image and (b) the EBSD map of the crack propagation path overlaid. The fracture
surface showing (c) macroscopic fracture surface, (d) zooming in on the surface initiating
pore; (e) displays the same feature at a 45° tilt........ocooieriiiininiiii 106

Figure 4.14 - SFCG rates for the RSW and parent 6111 alloy. For the region of AK where the
parent material was tested, cracks are propagating approximately one order of magnitude
faster in the resistance SPOt WEIdS. .......oecuieriiieiiieiiieiieceee et 107

Figure 4.15 — SEM image of crack growth from a micronotch in 6111 RSW S15. (a) Displays an
overview of the surface crack and the two pores of interest, Pore 1 and Pore 2. The earliest
(2.15M cycles) and final (3.2M cycles) instances of Pore 1 are shown in (b) and (c); the
earliest (0 cycles) and final (3.2M cycles) instances of Pore 2 are shown in (d) and (e). .. 108

Figure 4.16 — Fracture surface of 6111 RSW S15. The same pores, Pore 1 and Pore 2 are marked
as shown in Figure 4.15. Fatigue crack growth testing finished at 3.2M cycles. Figure (a)
shows the macroscopic fracture surface, noting the micronotch and the pores investigated.
Pore 1 (b,c) and Pore 2 (d,e) are presented in these micrographs. The images on the left area
shown perpendicular to the loading direction, while the right images are the same images
rotated 45°. Pore regions 3 and 4 are focused in the subsequent image. .............cccceeuvennee. 109

Figure 4.17 — Pore regions marked 3 (a,b) and 4 (c) from Figure 4.16. Region 3 (a, b) examines a
region approximately 500 um from the micronotch. Region 4 (c) displays a micrograph
adjacent to the large porosity present in the sheet surface..........c..ccoceeverviniininiinenennn. 110

Figure 4.18 - 4x4mm surface SEM image of 6111 RSW S15. (a) Shows the location of welding
pores in relation to the micronotch (yellow dots); one example is highlighted in (b) and (c).
Growth from this region was limited to tWo rains. ...........cccceeeviieriieriienieerieeie e 111



Figure 4.19 — Short crack growth rates plotted against the unified parameter for the parent 5754
and 6111 aluminum alloy ShEet. ........c.cocuiiiiiiiiiiiie e 112

Figure 4.20 - Short crack data of the RSW and parent 5754 and 6111 alloys. The growth rate is
plotted vs. the unified parameter. Good agreement exists between for the parent material but

there is clear deviation for the spot welded conditions............cccceeeevieriieniienieniieieeieeee. 113
Figure 4.21 — Schematic showing contributions to crack growth from the matrix, from pores and
total crack length vs. number of cycles to failure. .........cccoecevieniniininiieeee, 114
Figure 4.22 - Determination of the fraction of porosity present in the short crack regime from the
fracture surface of 5754 RSW S1. ..ot 115
Figure 4.23 - SFCG rate from the measured and calculated matrix contribution for 5754 RSW
S1. The matrix component has been adjusted by a factor of (1-f"%). .......coooeveeeererrerrerne. 116

Figure 4.24 - Schematic of cross section through nominal crack plane indicating the porous weld
and non-porous wrought regions. The micronotch and progressive crack front are noted. 116

Figure 4.25 — Crack propagation through the matrix plotted vs. the adjusted unified parameter.
Better agreement between the spot welded alloys, parent conditions and the predictive trend

line from Shyam et al. [48] are apParent..........cceccueevuieriieiiieiie ettt 117
Figure 4.26 — Short crack growth rate through the matrix vs. adjusted AK. Better agreement is
also observed but not as clear as with the unified short crack parameter. .......................... 118
Figure 5.1 - Schematic of lap-shear specimen noting the faying surface, notch from nugget
indentation and the crack path of an eyebrow crack...........ccoceeveviiniininiiniiniiincee 151
Figure 5.2 - Schematic of stress linearization. (a) Non-linear state at the spot weld edge, (b,c)
lINEArIiZEd SLIESS STALE.....ccueiuviiiiiiiertieteete ettt 151
Figure 5.3 - Lap-shear specimen design. Units are in Mm. .........ccceevueervenienerieneenenieneenennens 151

Figure 5.4 - Representative FE mesh of lap-shear specimen. (a) Undeformed model, noting the
boundary conditions and “spider” mesh representing the spot weld nugget, (b) the specimen
shape under the effect of an applied load. (displacements are exaggerated)..................... 152

Figure 5.5 - Spider method with rigid beam (MPC) elements (a) connecting the weld periphery to
central nodes (b) connecting the central nodes between sheets together..............c.cc......... 152

Figure 5.6 - Determination of the critical node for structural stress calculation. (a) FE mesh
showing the distribution of structural stresses around the weld nugget perimeter and (b)
variation of the structural stress and its components versus node position. ....................... 153

Figure 5.7 - Relationship between nominal applied stress and structural stress. The structural
stress based stress concentration factor, K, is listed for each geometric condition............ 154

Figure 5.8 - Contribution of bending stress to the structural stress for each of the geometric
COMAITIONS. ...ttt ettt ettt sttt et ettt a e s bt ebesae e ss et eaesaenaeeaes 154

Figure 5.9 - Schematic of semi-elliptical crack shape [26]. (a) Semi-elliptical surface crack under
remote tension and bending (b) Crack front plane. The surface point, A, and deepest point,
B, are 1abEled. ...cc.vvviiiieeeeeeeeeeeee e e 154

Xi



Figure 5.10 - Fatigue life curves for experimental lap-shear RSW specimens. (a) Applied force
amplitude vs. cycles to failure (b) Applied nominal stress amplitude vs. cycles to failure.
Arrows indicate run-outs (10 million cycles without failure)............cceceeviiniiienieniiieenne, 155

Figure 5.11 - Average fatigue life at each applied stress level for each geometric/alloy condition.
............................................................................................................................................. 156

Figure 5.12 - Fatigue life plotted versus calculated structural stress for all experimental lap-shear
specimens. (a) The structural stress conversion represents a good representation of the
lifetime, as shown by the power law fit, (b) comparison to S-N data from 5754-O [40] and
6061-T6 [41] unnotched specimens (R = 0). .....ccceevuieriieiiiiiieiieieeeee e 157

Figure 5.13 - Representative fractographs of lap-shear specimens to determine aspect ratio (a) 1-
1mm 5t 5754 failure at 3,692,008 cycled at Ac,y, = 9MPa (b) 3-3mm 4t"* 6111 failure at
218,902 cycled at AGapp = 14 MPa. ......ooiiiiiiiiiicccceeee s 158

Figure 5.14 - Representative fractograph of weld region of the eyebrow crack and transition to
the crack in the parent sheet. 3-3mm 5t"* 5754 failed at 2,000,747 cycles cycled at Ac,,, =9
MPa. (a) Fracture surface normal to the loading direction, (b) the same surface surface tiled
B0C. ettt ettt h e a e bt ettt ettt ae e 158

Figure 5.15 - Example of backtracking to analytically determine the EIFS [48]. ........c.cccceee. 159
Figure 5.16 - Equivalent initial flaw size (EIFS) fit for all geometric and material conditions. 159

Figure 5.17 — (a) Experimentally determined structural stress curve and (b) the thickness adjusted
SEIUCEUTAL SEIESS CUIVE....euviiuiieiiiiieieeite ettt ettt ettt ettt ettt ettt sbe ettt e bt ebeeanesbeebesanens 160

Figure 5.18 — (a) The predicted master fatigue life curve overlaid on the experimentally
determined structural stress curve and (b) predicted vs. experimental fatigue life for lap-
shear specimens with varying geometric and alloy conditions...........cccceceeveenerieneeniennens 161

Xii



Abstract

Short Fatigue Crack Growth And Durability Modeling Of Resistance Spot Welded 5754

And 6111 Aluminum Alloys
By
Vir S. Nirankari

Chair: John E. Allison

The growing demand for more fuel-efficient vehicles to reduce energy consumption and
air pollution is a challenge for the automotive industry. Aluminum alloys are of interest due to
their favorable cost, density, strength, and production methods, leading to improved fuel
efficiency and exhaust emissions when such alloys are used to reduce the weight of automobiles
and trucks. The alloys 5754 (Al-3Mg) and 6111 (Al-1Mg-1Si) are used as inner and outer
automotive body panels, respectively, and overlapping sheets are frequently joined together
using resistance spot welding. Resistance spot welding (RSW) is one of the most widespread and
practical joining techniques in the automotive industry for sheet metal components. Despite its
widespread use, little is known about the propagation behavior of short cracks within the spot

welds. This investigation provides insight into the factors affecting propagation of physically
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short cracks within the spot weld regime and applies that information to develop a new approach

for modeling joint durability.

Short crack propagation rates in the parent sheet materials were found to be similar for
the two aluminum alloys. However, crack propagation rates in the RSW regions were observed
to be as much as 100x faster than the parent alloys. This was determined to be due to the
interactions of cracks with pores that form in the weld fusion zone. A unified, dislocation based
short crack model was modified to account for this effect. The short crack data was incorporated
into an analytical master fatigue life relationship for predicting the lifetime of spot-welded
components using a structural stress methodology. The durability model consists of finite
element analysis calculations of structural stresses, adjusted short fatigue growth relationships
and a calibration procedure based on fatigue lifetime data of aluminum RSW joints. This
methodology was validated by application to experimentally determined fatigue lives of lap-
shear joints in a wide variety of weld and sheet geometries in both alloys. Implementation into a
full scale vehicle model can aid in the optimization of the size, location and number of RSW
joints and enable weld process optimization via Integrated Computational Materials Engineering

(ICME).
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Chapter 1

Introduction

The growing demand for more fuel-efficient vehicles to reduce energy consumption and
air pollution is a challenge for the automotive industry. Aluminum alloys are of interest due to
their favorable cost, density, strength, and production methods [1], leading to improved fuel
efficiency and exhaust emissions [2] when such alloys are used to reduce the weight of
automobiles and trucks. The aluminum alloys 5754 (Al-3Mg alloy) and 6111 (Al-1Mg-1Si alloy)

are of particular interest as inner and outer automotive body panels, respectively.

Resistance spot welding (RSW) is one of the most widespread and practical joining
methods for joining sheet metal assemblies in the automotive industry. RSW is a joining process
for thin metal sheets during which, in contrast to other welding processes, no filler metals or
fluxes are used. Instead, pressure exerted by electrodes joins the contacting metal surfaces
utilizing heat obtained from electrical resistance to the electrical current flow [3]. Over the years,
traditional RSW processes have been successfully used for various steel grades to deliver high-
quality joints [4]. Typically, a modern vehicle in North America contains between 4000 and
5000 spot welds and the joint quality can dramatically alter the structural performance. Because
spot weld joints provide localized connection, and thus lead to high stress concentration in the

joined plates, any improper design may result in excessively high stresses and premature failure



[5]. When a vehicle is operating, these spot welds will endure fatigue loading as a result of cyclic

loading and vibrations [6] and thus an understanding of this failure mechanism is imperative.

Fatigue cracks may initiate from micropores or inclusions of the microstructural scale
within the welded joint, leading to theoretical fatigue lives that are underestimated by traditional
fatigue life calculations. Furthermore, the phenomena of ‘eyebrow’ cracking (crack growth
through the edge of the spot weld into the parent sheet material) necessitates the use of a
durability model to predict failure for future welded components of varying geometry for weld
optimization. Due to the mass production of spot welds, optimizing the location and number of
overall spot welds can lead to a tremendous amount of savings [7]. Additionally, application of a
unifying short crack model proposed by Shyam et al. [8], which depends on a few easily
obtainable mechanical properties, could be utilized with other design approaches to further
predict and optimize material welded components via Integrated Computational Materials

Engineering (ICME).

There are three objectives in this research work. First, this study seeks to understand the
behavior of physically short fatigue cracks in the parent and spot welded 5754 and 6111
aluminum alloys. Second, the ability of the unifying model to account for welding imperfections
that can lead to lower lifetimes is investigated and adjusted to broaden its potential applicability.
The third objective is to model the eyebrow failure phenomenon such that failure of future spot

welded joints with different geometries and alloying variables can be predicted.

Chapter 2 provides a review of the literature that is relevant to the present work,
including previous short crack and durability models. In Chapter 3, the experimental methods

used to investigate the short crack growth behavior is described. The short fatigue crack growth



behavior of aluminum 5754 and 6111 and its spot welded components are discussed in Chapter
4, along with adjustments to the unifying parameter to account for welding porosity. A structural
stress based master fatigue life curve is constructed and discussed in Chapter 5. Finally,

conclusions and recommendations for future work are detailed in Chapter 6.



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

Miller W., Zhuang L, Bottema J, Wittebrood A., De Smet P, Haszler A, et al. Recent
development in aluminium alloys for the automotive industry. Mater Sci Eng A
2000;280:37—-49. doi:10.1016/S0921-5093(99)00653-X.

Pereira AM, Ferreira JM, Loureiro A, Costa JDM, Bartolo PJ. Effect of process

parameters on the strength of resistance spot welds in 6082-T6 aluminium alloy. Mater
Des 2010;31:2454-63. doi:10.1016/j.matdes.2009.11.052.

Florea RS, Solanki KN, Bammann DJ, Baird JC, Jordon JB, Castanier MP. Resistance

spot welding of 6061-T6 aluminum: Failure loads and deformation. Mater Des
2012;34:624-30. doi:10.1016/j.matdes.2011.05.017.

Wu SN, Ghaffari B, Hetrick E, Li M, Jia ZH, Liu Q. Microstructure characterization and
quasi-static failure behavior of resistance spot welds of AA6111-T4 aluminum alloy.
Trans Nonferrous Met Soc China (English Ed 2014;24:3879-85. doi:10.1016/S1003-
6326(14)63546-9.

Ertas AH, Sonmez FO. Design optimization of spot-welded plates for maximum fatigue
life. Finite Elem Anal Des 2011;47:413-23. doi:10.1016/;.finel.2010.11.003.

Chang B, Du D, Sui B, Zhou Y. Effect of forging force on fatigue behavior of spot welded
joints of aluminum alloy 5182. J 2007.

Zhang Y, Taylor D. Optimization of spot-welded structures. Finite Elem Anal Des
2001;37:1013-22. doi:10.1016/S0168-874X(01)00046-4.

Shyam A, Allison JE, Szczepanski CJ, Pollock TM, Jones JW. Small fatigue crack growth
in metallic materials: A model and its application to engineering alloys. Acta Mater
2007;55:6606—16. doi:10.1016/j.actamat.2007.08.022.



Chapter 2

Literature Review

In this chapter, a review of the literature relevant to understanding the objectives, the
approach and the results of this study in this dissertation is provided. Section 2.1 characterizes
the two alloys studied in this dissertation, Al 5754 and Al 6111, and covers the spot welding
process. A review of the anomalous nature of short cracks and modeling of this behavior is
presented in Section 2.2 and Section 2.3. The effect of porosity on fatigue life and short crack
growth is discussed in Section 2.4. The failure mode of lap-shear specimens is covered in
Section 2.5. Finally, structural stress theory and methodology to aid in the creation of master

fatigue life curve is covered in Section 2.6.

2.1 Aluminum Alloys 5754 And 6111 And The Resistance Spot

Welding Process

Aluminum, is the second most abundant metallic element in earth’s crust [1], has a wide
range of engineering applications due to its combination of cost, strength and weight. Its density
(p = 2.7 g/lem’) is approximately a third that of steel (p = 7.75 to 8.05 g/cm’). Pure aluminum is
quite soft (oys = 7 to 11 MPa [2]), limiting its commercial usefulness, and thus alloying is
employed to improve its strength. The primarily alloying elements are copper, manganese,

silicon, magnesium, or zinc. These strengthening provided by these elements are primarily



through: (a) solid solution hardening (non-heat treatable alloys) or (b) precipitation hardening

(heat treatable alloys) [3].

Two wrought sheet alloys, Al 5754 (Al-3Mg) a non-heat treatable alloy, and Al 6111 (A-
1Mg-18Si) a heat-treatable alloy, are of particular interest to the automotive industry to be used as
inner and outer body panels, respectively. These alloys are joined together using a process
known as resistance spot welding (RSW). The following sections describe each of these alloys

and the resistance spot welding procedure used to fabricate joints.

2.1.1 Aluminum Alloy 5754

The non-heat treatable alloy 5754 (Al-3Mg) are used in the automotive industry for inner
structural panels where strength, good deep drawing and stretch behavior are important issues
[4]. The 5000 aluminum family is desirable for industrial applications because they provide an
excellent balance of solid-solution strengthening of Mg in the Al matrix, appreciable ductility
during cold working, and high weldability [5]. For 5754, the Mg content is optimized for

satisfactory mechanical properties and low susceptibility to stress corrosion cracking [6].

For this alloy, the primary hardening mechanisms are solid solution strengthening, grain
size strengthening and strain hardening. Magnesium, the primary alloying element, provides the
highest degree of hardening from solid solution strengthening. These alloys also contain minor
additions of Cr, Mn and Ti, which hinder grain growth during heating and assist in grain
refinement during rolling [1]. Dispersed Mn-containing particles (AlgMn) are present in several
5000 series aluminum alloys and have been determined to be un-dissolvable in the solid state,
making it effective at preventing high temperature grain growth in solid state welding

applications [7]. Additions of Fe and Si form intermetallics, which have been found to serve as



crack initiation sites. Small amounts of Cu are also added for additional solid solution

strengthening [8].

These alloys are also hardened through strain hardening. Processing through cold rolling,
drawing or stretching is an effective means of increasing the strength of these alloys. The
increase in strength usually comes at the cost of ductility, and reduced formability in operations
such as bending and drawing. For those operations, the material is partially annealed or stabilized
to enhance the formability in those materials. The microstructure of several 5000 series alloys,
displayed in Figure 2.2, is primarily characterized by elongated grains in the ND-RD and ND-TD

planes due to the rolling processes.

This alloy has traditionally displayed the serrated (discontinuous) yielding effect [9-11],
also known as the dynamic strain aging (DSA). During deformation, solute atoms preferentially
segregate into the stress field around the dislocations, restricting the overall dislocation motion
[12]. This leads to the observation of “jerky” motion seen in a stress-strain curve. Studies of this
effect on the fatigue behavior has produced inconsistent conclusions. Weisse et al. [13], in a low
cycle fatigue study of low carbon steel, that the effect of DSA enhances the fatigue life.
Srinivasan et al. [14] found in 316L stainless steel that DSA caused a reduction in fatigue life
due to cyclic hardening effects. Babu et al. [15] has suggested that, in P91 steel, DSA may lead

to an increase in the fatigue crack growth threshold.

2.1.2 Aluminum Alloy 6111

The heat treatable alloy 6111 (Al-1Mg-18Si), developed by Alcan [16], is of interest to the
automotive industry for outer body panels, where high strength, dent resistance and shock

absorption are required [17]. This family of aluminum alloys is primarily alloyed with



magnesium and silicon. Alloying with silicon reduces the melting temperature and improves the
overall fluidity during slab casting. Alloying with magnesium results in an increase in material
strength through solid solution strengthening and improves the strain hardenability. The addition
of magnesium and silicon to aluminum produces the compound magnesium-silicide (Mg,Si)
[18]. The use of copper provides an increase in solid solution strengthening [10]. This alloy is
strengthened through precipitation of several metastable phases produced through artificial
aging. The precipitation sequence for 6000 series aluminum is known to depend on the Mg to Si
ratio and the concentration of Cu present in the system [19-21]. Research specifically on alloy

6111 [22] has shown a precipitation sequence of:

Clusters / GP zones =2 B” + Q’ = equilibrium Q + Mg,Si

In the context of this research, the aging times of Al 6111 that are being investigated are
the T4 (solution heat treated and naturally aged to a substantially stable condition), paint baked
(PB: artificial aging at 180 ° C for 30 minutes) and the overaged (OA: artificial aging at 210 ° C
for 12 hours). Esmaeili et al. [17] found, for these heat treatments, that the B (fine needle
shaped) phase is the main strengthening phase of AA6111. 7 precipitates are needle-shaped
lying along the <100> direction and have a composition of MgsSis [23]. The paint bake heat
treatment is of particular interest, as a similar heat treatment is used to expedite the drying and
curing process of painted automotive structures [24]. Standard microstructures of other 6000
series aluminum alloys, presented in Figure 2.3, are primarily characterized by elongated grains

in the ND-RD and ND-TD planes due to the rolling processes

In the context of this work, different aging conditions were examined in order to
understand the effect of slip character on short fatigue propagation behavior. It has been noted

that the ability of a precipitate to shear is the main determinant in slip character [10,17,25,26],



and can affect fatigue crack initiation and propagation. Zaiken et al. [27] have noted that, for an
underaged microstructure, the resulting crack morphology follows that of coarse planar slip, with
a low number of slip systems being activated yielding a heterogeneous crack morphology. They
have also noted that, conversely, for an overaged microstructure, the resulting deformation
follows a homogenous morphology due to the activation of multiple slip planes with a common

slip direction.

An alternate method for homogenizing slip is thru generation of dispersoids during high
temperature processing (e.g. solution treatment). Mn-containing dispersoids such as AlsMn or
Al-Al;2Mn;S are introduced primarily to inhibit recrystallization and control grain growth.
Edwards et al. [28], however, have found that in AlI-Mg-Si-Mn alloys, the slip character is also
affected by the presence of manganese bearing dispersoids. These dispersoids result in more
homogenous deformation and reduction in fatigue crack growth rates and have been found to be
incoherent with the matrix. Thus, a higher concentration of dispersoids increases obstacles that
cannot be sheared through dislocation motion [29,30]. This changes the slip character from

heterogeneous slip in the case of the underaged alloys to homogenous slip.

2.1.3 Resistance Spot Welding

Resistance spot welding (RSW) is a process of joining sheet metal components through
the fusion at the interface between the components. It is one of the most widespread and practical
methods of sheet joining in a variety of industries due to its ease of automation [31]. Over the
years, traditional RSW processes have been successfully used for various steel grades to deliver
high-quality joints [32]. A typical steel vehicle in North America contains between 4,000 and

5,000 spot welds [33,34].



During the resistance spot welding operation, the metal sheets to be joined are held
together under pressure exerted by two copper electrodes (Figure 2.4 (a)). Once the desired
clamping force has been reached, an electrical current is passed through between the electrodes.
The resistance offered by the sheets to the current (based on Joule’s law) generates thermal
energy. The concentration of heat melts the material in the middle of the sheet stack-up (Figure
2.4 (b)). Once the current is removed, the melted material re-solidifies, forming a weld nugget
that joins the sheet metal together (Figure 2.4 (c)) [35]. The resistance and temperature
distribution present in the sheets is displayed schematically in Figure 2.5. For this type of
welding, shielding gases are not needed because air is squeezed out of the interface between
sheets due to the electrode force [36]. The combination of welding parameters (electrode shape,
electrode pressure, welding current, welding time) are responsible for generating the weld size
and properties. The spot weld displays a cast microstructure: an equiaxed dendritic region in the
weld center and a columnar dendritic region at the weld edge. Representative EBSD maps of the

different regions for a 6061-T6 aluminum spot weld is displayed in Figure 2.6.

Due to the thermomechanical and metallurgical factors present in the creation of a spot
weld, there are inherent discontinuities that have an effect on the fatigue properties of the RSW
joints. There may be external discontinuities such as: excessive indentation (defined as greater
than 30% of the stack-up thickness [36]) or expulsion (ejection of molten material generally due
to a large amount of thermal energy) [6,35]. Internal discontinuities, mainly porosity, have been
found to have a significant effect on fatigue behavior of spot welds. Amar et al. [37] has
characterized the types of porosity associated with cast systems as two portions: shrinkage
porosity and gas porosity. Shrinkage porosity is due to cooling at both the liquid and solid states

in the weld, generating a reduction in volume with Al shrinking more so in the solid state (solid
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Al is ~7.1% denser than liquid Al [38]). Gas porosity is the formation of bubbles within the
casting, due to gaseous pressure in the nugget at a liquid, after it has cooled. They occur because
most liquid materials can hold a large amount of dissolved gas, but the solid form of the same
material cannot, and thus pores are formed because gases are far less soluble in solid metals than
in liquid metals [39]. For aluminum, the dissolved gas is usually hydrogen that comes from
dissolved water vapor. In the aluminum alloys present in this study, Mg has been found to
increase the hydrogen solubility in the molten state. Thus, gas porosity is more predominant in

5754 spot welds than the 6111 spot welds.

2.2 Behavior Of Short Cracks

The basis for the quantification of failure from fracture is traditionally defined through
fatigue crack growth measurements. The basis for this theory begins with linear elastic fracture
mechanics theory (LEFM), which provides the empirical framework for describing the fatigue
crack growth phenomenon [40]. LEFM characterizes crack growth in three stages (see Figure
2.7): (1) the threshold region, or the region that crack propagation can be expected to first occur;
(2) the Paris region, where stable macroscopic crack growth occurs, and (3) the fracture region,
where the fatigue crack growth rates will accelerate as they approach instability and eventual

fracture occurs.

The Paris region is where the applications of LEFM concepts are applied. In the simplest
form, the crack growth rate, da/dN (crack extension per cycle of applied load), is related to the
stress intensity factor, AK (the driving force for crack propagation) by a power law relationship

first proposed by Paris et al. [41,42].
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The phenomenon of “short” fatigue cracks was first investigated by Pearson [43], who observed
that short crack growth rates and long crack growth rates did not correlate using LEFM theory.

In general short cracks are defined in one of the following ways [40]:

a) Microstructurally short: Cracks are short compared to microstructural dimensions (such
as the grain size)

b) Mechanically short: Cracks are short compared to the scale of local plasticity

c) Physically short: Cracks are simply physically short (< 1 — 2 mm)

d) Chemically short: Cracks can be up to 10 mm long, depending on the crack-tip

environment

This dissertation work focuses on physically short cracks. Since Pearson’s work, other
researchers [44—47] have studied short cracks using fracture mechanics and have found that short
cracks can grow at higher crack growth rates than long cracks under the same AK and can grow
at AK values below the traditional threshold (“small crack effect”). A schematic fatigue crack

growth rate da/dN vs. AK plot that presents this phenomenon is displayed in Figure 2.8.

The cause of the short crack effect is not well understood. Suggested explanations have
been proposed to account for the anomalous behavior displayed of short cracks: crack closure,
breakdown in microstructural similitude and plasticity effects [40]. In long cracks, crack closure
reduces the driving force due to the crack remaining in a closed position despite being under the
effect of a tensile force. Various mechanisms for closure have been identified, including
roughness, plasticity and oxide induced closure [48]. Short cracks, however, do not experience

the same levels of crack closure.
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Another explanation for the observed variability of crack growth rates for short cracks
growing in the near threshold regime is microstructure dissimilitude, in which the crack front of
short cracks does not sample enough grains to be representative of the average material
properties. In such cases, the properties of the individual grain in which the crack is growing
become critical to crack growth behavior. As a result, short cracks exhibit fluctuating
(acceleration/retardation) propagation behavior, due to the reduction of the crack tip driving

force when obstacles such as grain boundaries are encountered [47,49,50].

Small scale yielding ahead of the crack tip is generally assumed in using the linear elastic
parameter AK. This assumption is violated for small cracks when the size of the plastic zone
ahead of the crack tip is comparable to the size of the crack. The violation of small scale yielding
makes AK an inappropriate parameter for correlation small crack growth, and the increased
plasticity experienced at higher stress levels can partially account for the influence of stress on

small crack growth rates.

2.3 Short Crack Models

Designing structural components against fatigue failure remains a crucial engineering
challenge [40]. The ability to better understand the cause behind fatigue failure would lead to an
improved understanding of how to better design components. Furthermore, accurate prediction
methods of component lifetime would lead to improved part inspection and renewal procedures.
The growth of small fatigue cracks, however, is generally not amenable to characterization by
LEFM theory [51]. The challenge in establishing a uniform short crack growth law, however, is
that the fatigue phenomenon is strongly sensitive to microstructure. Researchers over the years

have made advances to better predict the behavior of short cracks through LEFM adjustments,
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dislocation mechanics and atomistic models. Several of these modeling approaches for short

cracks will be discussed further.

The original and most significant crack growth model is the classic LEFM model
proposed by Paris et al. [41,42] (Equation [2.1). This law has been found applicable for a wide
spectrum of materials and is still widely used in industrial settings to provide engineers with
quick estimations with relatively simple measurable parameters [52]. Due to the general
applicability of the Paris law, many researchers have determined analogous relationships to
estimate the effect of microstructure by accounting for crack deflection or crack tip radius. For
example, Suresh [53,54] rationalized the effect of microstructure on the basis of crack path
tortuosity. The author posited that the lower observed long crack growth rates for tortuous cracks
compared to flatter crack paths (i.e. underaged vs. overaged cracks [55]) was due to crack path
deviations from the macroscopic crack plane (see Figure 2.9) and required greater AK to

propagate:

D cos@ +S} (da

da
[22]— = { )
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While this model and other LEFM model adjustments provide better correlations for fatigue
crack growth data, they still do not account for the lack of small scale yielding. Plastic
accumulation is well known to have a significant influence on crack advancement, and it has
been quantified that for small cracks, the ratio of the plastic zone size to the crack size is on the

order of unity, while it is much less than 1 for large cracks [56].

In order to fully account for the effect of microstructure on short cracks, the role of
microstructural barriers to plastic flow needs to be examined. This would require plastic

deformation mechanisms to be considered. These mechanisms are governed by dislocation-slip
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interactions [57]. It is well known that fatigue crack growth is governed by slip phenomena and
thus accounting for the variables controlling dislocation-slip interactions should result in more
accurate short crack growth models. Rice et al. [58] determined that slip emission at a crack tip
leaves a permanent displacement equal to the collective Burger’s vectors. Bilby, Cottrell and
Swinden [59] developed a concept of slip distribution at a crack tip (the so-called BCS model -
Figure 2.10). The authors postulated that, for a crack in a thin sheet under uniaxial tension, the
edge dislocation density at the crack tip is sufficiently high enough to be represented by a

continuous distribution function, B(x), as defined by Weertman [60]:

4ay50:ﬂﬂ)ln xVcZ—aZ+avcZ-a?

xVec2—-a?2-avc2-a?

[2.3]1B(x) =

Where x = a represents the crack tip and x = c represent the tip of the plastic zone. In the plastic
zone, the sum of the applied and dislocation field stresses is found to be the tensile yield stress,
oys of the material for uniaxial mode I loading [61]. The monotonic crack tip opening
displacement, ¢, based on the BCS theory is derived by integrating Equation [2.1 from the edge

of the crack tip (x = a) to the edge of the monotonic plastic zone (x = ¢):

[2.4] by = SoysU—vH)a In (Sec (M))

E ZO'YS

This parameter accounts for the emission of slip due to uniaxial tension and can be correlated to
the fatigue damage process. In addition to the monotonic plastic zone, there is a region of reverse
flow at the edge of the crack tip denoted at the cyclic plastic zone [62]. In the case of reverse
flow, it was rationalized that Gmax becomes AGay, = Omax(1-R) and oys becomes 2oys [61].
Substituting these parameters in Equation [2.4 results in the cyclic crack tip opening

displacement, ¢.:
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The crack tip opening displacement terms utilize dislocation dynamics in the plastic zone of the
crack tip to represent the local crack tip strain, and are thus a more complete correlating

parameter to describe short crack growth behavior for a variety of alloys.

Fatigue crack growth has been postulated [63,64] to be depend on two synergistic
processes: the accumulation of irreversible damage at the crack tip, and crack extension through

the decohesion at the crack tip due to the strain energy inside the monotonic plastic zone.
da , ,
[2.6] — = f(monotonic damage, cyclic damage)

A unified short crack model proposed by Shyam et al. [65] is designed to account for these two
effects by relating the short crack growth rate to a linear relationship that is the product of the
monotonic (crack extension) and cyclic (damage accumulation) crack tip opening displacements

(Equations [2.4 and [2.5):

d
2.7) = = U b Oys

Where the fitting parameter, p, is defined as the damage susceptibility parameter that
describes the rate at which damage accumulation and crack advance can occur in a given
microstructure ahead of the crack tip, and is comprised of the slip irreversibility factor, f,
(defined as the fraction of dislocations that contribute to extension of a fatigue crack [61]), a

geometric scaling factor, a, and the critical crack damage to cause crack extension, Q.

R8jpu= &

cr

16



The assumptions are made such that o is approximately constant for most structural metals and
dr 1s constant throughout the crack growth life and therefore, the critical parameter p is the slip

irreversibility.

In order to test this unified model, short crack growth testing was performed on cast
A356 and W319 aluminum at R = -1, 0.1, 0.3 and f= 30Hz, Ti-6246 at R = 0.05 and f = 20 kHz
and Rene’ 88 superalloy at R = 0.05 and f = 20 kHz. Each material system has a wide range of
microstructures and strengths, and was tested at differing load ratios and frequencies. da/dN was
plotted against AK, presented in Figure 2.11. As expected, the difference short crack growth rates
across different alloy systems is considerable when utilizing AK as a correlating parameter.
Plotting da/dN vs. the unified parameter (Equation [2.7), as displayed in Figure 2.12, shows a
much more closely matching trend between the alloys, despite a difference in microstructure,
mechanical properties, and loading conditions. Thus it can be inferred that the unified parameter,
on average, accounts in a comprehensive way for microstructure, alloy, R-ratio and stress level

effects on the short crack data for a wide range of engineering alloys.

While the unified parameter does not account for the observed short crack behavior of
cessation at grain boundaries [50,66—68] due to slip blockage, it is expected to predict the
average growth rates over the short crack regime. Furthermore, compared to other models that
utilize dislocation mechanics, application of the separate roles of monotonic and cyclic plasticity
have not been considered. This model can be used in practical applications as an initial reference
for the short crack response of existing engineering alloys or to aid in the design of new
structural materials and can be applied to other applications through Integrated Computational

Materials Engineering (ICME).
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2.4 Effect Of Porosity

Porosity is a major microstructural feature controlling fatigue properties because it
introduces very high stress concentrations within fatigue specimens. In general, porosity has
been found to override any influence from other factors such as oxides, eutectic particles and slip
bands [69] on fatigue life in cast aluminum components. In fatigue lifetime studies, porosity
serves as primary sites for fatigue crack initiation [70] and reduces the time for crack initiation
[71,72]. Ammar et al [37] investigated cast Al-Si alloys and suggested that the pores reduce the
time for crack initiation through an increase in the stress concentration in the matrix adjacent to
the pore and that the majority of fatigue life is comprised of fatigue crack propagation. The
implication is that porosity reduces fatigue resistance. In a study of cast W319-T6 Al [73], a
comparison of hot isostatically pressed (HIP) specimens, a process which greatly lowers
porosity, compared to non-HIP specimens shows the presence of porosity reduces fatigue

lifetimes by a factor of 10.

Literature on the effect of porosity on fatigue crack growth remain limited. In the same
study by Ammar et al. [37] it was also found that a fracture plane containing a high fraction of
small pores resulted in higher life than a fracture surface containing low volume fraction of large
pores. It was posited that this was due to the crack having to travel through the matrix from pore
to pore, where each pore is not a significant stress concentrator, while the higher stress
concentration provided by the larger pore provides enough increase in the crack growth rate.
Wang et al. [71] investigated the fracture surfaces of cast A356-T6 aluminum, found high
fractions of porosity on the fracture surface, particularly the overload region, and attributed this

to the fact that the fatigue crack always seeks the weakest path and porosity provides an easy
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path for crack propagation. Gerard et al. [74], in a study of the effect of porosity in powder
metallurgy titanium, suggested that short crack growth rates are temporarily accelerated by the
plastic zone adjacent to pores. The accelerated growth was due to the crack front encountering a
defect that, on a local scale, generates a plastic zone that is much greater than the nominal strain
amplitude in the matrix. Moffet [75] investigated Al-Si castings with X-ray computed
tomography on Al-Si castings and found that pores played a dominant role in short fatigue crack
propagation. It was suggested that pores provide a weak path for fatigue cracks to propagate, and
that when a fatigue crack approaches a pore it is “attracted” towards it, as long as it is beneficial
in terms of the crack driving force. Gall et al. [76] believed that porosity has an “indirect”
influence on fatigue crack growth rates. They found that, under nominally identical loading
conditions, isolated microstructurally small cracks grew, on average, two orders of magnitude
faster in a sample containing a higher fraction of porosity. It was suggested that porosity
enhances the nominal stress field experienced by the microstructurally small cracks and this
enhancement led to relatively higher small crack growth rate even in the absence of explicit

interaction between the small cracks and pores.

2.5 Lap-Shear Specimen Failure Modes

In service, spot welded joints experience both tensile and bending stresses, and this stress
state coupled with joint geometries leads to stress concentrations and eventual fatigue failure.
Three competing modes of fatigue failure have been observed: interfacial failure (fracture via
crack propagation through the weld nugget), nugget pullout (the weld nugget is completely
pulled out from one of the metal sheets), [35,77] and eyebrow cracking. The dominant mode is

dependent on the applied stress level and cyclic life.
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For quasi-static and low cycle fatigue testing, the dominant failure modes are the
interfacial failure and nugget pullout. For steels it has been observed that, for the highest applied
stress levels and large nugget diameters, nugget pullout is the dominant failure mode. This
failure mode is characterized by the weld nugget completely pulled out from one of the metal
sheets, such that the weld nugget is left intact (see Figure 2.13 (a)). For this failure mode, it has
been found that the strain in the base steel is greater than that developed at the weld interface

[78].

At lower failure stresses and smaller nugget diameters in steel, it has been observed that
interfacial failure is the dominant failure mechanism. Interfacial failure is defined as propagation
through the weld nugget (see Figure 2.13 (b)) and is associated with a lower load carrying
capacity and considerably less energy absorption capability, and is thus considered unsatisfactory
and most industrial standards design to avoid this type of failure [77]. It should be noted that at
the intermediary loads and nugget diameters, a combination of nugget pullout and interfacial
failure could occur. In general though, any interfacial failure is indicative of poor weld

manufacturing processes and necessitates adjustments to the spot welding parameters.

At moderate stress levels and lives of at least 10* cycles, the most commonly observed
failure mode is eyebrow cracking. This type of failure is defined by crack initiation at the edge of
the spot weld and propagation through the sheet thickness [79]. This failure mode occurs
primarily due to the stress concentration provided by the “notch” that occurs due to sheet

separation from indentation at the faying surface (Figure 2.14)
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2.6 Structural Stress And The Master Fatigue Life Curve

In an effort to consolidate experimentally determined data to aid engineers in design
through estimation, a number of techniques have been proposed for estimating fatigue life in
welded structures [80]. The most prevalent technique for estimation of fatigue life in resistance
spot weld is a method known as structural stress. The structural stress technique is a method to
represent the local stress state at a region of interest within a structure. These are not the true
stresses, but linearized stresses to simplify the complicated stress state [81-84] that exists
through the volume of a welded region and the complex microstructure that forms in and around
the spot weld. Stress linearization simplifies durability analysis and makes it tractable from a
computational perspective on total structure durability analysis. The stress linearization process
decomposes the stress state into two components: (1) a membrane component and (2) a bending

component. Figure 2.15 details the process of stress linearization for a lap-shear specimen.

The aim of utilizing the structural stress approach is to generate a “master” fatigue life
curve. This master curve methodology is based upon generating a single structural stress based
fatigue life curve that represents the fatigue life of a large variety of welded structures with

varying geometric and loading conditions in a robust calculation procedure [85].

The structural stress approach uses FEA to represent the weld nugget with rigid beam
elements to transmit the forces and moments between the finite elements. Sheppard [81,86] was
one of the first to propose this solution for spot-welded steel specimens with lap-shear geometry.
Fatigue testing was performed on low-strength steel lap-shear specimens with different

thicknesses, nugget diameters and load amplitudes. The load-life curve displayed different trends
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for the different conditions, as expected. Plotting the fatigue lifetimes (normalized for R-ratio)

versus the structural stress range, however, unified the data (see Figure 2.16).

Another prevalent structural stress methodology is a method proposed by Rupp et al.
[82]. They observed that steel spot welded connections experienced local plastic deformation
during the first few load cycles, and posited that using elasticity theory would not be effective as
a correlating parameter. Thus, they determined the local structural stresses using beam, sheet and
plate theory. With this approach, the spot weld was modeled as a rigid inclusion in an FE model,
while the outer edges of the plate are treated as fixed (see Figure 2.17). The previous approaches,
however, utilize stresses derived from reference points and extrapolate these to the points of

interest and are thus fictitious stresses at the hot spot of interest.

Dong et al. [84,87,88] proposed a structural stress method, known as the Battelle method.
The work in this dissertation uses this method as part of the master fatigue life curve creation
(Chapter 5). In this structural stress FE approach, the spot weld is modeled with shell elements
and rigid beams forming a spoke pattern, presented in Figure 2.18. In this method, the structural
stresses are calculated from nodal forces and moments derived from linear elastic FEA. This
methodology, in contrast to the previous structural stress approaches, is that the components
satisfy the far-field equilibrium conditions and are considered real stresses. These nodal forces
and moments, calculated in the global coordinate system, are then transferred into the local
coordinate system. This is done because the structural stress is defined as components normal to
the weld line of the spot weld. The next step is converting the nodal forces and moments to
distributed forces through line forces and moments; that is, forces that are distributed along the
weld line between the nodes (see Figure 2.19 (a) and (b)). These line forces and moments along

the weld nugget periphery can then be used to quantify the structural stress components. The
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Battelle method then utilizes fracture mechanics, assuming a Paris Law relationship to take into
account the effects of loading mode and sheet thickness, suggesting that Mode I loading is the
most critical mode for fatigue crack propagation for sheet metal in the through thickness
direction. This methodology has proven successful for a variety of welded components,

including spot welds.

Due to the fact that the structural stress technique is meant as an approximation, it is not
without its limitations. These include the inability to accurately estimate large deflections from
contacts between overlapping sheets [89], the inability to accurately account for material
inhomogeneity, residual stress and other imperfections [88] as well as not accounting for varying
crack initiation and propagation processes, such as crack closure [79]. Nevertheless, the
structural stress technique has shown to be sufficiently accurate for engineering design

estimations.
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Figure 2.1 - Al-Mg phase diagram [90]
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Figure 2.2 - Typical microstructure of rolled Al 5xxx alloy. (a) 5754 Al [91], (b) 5083-H116 (Al-
4.5Mg) [8] and (c) 5456-H116 (Al-5Mg) [8].
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Figure 2.3 - Typical microstructure of rolled Al 6xxx alloy. (a) 6013 Al [92], (b) 6061-T651 [93]
and (c) 6061-T6 [94].
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Figure 2.4 — Schematic of the resistance spot welding process; (a) clamping of the sheets
between copper electrodes, (b) application of current, generating thermal energy and melting the

material and (c) solidification of the melted material, forming a nugget which comprises the joint
[31].
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RESISTANCE TEMPERATURE

Figure 2.5 - Resistance and temperature distribution during the RSW process [95].

Figure 2.6 - EBSD maps of different regions in a resistance spot welded 6061-T6 joint [96]. The
spot weld contains an equiaxed dendritic and columnar dendritic zone.
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Figure 2.7 - Generic da/dN-AK curve [97].
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Figure 2.9 - Idealized crack with periodic deflections from Suresh [54].
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plastic zone.
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Figure 2.13 - Schematic of (a) nugget pullout and (b) interfacial failure in resistance spot welds
[77].

/— Eyebrow crack

Top sheet

Bottom sheet

Spot weld nugget

Figure 2.14 - Schematic of an "eyebrow" crack, defined as crack initiation at the edge of the spot
weld and propagation through the sheet thickness.
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Figure 2.16 — Structural stress approach proposed by Sheppard [81,86]. (a) Nominal load vs.
cycles to failure and (b) max structural stress vs. cycles to failure (normalized by the R ratio).

The structural stress consolidates the data for different conditions.
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Figure 2.17 — Spot weld represented as a rigid inclusion as proposed by Rupp et al. [82].

Figure 2.18 — FE mesh of the spot weld in the Battelle method [87]. Triangular shell elements
and rigid beams form a spoke pattern.
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Definition of the line forces/moments at an FE element nodal point [99], (b) line forces
distributed along the weld line between nodes in the local coordinate system [100].
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Chapter 3

Experimental Approach

This chapter describes the materials investigated and the experimental technique
employed in this research. Section 3.1 describes the two materials used for their research, as well
as heat treatment and specimen fabrication. Section 3.2 describes the techniques used to
determine the material microstructure, from optical and SEM/EBSD microscopy, to
microhardness and radiographic testing. Finally, section 3.3 describes the short fatigue crack
growth testing procedure, along with tensile and microtensile testing to determine the mechanical

properties.

3.1 Material

3.1.1 Wrought Material

The materials tested in this investigation are the wrought aluminum 5754, an Al-3%Mg
alloy, and aluminum 6111, an Al-1%Mg-1%Si-0.5%Cu alloy. The alloys were rolled to 3mm
thickness and supplied by the Ford Motor Company’s Research and Innovation center located in

Dearborn, MI. The nominal compositions are presented in Table 3.1. The sheets were
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approximately 300 mm by 100mm by 3mm. The as-received material was in the O-annealed
(lowest strength, highest ductility) condition for alloy 5754 and the T4 temper (solution heat
treated and naturally aged to a stable condition) for alloy 6111. As discussed in the literature
review, alloy 5754 is non-heat treatable, and primarily hardened through solid solution, strain
and grain size strengthening. Alloy 6111, on the other hand, is heat treatable and is primarily

hardened through precipitation and dispersion strengthening.
3.1.2 Resistance Spot Welding

Resistance spot welding was performed by Dr. Elizabeth Hetrick at the Ford Motor Co.
Research and Innovation Center. The process, as previously described in more detail, involves
melting and solidifying sheet material that has been clamped together. The process is very quick
and simulates the processes used in high volume production. Each individual spot weld takes less
than 2s to complete. The welds display a cast microstructure as the wrought metal was melted

and solidified to form the joint.

Traditional two sheet stackups of both alloys were spot welded together with thicknesses,
t, of 1 and 3mm for fatigue life testing. The sheets stacked were 95mm by 25.4mm by the sheet
thickness, while the overlap between sheets was 25.4mm, as shown in Figure 3.1. The
parameters of the spot welding procedure (i.e. applied current, time) were optimized such that
the nominal weld diameters were approximately 4 and 5 times the square root of the sheet

thickness (4t and 5t"?).

In order to manufacture dogbone specimens for short fatigue crack growth testing, a 2-3-
2mm sheet stackup was employed (that is, a 3mm sheet surrounded by two 2mm sheets). This is

presented schematically in Figure 3.2. This process was used to ensure that the middle 3mm
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sheet contained a RSW nugget throughout the entire thickness. The settings were optimized to
produce a RSW nugget diameter of approximately 8mm. The dimensions of each of the plates
used in the stackup were also 300x100mm. Each stackup contained two RSW nuggets to

manufacture dogbone specimens. An image of the spot weld locations is provided in Figure 3.3.

3.1.3 Heat Treatment Procedure

Heat treatment was performed to determine the effects of aging on the mechanical and
fatigue characteristics of both alloys. The primary heat treatment of interest is the paint-baked
(PB) heat treatment, which is artificial aging of the alloys at 180°C for 30 minutes. The PB heat
treatment is of interest in order to mimic the real world conditions of the alloys. During
automotive production, after paint is applied, the vehicles are placed in an oven to expedite the
dying and curing process of the paint [1]. The PB heat treatment essentially mimics this process.
As alloy 5754 is a non-heat treatable alloy, any aging essentially acts as a low temperature

anneal.

Heat treatment was performed a Thermo Scientific NESLAB EXACAL High
Temperature bath with silicone oil. This ensured a rapid heat up and a stable and uniform aging
temperature. In order to determine the effects of aging on the material hardness, sample blanks

with dimensions 25.4 x 25.4 x 3 mm were placed in the oil bath for times ranging from 5 minutes

to 50 hours at both 180°C and 210°C.

The heat treatment for aluminum 5754 consisted only of a PB heat treatment. For
aluminum 6111, three heat treatments were investigated: T4 temper (solution heat-treated and
naturally aged for at least 100 hours), a simulated PB heat treatment and an overaged condition

(OA: artificially aged at 210°C for 12 hours).
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The overaged condition was performed in order to understand the effects of overaging on
the short fatigue crack growth characteristics. Overaging was conducted at 210°C, which was
found to achieve similar hardness and yield strength to the PB condition. It was not possible to

achieve the PB strength by aging at 180°C unless times greater than 100 hours were used.
3.1.4 Dogbone Specimen Design

Dogbone specimens were manufactured from the wrought and RSW samples such that
the rolling direction was parallel to the gage length. Sample fabrication was performed by M.
Cressey or K. Pruss at the University of Michigan Lay Mechanical Engineering machine shop.
These specimen dimensions were consistent with ASTM E466 [2] and had a gage length of

36mm and a gage width of 18mm, as shown in Figure 3.4.

In order to manufacture the dogbone specimens on the RSW nuggets from the 2-3-2
stackup, the spot welds on the top and bottom 2mm sheets were mechanically milled off, leaving
approximately 1/ 1000™ of an inch in order to ensure that the middle sheet material was not being
removed. The middle sheet was then submitted for dogbone sample fabrication. An example of
the cross-section of a 2-3-2 stackup and the RSW nugget location on the dogbone specimen are

presented in Figure 3.5.

3.2 Microstructural Characterization

3.2.1 Sample Preparation

Metallographic specimens were mounted using Lapmaster fast cure epoxy resin in 1.25”
diameter mounts. Dogbone specimens used for short fatigue crack growth tests were also

prepared for EBSD patterning and optimal viewing for camera measurement of surface crack
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growth. Specimens were prepared using a Buehler EcoMet 250 autopolisher and final polished
with the Pace Technologies GIGA-1200 vibratory polisher. For the autopolishing, the following
procedure was used: 150 RPM for the base, 60 RPM for the head with 20 N of force for dogbone
specimens and 25 N of force for mounted metallographic specimens. Samples were ground from
320, 400, 600 and 800 grit SiC paper for 2-3 minutes with complementary rotation between the
base and the head. The samples were then set to counter rotation and ground/polished for 5
minutes at 1200 grit, 9 um, 6um and 1pm polish. Samples were then placed in the vibratory
polisher with MasterMet 2 colloidal silica (0.02 um) for anytime between 4 and 12 hours
(manual inspection for optimal polish was required). Etching of metallographic specimens to
reveal grain structure was performed using Keller’s reagent: 95% water, 2.5% nitric acid, 1.5%
hydrochloric acid and 1% hydrofluoric acid. Etching was performed at room temperature for 30-

60s.
3.2.2 Optical Microscopy

Optical microscopy was performed using a Nikon Epiphot 200 inverted microscope or a

Zeiss Axio Vert.Al inverted microscope equipped with a digital camera.

3.2.3 SEM and EBSD Analysis

Scanning electron microscopy (SEM) examination was completed with a TESCAN
MIRA3 field emission gun (FEG) microscope, equipped with a backscatter electron (BSE)
detector, an EDAX energy dispersive spectroscopy (EDS) detector, and an EDAX electron
backscatter diffraction (EBSD) camera. SEM images were captured using an accelerating voltage

between 15 and 30 kV to optimize image quality.
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EBSD characterization was also performed in the SEM to determine the grain structure of
the alloys. Operating conditions for EBSD were an accelerating voltage of 30 kV and a working
distance of 20 mm. The beam intensity was set at 20.01 to give a spot size of approximately 18
nm. These conditions yielded reproducible high quality patterns at a rate of approximately 40
patterns per second with a step size of 0.75 um. Image cleaning was performed in the EDAX
TSL OIM data analysis software to smooth regions with a confidence index (CI) < 0.1 (areas of

poor surface quality were typically indicative of grain boundaries).

3.2.4 Hardness and Microhardness Procedure

Rockwell hardness testing was performed on the 1” x 1”” x 3mm blocks used to construct
an artificial aging curve for aluminum alloy 6111. A Rockwell hardness tester was used to
perform the hardness testing, and each block tested had 16 indents in a 4x4 pattern to optimize
the number of measurements per sample while maintaining the minimum distance between
points as prescribed by ASTM E8-11 [3]. For the wrought parent material, a Rockwell B (1/16”
ball) indenter was used. For the RSW, the material was too soft for Rockwell B so a Rockwell E

(1/8”’) was used instead.

Vickers microhardness mapping was completed at Ford Research and Innovation Center
on a LECO AMH 43 automated microhardness system. Testing was performed on the wrought
and RSW 5754 and 6111 aluminum alloys. A force of 200 gf for a dwell time of 13 s was
applied for each microindentation, with spacing between points of approximately 200 um. For
the wrought alloys, an area of 3mm x Smm was chosen, yielding approximately 400 indents. For

the RSW alloys, an 8mm x S5mm region was chosen, yielding between 1200-1300 indents. The
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microhardness data was then processed using a MATLAB script to interpolate the values

between points.

3.2.5 Radiographic Testing

In order to quantify the porosity of the RSW specimens, radiographic testing was
performed by the G. Campbell at the Ford Motor Co. Non-Destructive Evaluation Laboratory in
Livonia, MI. 40 RSW Al 5754 samples and 25 RSW Al 6111 samples were submitted for
assessment. The result was a two-dimensional image that was then processed in MATLAB to
qualitatively identify the specimens with the lowest porosity on which short fatigue crack growth

testing was performed.

3.3 Mechanical Testing

3.3.1 Short Fatigue Crack Growth (SFCG) Testing

SFCG samples were micronotched to provide a preferential small crack initiation site. A
femtosecond laser was used to machine micronotches in the center of the dogbone specimen,
irrespective of the local microstructure. Femtosecond laser machining produced small,
reproducible notches with no-heat affected zone or microcracks, and minimal residual effects [4].
Notch fabrication was performed at the Center for Ultrafast Optical Science (CUOS) by M.
Abere and R. Cahyadi. These notches were approximately 200 um long, 50 um wide and 100

um deep. An SEM image of a typical femtosecond notch is provided in Figure 3.6.

Fatigue crack growth testing was conducted using an MTS servohydraulic test system, at
a load ratio (R) of 0.1 and a cycling frequency of 30 Hz in lab air at 20°C. Samples were cycled

with a constant maximum stress at stresses that were set fractions of the macroscopic yield
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strength (approximately 60%, 70% and 80%). The crack length was measured optically using a

QUESTAR QICAM digital camera with a Sum resolution. The setup is displayed in Figure 3.7.

The half-crack length (a) versus the number of load cycles (N) was collected and
converted into crack growth rate (da/dN) following ASTM E647 [5] using a seven-point sliding
polynomial method to calculate da/dN. The stress intensity factor (AK) was determined using the
Newman-Raju solution [6] for a semi-circular surface crack in a finite elastic plate, where the

crack length to depth ratio was assumed to be one.

3.3.2 Tensile Testing

To determine the mechanical properties of interest (elastic modulus and yield strength) of
the samples tested, tensile testing was performed on the dogbone specimens as prescribed in
Section 3.1.4. Tensile testing was performed on 5 specimens for the alloys and heat treatments
being tested, yielding 20 total tensile curves. Tensile testing was performed on an MTS
servohydraulic test system, using an MTS 632.11B-20 extensometer with a 1 gage length.
Samples were tested in displacement control with a strain rate of 0.015 mm/mm/min until
specimen failure as prescribed by ASTM E8/E8M [7]. The data was analyzed using Microsoft

Excel and the yield strength was calculated using the 0.2% offset method.

3.3.3 Microtensile Testing

The RSW nugget is contained within the overall gage section of the dogbone specimen
and it was desired to determine the mechanical properties of just the weld nuggets in themselves.
In order to do this, microtensile specimens of wrought and RSW 6111 were manufactured

through electrical discharge machining (EDM) by Cut-Rite EDM Inc. such that the RSW nugget
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was isolated in the gage section. The specimen geometry is shown in Figure 3.8. RSW 5754

samples were unable to be manufactured due to having too much porosity to EDM properly.

Microtensile testing was conducted in a Kammrath and Weiss tensile/compression
module with a 5kN load cell as shown in Figure 3.9. An extensometer was not used and therefore
the 0.015 mm/mm/min strain rate was approximated based on the specimen geometry. Wrought
6111 samples were fabricated to ensure that the mechanical properties achieved from the

microtensile stage matched the larger dogbone specimens.
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Tables

Table 3.1 - Compositions of the aluminum alloys investigated.

Alloy  Al(%) Mg(%) Si(%) Cu(%) Mn(%) Fe(%) Ti(%)

5754 Bal. 3 0.4 - 0.5 0.4 0.1

6111 Bal. 1 1 0.5 0.4 0.4 0.1
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Figure 3.6 - SEM image of a femtosecond notch (a) Notch shape on the surface (TD-RD plane)
(b) Notch shape from the fracture surface (ND-RD plane) with an irregular shape.
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Figure 3.7 - MTS servohydraulic setup (a) Fatigue testing setup noting the camera and external
lighting system and (b) schematic of the MTS wedge grips used for rectangular specimens [8].
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Chapter 4

Short Fatigue Crack Growth In Wrought and Resistance Spot
Welded Aluminum 5754 and 6111

This chapter describes the results of experimental short fatigue crack growth tests in wrought and
resistance spot welded aluminum 6111 and 5754. The influence of alloying, heat treatment and
weld-related microstructures are characterized. Applications and adjustments to a unified short
crack model are also covered. Section 4.1 covers microstructural characterization and
quantification of the parent and spot-welded materials using EBSD and microhardness analysis,
along with the results of tensile testing. Section 4.2 presents the results of short fatigue crack
growth testing, and observations from SEM and EBSD surface analysis and fractography.
Section 4.3 uses the results from Section 4.2.2 and describes proposed changes to the unified
short crack model to account for the pores found in the resistance spot welds. Finally, the results

are discussed in Section 4.4 and conclusions are summarized in Section 4.5.

4.1 Microstructure Characterization

The wrought sheet alloys being studied in this study are aluminum alloys 5754 (Al-3Mg)

and 6111 (Al-1Mg-18Si). The nominal composition of these alloys is listed in Table 4.1.
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4.1.1 Parent Sheet Alloy Microstructures

Electron backscattered diffraction (EBSD) was used to characterize the grain shape, size and
texture in 5754 and 6111 aluminum alloys. Representative micrographs of the microstructures of

the TD-RD and ND-RD plane are shown in

Figure 4.1. The grain size for alloy 5754 has been quantified as 30 + 8 pm in the TD and
RD direction and 10 + 3 pm in the ND direction. The grain size for alloy 6111 is 48 = 12 pm in
the TD and RD direction and 10 + 4 pm in the ND direction. Both materials display grains that
are elongated in the rolling direction due to plastic deformation from rolling. EDAX Orientation
Imaging Microscopy (OIM) analysis has indicated that both materials exhibit weak rolled sheet
crystallographic texture [1] with a maximum intensity of approximately 3.5 and 3 for alloys 5754
and 6111 respectively. These textures are relatively weak, and therefore it is assumed for this

study that texture is not a factor in the short crack propagation behavior.

The primary heat treatment of interest in automotive aluminum alloy sheet is the
paint-bake (PB) condition. During automotive production, after paint is applied, the vehicles are
placed in an oven to expedite the drying and curing process [2]. The PB process has the
additional benefit that is also produces an artificial age condition in age hardenable aluminum
alloys such as 6111 Al. For the purposes of simulating this production process, an artificial aging
treatment of 180°C for 30 minutes was used (see Figure 4.2). The Rockwell E hardness at this
aging time was quantified as 89.02 + 0.75 HRE. As alloy 5754 is a non-heat treatable alloy, any
aging essentially acts as a low temperature anneal. The overaged (OA) aging condition of 6111
Al was also studied in order to understand the effects of an overaged microstructure (incoherent

precipitates and homogenous slip distribution) on the short fatigue crack growth characteristics.
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The overaging procedure (210°C for 12 hours) was used because it was found that achieving
similar hardness and yield strength to the PB condition was not achievable at 180°C unless times
longer than 100 hours were used. The Rockwell E hardness at this aging time was quantified as
89.35 + 0.70 HRE, which was determined not to be significantly than the HRE for the PB 6111
condition. The Rockwell E hardness of the resistance spot welded 6111 (discussed more in the

subsequent section) indicates that the weld is much softer than the parent material.

For this study, wrought 5754 aluminum was characterized in the PB heat treatment
condition, while wrought 6111 specimens were tested in the T4, PB and OA conditions.

Artificial aging was found to have no effect on the grain size, shape and texture.

4.1.2 Resistance Spot Welded Alloys

Resistance spot welding (RSW) is a joining process for metal sheets up to 3 mm
thickness [3]. This process involves clamping two or more sheets between copper electrodes,
represented schematically in Figure 4.3. Electrical current is then applied through the electrodes,
generating heat due to the resistance to the flow of current offered by the aluminum sheets. The
concentration of the heat melts the material in the center, forming a nugget that solidifies once

the current is interrupted [4].

Optical micrographs with associated microhardness maps and EBSD of the highlighted
regions (from the weld centerline to the parent material) are shown in Figure 4.4 (a) and (b) for
spot welds in alloys 5754 and 6111 respectively. In spot welds, the material is melted and re-
solidified, producing a cast dendritic microstructure: the weld fusion region from the center of
the weld to approximately 500 um from the weld-edge contains equiaxed grains. The region

between the equiaxed zone of the weld and the parent material (approximately 500 um long)
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contains large, columnar grains that grow towards the center of the weld along the maximum
temperature gradient, as exhibited in the EBSD maps for both alloys. The numbers underneath

each region denote the average grain size for these regions.

For 5754 welds, hereafter 5754 RSW, the grain size in the center of the weld, where the
cooling rate is at its highest and the smallest grain size is observed (36 um equiaxed) is slightly
larger than the parent material grain size of 30 pum x 10 pm x 10 pm. From the microhardness
maps in 5754 RSW, there is no evidence that the weld matrix has different hardness than the
parent material (65.5 = 3.9 HV and 64.1 + 3.2 HV respectively), but what is evident is the high
amount of porosity. The spherical shape of the pores is indicative of gas porosity, likely due to
the high Mg content of 5754, which increases the hydrogen solubility and leads to evolution of
entrapped gas bubbles upon melting [5]. In addition, there is some evidence of shrinkage related
porosity that is due to the volumetric contraction accompanying solidification (solid Al is ~7.1%
denser liquid Al [6]). Qualitatively, it has been found that the area fraction of porosity in the
5754 RSW specimens is appreciably higher than the 6111 RSW specimens. These pores could

not be indented for microhardness testing and display an HV of 0.

For 6111 RSW, the grain size in the center of the weld is smaller than the parent material
(26 um equiaxed vs. 48 um x 10 pum x 10 um). The microhardness maps indicate that the spot
weld nugget is appreciably softer than the parent material, with a microhardness of 62.1 + 3.1
HV compared to 90.7 + 7.5 HV for the parent material. This is presumably due to the dissolution
of strengthening precipitates during the material melting during the RSW process [7]. The
artificial aging curve (Figure 4.2) displays an increase in strength during the PB treatment,
indicating the growth of precipitates. The short temperatures and time, however, are not enough

to strengthen this to the work hardened parent material.
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A region is generally expected in between the weld and the parent material affected by
the high temperature of the welding process known as the heat-affected zone (HAZ). Previous
research on 6082-T6 aluminum MIG and GTA welding [8], 6061-T6 aluminum arc welding [9]
and CO; laser beam welding [10,11] suggest residual heat causes a loss of strength in the HAZ
due to coarsening and dissolution of strengthening precipitates in heat treatable alloys. However,
in the case of resistance spot welds, a region of higher hardness is observed adjacent to the weld
nugget, which is denoted as the thermomechanical affected zone (TMAZ). This term is normally
associated with solid state welding processes such as friction stir welding [12—15] and linear
friction welding [16—18] and this region is believed to exist due to the plasticity that results from
the electrode indentation associated with the RSW process. This region, spanning an average
Imm from the weld nugget edge, exhibits a microhardness of approximately 72 HV compared to
65.5+3.9 HV and 64.1 = 3.2 HV for the weld nugget and parent material, respectively, in 5754
RSW. For 6111 RSW, this region exhibits a microhardness of 106.4 + 5.4 HV, compared to 90.7
+ 7.5 HV and 62.1 = 3.1 HV for the parent and spot welded region, respectively. From analysis
of the EBSD maps, the TMAZ region exhibits the same microstructure as the parent alloys for

both materials.

It is well known that residual stresses can appear in welded materials due to the interplay
from the thermo-mechanical processes experienced during heating and cooling [4,19-21].
Quantification of the residual stresses in the fusion zone in spot welds was conducted on
specimens used for crack growth testing. X-ray diffraction was performed at PROTO
Manufacturing Inc. at Taylor, MI to measure the residual stress within the fusion zone. The
results (Figure 4.5) indicate that the average residual stress is 21 MPa and is compressive. Florea

et al. [19] performed residual stress measurements on 6061-T6 RSW joints and suggested that
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residual stresses are insignificant if they are less than half of the parent material yield strength.
For this study, the 21 MPa residual stress corresponds to approximately 8.5% of the parent 6111
Al yield strength and 18% of the 6111 RSW yield strength (discussed in the subsequent section).
Therefore, for this study, we can consider the measured residual stress in the fusion zone
insignificant and that residual stresses are not expected to bias the measured response of the short

crack propagation behavior.

4.1.3 Mechanical Properties

Tensile testing was performed on the wrought aluminum alloys for each microstructural
condition with the loading axis parallel to the rolling direction. The yield strength was
determined using the 0.2% offset. Five specimens per material condition were tested to failure.
Microtensile testing performed on nine 6111 RSW specimens were designed and manufactured
via electro-discharge machining (EDM) such that the weld nugget occupied the gage section.
Further details can found in Sections 3.3.2 and 3.3.3. The elastic modulus and yield strengths are

tabulated in Table 4.2.

The mechanical properties of the TMAZ for the 6111 and the 5754 RSW could not be
evaluated experimentally as microtensile specimens could not be fabricated to properly isolate
these regions. The TMAZ region is thin and tensile specimens could not be manufactured in
which the entire gage section was comprised of the TMAZ material. The appreciable porosity in
the 5754 RSW center also created difficulties manufacturing proper microtensile specimens via

EDM and thus these regions were also not tested in this study.

Caceres et al. [22] proposed that the relative change in yield strength can be estimated by

a relative change of hardness. This method was utilized based on values obtained from the
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microhardness maps. The microhardness of the TMAZ region adjacent to the weld nugget in
alloy 6111 is 106.4 £ 5.4 HV compared to the 90.7 = 7.5 HV for the parent PB material. The
microhardness of the RSW 5754 weld nugget is 65.5 = 3.9 HV, compared to the 64.1 £ 3.2 HV
of the parent PB 5754. This leads to yield strength estimates of 289 and 102 MPa for the 6111

TMAZ and 5754 RSW regions, respectively. These estimations are included in Table 4.2.

The elastic modulus was found to be roughly constant, with an average value of 68 GPa;
this is consistent with values from literature [23]. The yield strength varies with alloy and heat
treatment. Wrought alloy 5754, primarily hardened through grain size, strain hardening and solid
solution strengthening [24,25] , has the lowest yield strength. Wrought alloy 6111, primarily
hardened through fine B’’ precipitates [2,26-28] and Mn dispersoids [29-31] has a higher
strength than PB 5754. For example, the yield strength of PB 6111 Al is 247 + 2.6 MPa while the

yield strength of PB 5754 Al is 105 + 3.1 MPa.

4.2 Short Fatigue Crack Growth (SFCG)

Femtosecond laser notching was employed to place micronotches on the sheet specimen
surface for crack initiation. Micronotches were placed in the center of the dogbone specimen
irrespective of the local microstructure to understand the crack propagation behavior of
physically short cracks. As depicted in Figure 4.6, micronotches were either placed in the center
of the weld to characterize fatigue crack growth in the weld fusion zone (nugget) or within the
TMAZ region adjacent to the weld fusion zone to characterize fatigue crack growth in the
TMAZ. Crack growth measurements in the TMAZ were unable to be performed in 5754 RSW
specimens as cracks initiated preferentially from porosity within the weld and not at

micronotches. All SFCG specimens were fatigued at R = 0.1 at 30 Hz frequency.
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4.2.1 SFCG in the Parent Sheet Material

For characterizing SFCG in the parent sheet materials, the maximum cyclic stress, Gmax,
was chosen to be between 60% and 80% of yield strength. The crack growth rates of short cracks
for the two alloys are displayed in Figure 4.7. The crack growth rates followed a power law
relationship over the entire range of AK. This range of AK corresponds to a surface half-crack
length of approximately 100 um to 1 mm. One PB specimen of each alloy was tested at a
maximum stress of 80 MPa (80% oys for PB 5754 Al and 33% oys for PB 6111 Al) up to a
maximum half-crack length of approximately 1800 pm to observe the crack growth rates at AK
values that were greater than 2.5 MPa m'? for the 5754 Al and less than 2.5 MPa m"? for the
6111 Al This was done in order to quantify the nominal growth rates at AK values where the
short crack growth testing for each material was performed. At these stress levels tested, the
crack growth rates vary smoothly with increasing AK and crack arrests from crack front

interactions with grain boundaries were not observed.

It has been observed that the growth rates for each alloy are similar for the differing
specimens, heat treatments and stress levels tested. The short cracks display a linear trend in the
log(da/dN) vs. log(AK) and a power law was fit to the data for each condition, presented in Table
4.3. There is a slight difference in the growth rates at the for 5754 Al and 6111 Al, as the 5754

Al has a power law exponent of 4.41 while the 6111 Al has an exponent of approximately 3.7.

In 6111 Al, the three heat treatments (T4, PB and OA) tested displayed similar short
crack growth rates. The underaged, PB and OA heat treatment conditions, while having similar
yield strengths, are expected to have different slip characteristics due the change in slip character

from heterogeneous to homogenous deformation, altering the strain localization behavior.
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Studies on long cracks for this type of change suggest OA alloys should display a flatter crack
path [32] and higher growth rates [33—35]. However, these higher growth rates are generally not
seen in short cracks [36] as the observed increase for long cracks is rationalized through crack
closure effects. The power law coefficients indicate no statistically significant difference from
one another, signifying no effect of heat treatment on the short crack propagation rate in 6111 Al.
The 5754 Al specimen that was grown beyond the short crack threshold region shows slightly
higher growth rates compared the 6111 parent materials. For the 6111 sample tested at lower

12

growth rates, the initial propagation rates (AK < 1.75 MPa m '*) are within the observed growth

rates for 5754 Al, and the growth rates of the two alloys appear to diverge at AK > 1.75 MPa

12
1’1’1/.

The crack path propagation behavior was investigated on specimen surfaces from a
region within 500 pm of the micronotch using EBSD. Representative IPF micrographs are
shown in Figure 4.8. The majority (>97%) of fatigue crack propagation occurred transgranularly
in both alloys in all conditions, which has also been reported in other SFCG studies of aluminum
alloys [37-39]. In the underaged, paint-baked conditions, cracks tended to deflect at grain
boundaries to follow low index crystallographic planes, resulting in propagation away from the
crack plane. The smaller grain size of PB 5754 resulted in smaller deviations, resulting in a much
flatter crack path compared to the larger grained PB 6111. The OA 6111, in contrast to the PB
6111, displayed a much smaller degree of reorientation at grain boundaries, resulting in an
overall flatter crack path. This result was expected due to the increase in the homogeneity of slip

due to a loss of coherency of precipitates that occurs in overaged conditions [40].

Fractographic analysis was also performed for each alloy, with representative

micrographs of regions adjacent to the micronotch (shown in Figure 4.9). In these regions there
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is evidence of transgranular, crystallographic crack growth, with parallel features indicative of
rough ductile tearing on the order of the grain size. The PB 5754 specimens exhibit a much more
macroscopically smooth surface while the PB and OA 6111 display more tortuous surfaces due

to the grain size differences.
4.2.2 SFCG in Resistance Spot Welded Regions

The short-crack growth rates for both the parent sheet, TMAZ and weld fusion regions of
both alloys are presented in Figure 4.10. 6111 RSW specimens were tested at 80, 90 and 100
MPa, while TMAZ 6111 specimens were tested at 120 and 130 MPa because of the higher
strength in the TMAZ region. The 5754 RSW specimens were tested at maximum stress levels
between 40 and 50 MPa, and all of the specimens failed from a dominant fatigue crack that
initiated from a large surface pore and not the micronotch. To characterize SFCG in these
specimens, large view fields were utilized to monitor initiation from large pores. Once identified,
crack growth rates from the dominant crack were calculated. Lower applied stress levels were
used to assist in this process by ensuring that the naturally initiating crack was observed at the

earliest possible interval.

Short crack propagation from the 6111 TMAZ region was observed to be slightly higher

than the parent 6111 Al early in the short crack growth (AK ~ 2.6 MPa m"?

) but eventually
converged with the parent short crack growth rate at AK = 4 MPa m"?. This is attributed to
propagation outside of the TMAZ region and into the base material. It was also observed that the
short crack growth rates of 6111 TMAZ correspond well to the growth rate of the 5754 Al

specimen grown beyond the short crack regime. EBSD analysis revealed no grain size difference

between the TMAZ and parent materials, and there was no discernable difference in the fracture
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surface compared to what was observed for the parent materials. SFCG data for the 5754 was not
achievable because the dominant crack initiated from the pores in the weld region rather than the

micronotch in the TMAZ region.

A high degree of variability in da/dN is often observed in the fatigue crack growth
behavior of short cracks [41—44] due to the interaction of growing cracks with the underlying
microstructure. However, in this case, the observed scatter in growth rates in the fusion zone are
on the order of a 10x, much higher than was observed from the growth rates of the parent sheet
and TMAZ regions. Furthermore, the short cracks are growing appreciably faster than the parent
material. This is particularly pronounced for short cracks in the 5754 welds. The significant
difference in growth rates between the parent and spot welded materials was an unexpected
observation. The reason for this is believed to be due to interaction and coalescence with porosity
present in the weld fusion zone. The effect of porosity on the fatigue crack initiation is well
documented [45—47], but there is limited information on the effects of porosity on short crack

growth.

Resistance Spot Welded 5754

For clarity, the SFCG rates of only the RSW and parent PB 5754 alloy are presented in
Figure 4.11. As noted, the crack growth rates for short cracks in the RSW are appreciably higher
than the parent material. The fatigue crack growth rate behavior is also much higher variability in
the RSW condition compared with the parent condition. The high porosity present throughout the
fusion zone provides sites that are favorable for crack initiation due to the increased stress
concentration at the pore. Micronotches placed in the 5754 weld specimens, did not nucleate
fatigue cracks for any of the specimens tested. Rather, cracks initiated from surface pores from

which the short-crack propagation could be measured. Two examples of 5754 RSW specimens
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that failed are presented in Figure 4.12 (S1 — omax = 45 MPa) and Figure 4.13 (S6 — Gmax = 50

MPa).

The initiating surface pore in these micrographs is marked with an arrow. As noted,
cracks did not initiate from the micronotch, which is marked in the scanning electron
micrographs. The micrograph was set at 200 um, but the diameters of the initiating pores
measured from on the surface for the examples presented are 87 pm and 101 pm for specimens
S1 and S2, respectively. From the surface micrographs of the first sample (Figure 4.12 (a) and
(b)), it is interesting to note that the crack did not propagate from the initiating pore towards the
adjacent pore cluster less than 20 pum away. Observation of the surface crack path of the second
sample (Figure 4.13 (a) and (b)) shows that the initiating pore is in a neighborhood with
relatively few pores. Surface crack path analysis from EBSD maps found that the crack path is
predominantly transgranular along crystallographic planes, with intergranular propagation

sometimes present when propagating through porosity.

Scanning electron micrographs of the fracture surface are presented in Figure 4.12 (c)-(e)
and Figure 4.13 (c)-(e). From the fracture surface overview, it can be seen that there exists a
large amount of subsurface porosity. It is also qualitatively observed that the initiating pore is not
the largest pore in the immediate vicinity. This suggests the observed porosity on the fracture

surface is a significant factor affecting the propagation of short cracks.

Resistance Spot Welded 6111

In the 6111 RSW Al, short cracks initiated and propagated from the micronotches. The
results for the RSW and parent 6111 conditions are presented in Figure 4.14. Compared to the

5754 RSW, the variability in crack growth rates in the 6111 RSW and the difference between
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crack growth rates in the RSW versus the parent material is less appreciable. During and after the
crack growth tests, the specimens were intermittently removed from the MTS frame and placed
in the SEM to examine the interaction of the fatigue crack propagating from the micronotch and
pores visible on the surface. Surface and fracture surface scanning electron micrographs of one
such specimen of a 6111 spot weld (6111 RSW S15 — omax = 85 MPa) are presented in Figure
4.15 and Figure 4.16. In this sample, crack initiation occurred from a pore located approximately
700 um from the notch (referred to as Pore 1) and coalesced with the short crack grown from the
micronotch. The dominant crack from the micronotch also coalesced with a shrinkage pore
(referred to as Pore 2), which was located approximately 205 um from the end of the

micronotch.

For Pore 1, crack initiation occurred from an area of visible porosity oriented at
approximately 36° with respect to the loading direction. The earliest visible instance of
propagation from the pore was at 2.15 million cycles after the start of testing, and propagated for
an additional 1 million cycles before coalescing with the main crack. A marked drop in
propagation rate was observed for the main crack prior to full coalescence with the crack
initiated from the pore, leading to a drop in da/dN before a large increase in growth rate. While
the length of the defect was measured to be ~ 47 um on the surface, fracture surface examination
of this region (Figure 4.16 (b) and (c)) showed a dendritic structure indicative of shrinkage

porosity that spans approximately 209 um in width and 56 pm deep.

For Pore 2, there was direct coalescence with the main crack propagating from the
micronotch (Figure 4.15 (d)-(e)). This region was noted prior to fatigue testing due to its
proximity and positioning on the macroscopic crack plane parallel to the micronotch. Limited

propagation was observed solely from the pore, but there was eventual coalescence at 3.1 million
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cycles, manifested by a local acceleration in da/dN. Fracture surface examination (Figure 4.16
(d) and (e)) of this pore shows dendritic features associated with shrinkage porosity, similar to

Pore 1, which was approximately 59 pm in depth.

Measurements of fatigue crack growth for this research were only performed on the
surface of the specimens. Fracture surface observations indicated that subsurface sites were crack
initiators (such as the large pores present in the sheet center), likely coalescing with the overall
dominant crack. Two additional regions from Figure 4.16 are identified, Pores 3 and 4, in Figure
4.17. Pore 3 displays a cluster of shrinkage pores approximately 370 um from the specimen
surface, the closest subsurface region where significant porosity was observed on the fracture
surface. A region adjacent to the large pores present in the middle of the specimen is presented as
Pore region 4 (Figure 4.17 (c)). River patterns were observed that “point” back to the defect
cluster, indicative of crack initiation. Prior to and after fatigue crack growth testing, surface
pores were cataloged in a 4mm x 4mm view field around the micronotch. The map from sample
6111 RSW S15 is presented in Figure 4.18 (a). More evidence of crack growth from pores was
observed, primarily shown to be shrinkage porosity, with lengths ranging from 30um to 240 um.
Some of the pores present in this figure appeared to be shrinkage porosity. The numbers of pores

found in this view field for the 6111 RSW specimens tested are displayed in

Table 4.4. It was generally unclear if cracks propagated from these pores, but if it
occurred it was limited to less than 100 pm. One such example is presented in Figure 4.18 (b)
and (c). After initiation, the initiated crack propagated for approximately 20 um before

reorienting at a grain boundary and propagating for an additional 30 um.
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4.3 Adjustments To Unified Short Crack Model

As discussed in more detail in the literature review section, a unified short crack model
proposed by Shyam et al. [48] is intended to account in a comprehensive way for microstructure,
alloy, R-ratio and stress level effects on the short crack data for a wide range of engineering
alloys. It is recognized that short crack growth is not completely captured by AK. For metals with
large differences in strength, differences in the Paris intercept could be several orders of
magnitude. The unified model, in contrast, utilizes crack tip displacement parameters as a means
of more completely representing the plastic deformation phenomenon at the crack tip. Fatigue
crack growth has been postulated [49] to be depend on two synergistic processes: damage
accumulation and crack growth, both of which are accounted for in this model through the cyclic
(¢) and monotonic (¢n) crack-tip opening displacements, respectively:

[4.1] o, = s (sec (’gﬂ))

oys

E 4o0ys

[4.2] ¢ = —16%7([1-1,2)(1 In (sec (—”“m“"“‘m)>

da
[4.3] 5% = i bc0ys

Recall from Section 2.3 that the fitting parameter of the unified model, p (damage
susceptibility parameter), is proportional to the slip irreversibility (that is, the fraction of
dislocations that contribute to extension of a fatigue crack [50]). The other variables associated
with the p, the geometric factor a and the critical displacement for crack extension @, are
assumed to be constant, and thus changes in p are attributed to changes in slip irreversibility. It

has been postulated [51,52] that solid solution strengthening (such as in 5754 Al) [53] and
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overaging (OA 6111) produce microstructures that promote cross slip, thereby increasing the
irreversibility of slip and reducing its resistance to crack growth. While this difference in crack
growth was not observed for 6111 Al, it is feasible that a higher fraction of irreversibility is the

cause of the faster observed growth rate for 5754 Al.

Using this parameter, the short crack data from the parent 5754 and 6111 aluminum tests
are presented in Figure 4.19. The da/dN-AK data (Figure 4.7) displayed a slight difference in the
short crack growth rates for 5754 Al and 6111 Al, which have different strengths (Table 4.2) and
microstructures (Figure 4.1). Plotting the short crack growth rate vs. the short crack parameter
(Figure 4.19) shows good agreement between the two alloys as the difference in yield strength
and range of applied stress tested between the two alloys has been normalized. The values for the
damage susceptibility parameter, p (see Table 4.6), show an average p for 5754 Al almost twice
that of 6111 Al, but all four of the p parameter for the parent materials are within one standard
deviation. Nevertheless, the unified model has accounted for the differences observed using AK
as a correlating parameter; for a given value of the short crack parameter, the differences in
growth rates are indiscernible. Thus, for 5754 Al and 6111 Al, the short crack parameter
provides a reasonable estimation for the short crack propagation response. Also included in
Figure 4.19 is a line indicative of the predicted fit for the proposed linear relationship, with p =
10 and a slope of 1 (y = 107x). This relationship has been found to fit the short crack growth
rate data for a wide variety of materials [48], from cast aluminum to the superalloy Rene’ 88. At
a given value of the unified parameter, the 6111 and 5754 Al crack growth data is slightly below

but within the normal bounds (5x) for the description of this SFCG behavior.

The results from Section 4.2.2 signify a higher growth rate for the resistance spot welded

regions for a given AK value, but the question remains whether the unified model could account
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for this behavior. Using the unified short crack parameter, the short fatigue crack growth data
from the resistance spot welded and parent conditions are presented in Figure 4.20. While there
is good agreement between the parent materials, the distinction seen from the da/dN-AK plot still

exists quite clearly for short crack growth behavior from the spot welded fusion zones.

The results in previous sections suggest that, within this region, crack interaction with
welding porosity leads to the increased growth rate. Since porosity is a large scale feature it is
not expected to affect slip irreversibility and thus is not accounted for by the unified parameter.
Therefore, an adjustment to the unified model is proposed to account for this behavior, such that
the crack growth rate and the unified parameter take into account the fraction of porosity.
Identical adjustments can also be made to the normal SFCG rate vs. AK relationship; however, it

is described here in the context of the unified parameter.

The unified model was adjusted by considering that the crack advances differently
through the material matrix and porosity. When a crack tip encounters a pore, it is considered to
instantaneously advance to the opposite side of the pore and thus “grow” the diameter of the
pore. Furthermore, the presence of porosity increases the net section stress by reducing the
average load bearing area. In the adjusted unified model, these effects are accounted for an on

average basis using the pore volume fraction as the controlling parameter.

This adjustment in the unified model assumes that crack growth through the matrix
dissipates energy while crack advance at a pore does not. This was accounted for by adjusting
both the crack growth rate and the driving force using the area fraction of porosity (similar to a
model proposed by Ghosh [54] to account for the effects of casting defects on tensile behavior),

as described below. Experimentally, the crack growth was measured through optical
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measurements of surface crack propagation, and thus an important aspect of this adjustment

comes from splitting the measured crack length into these two components:

[4~4] Ameasured = Amatrix T Apore

The measured crack length (ameasured) 18 considered to be the sum of the growth through
the fusion zone matrix (amarix), Which is the intrinsic resistance to crack growth, and growth
through the porosity (aporc), Which is considered to have no such resistance. To describe the steps
taken to account for this porosity, the 5754 RSW S1 sample presented earlier is used as an
example (in which the fraction of porosity measured was 50%). The delineation of growth

through the matrix and porosity for this sample are shown in Figure 4.21.

The first step in the adjustment is to determine the fraction of porosity present in the short
crack regime. For the spot welded specimens, fractographic scanning electron micrographs were
used to measure the fraction of the projected fracture surface area comprised of porosity. From

the fracture surface image, the following steps were performed (Figure 4.22):

* Each individual pore was isolated using Adobe® Photoshop (Figure 4.22 (a)) and the matrix
portion of the fracture surface was removed (Figure 4.22 (b)).

* The region not associated with the short crack regime was removed from the micrograph
(Figure 4.22 (c)). Masks were then created for each pore to give it a single color. This image
was then analyzed in ImagelJ, where the masked pores were quantified using the particle
measurements module (Figure 4.22 (d)). This fits an ellipse to each individual masked pore.

* The area of each pore was quantified and the fraction of porosity, f, was then determined by
summing the area of the pores (Aporosity) and normalizing by the area of the short-crack region

(ASCArea) .
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[45] f — ZAporosity

AscArea

Values of the quantified fraction of porosity, f, are tabulated in Table 4.5. The values
show a range of porosity for the 5754 RSW specimens ranging from 43 to 52%, and a range for
the 6111 RSW specimens ranging from 12 to 25%. This was confirmed qualitatively by visual
examination that demonstrated that the fraction of porosity present in the 5754 spot welds is

appreciably higher than in the 6111 spot welds.

The next step for adjusting the crack growth rate is to relate the fraction of porosity to the
contribution of the measured crack length to growth through the matrix. This was accomplished

based on several assumptions:

* An equivalent pore diameter can be calculated from the quantification of the total pore area

for a given measured crack length:
[46] Z Apore = (g) dzzmre,eff

* For every measured crack length, by assuming that cracks are perfectly semi-elliptical, a
fracture surface area can be defined. On this fracture surface, the fraction of porosity is

equivalent to the fraction measured previously and is given by:

[47] f = L Apore _ (g)dfmre,eff _ (dpore'eff )2 _ (ﬂ)z

T
Atotal (E) Ameasured Ameasured

Ameasured

* Using the relationship from Equation [4.7, the measured crack growth and crack

advancement from pores can be defined by:

[48] —pore = \/7 apore = ameasured\/?

Ameasured
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* Equation [4.8 can be placed back into the original equation (Equation [4.4) to define a
relationship for estimating crack growth through the matrix given the amount of measured

crack growth on the specimen surface:

[49] Amatrix = ameasured(]- - \/7)

From this relationship, for a given pore volume fraction, the crack growth in the matrix can be
estimated for a given measured surface crack length, and a collection of measured crack length
vs. cycles data can be converted into the crack growth in the matrix, damawix/dN, as shown in

Figure 4.23.

The driving force parameter also requires a similar adjustment for crack growth through
porous media. Recall from Equations [4.1 and [4.2 that the crack-tip opening displacements are
functions of the crack length and applied stress. The crack length component does not change
because it is purely a geometric term; that is, the crack length component was derived from the
integration of the dislocation density over the plastic zone size and is given by the measured
crack length. The applied stress term, however, does need to be modified to account for the

reduction in net section area due to porosity.

To account for this, the assumption is made that the fraction of porosity measured in the
short crack region is equivalent to the area fraction of porosity on the total weld fracture surface
plane. The adjustment is then made to reduce the net area to account for the fraction of porosity.
In the current investigation, dogbone specimens contained welds that spanned approximately 8
mm in diameter while the actual gage width was 18 mm as shown in Figure 4.24. The increase in

stress due to the reduction in net section area from the weld section is given by:
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[4.10] Oax = Omax - (L)

Atotal_f'Aweld

Plotting the fatigue crack growth rate through the matrix against the adjusted unified parameter
(Figure 4.25) gives appreciably better agreement to the predicted trend. Crack propagation
through the parent sheet does not experience porosity and thus no adjustment is necessary for

those regions.

The adjusted modified model, adjusted for fatigue crack growth solely through the matrix, is as

follows:
damatrix ’ 14
[4.11] =222 = (1 — \/f)oyspmepe

Where the adjusted crack-tip opening displacements are:

_y2 !
(.12] g = T et ()

TE Oys

_v2 ! -
(.13] ¢, = 50 oty (o (nonctio)

TE 40ys

Similar adjustments can be made to the da/dN-AK plot to quantify propagation rates
through the matrix (see Figure 4.26). There exists better agreement between the parent material
and the spot welded short crack growth rates, but the corrected spot weld growth rates are still

observed to be slightly faster than the parent material growth rates.
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4.4 Discussion

4.4.1 Short Crack Growth Behavior of Parent Sheet Metal

The short crack growth behavior of the 5754 and 6111 Al sheet materials were characterized
to serve as a baseline for the RSW conditions. The short crack growth rates for both alloys
(Figure 4.7) are similar for a given AK. For the 6111 Al specimens, no significant difference was
observed for the three different heat treatments. There is no change in the grain size with each of
these heat treatments, as the only changes are with the growth of fine B’ precipitates [2,26,27].
This is consistent with the work of Zaiken and Ritchie [32], who examined the effect of heat
treatment on Al 7150 (Al-Zn) and observed that there were no discernible differences in crack
growth rates in the Paris regime for underaged, peak-aged and overaged specimens.
Interestingly, overaging increased the long crack propagation rates in 7055 Al [35] compared to
the underaged condition. However, these observed differences were attributed to the difference
in slip character and, ultimately, crack closure. Therefore, the difference in slip character is not
expected to have an effect on the short crack growth behavior of 6111 Al, which is observed in

this study.

The parent 5754 and 6111 Al alloys were also tested at different stress levels, and there were
no observed changes in growth rate for differing applied stresses. Indeed, the growth rate for a
given alloy is approximately the same in all parent conditions for a given AK value at R = 0.1.
Short crack growth tests performed on Al 6082 [55], 304 stainless steel [56] and Ti-6Al1-4V [57]
at a R = 0.1 did not exhibit effects due to stress levels, which is consistent with this study. Other
studies of short crack growth at R = -1 on 319 cast Al [58] and Ti-6Al-4V [59] have

demonstrated a stress level dependence on the crack growth rate. Additionally, Newman and

81



Edwards [60] investigated short cracks in Al 2024-T3 and observed a stress level effect that
increased with decreasing R ratio. Caton et al. [57] has suggested that this effect is due to the
breakdown of AK as an appropriate correlating parameter. Thus, future studies on these alloys at

different load ratios may indeed exhibit a stress level effect.

4.4.2 Short Crack Growth Behavior of Resistance Spot Welded Alloys

It is postulated that the increase in the observed short crack growth behavior in the fusion
zone of the 5754 and 6111 welded materials is due to “direct” interaction of the crack front, with
the crack front intersecting with porosity that is evident in the weld fusion zone. There are many
studies on the effect of pores and oxide films on the analysis of fatigue life of engineering alloys,
but little in the analysis of short crack propagation behavior. It has been shown that the fatigue
life of smooth, un-notched specimens can be 1-2 orders of magnitude lower for cast or sintered
alloys compared with the same alloys without casting pores [61-65]. This is analogous to the
observed difference in growth rate of the spot welded materials compared with the wrought
parent material, but porosity also affects the initiation lifetime and thus this analogy has
limitations. It is found that in un-notched specimens, crack initiation lifetime decreases with
increasing stress level [66,67]. While the applied stresses are nominally elastic, the amount and
size of porosity visible on the 5754 weld and 6111 weld fracture surface produces a high enough
of a stress concentration to result in a short initiation lifetime and thus crack propagation
constitutes a majority of the total fatigue lifetime [68]. Therefore, for RSW conditions, it is likely

that observed crack propagation rates are representative of the total fatigue behavior.

The porosity observed for both RSW conditions is believed to have influenced the

propagation rates through direct and indirect interaction. For 5754 and 6111 weld specimens, the
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high fraction of porosity observed on the fracture surface shows that pores directly intersect with
the crack front. Moffat [69], in a study of fatigue mechanisms for Al-Si cast alloys, observed
propagation between pores. This led to the conclusion that pores provide a “weak” path for crack
propagation, and that propagation towards pores is beneficial in terms of the crack driving force.
This was described in more detail by Piotrowski et al. [70] who suggested that the localization of
strain and plasticity at the crack tip are enhanced with higher porosity, leading to lower
thresholds for crack propagation to occur. Interconnected or clustered porosity, as observed in
the 5754 welds, also creates a significant overlap of the plastic zones [71,72], which produces a
favorable propagation path and acceleration in the crack growth rate. Therefore it can be inferred
that the porosity observed in 5754 and 6111 welds provides an easier propagation path, as porous
areas do not appear to offer intrinsic resistance to crack growth, resulting in the higher observed
crack growth rates. Examination of the fracture surfaces for the 5754 welds (Figure 4.12 (c)-(e)
and Figure 4.13 (c)-(e)) and the 6111 weld (Figure 4.16 (a)) revealed the higher fraction of
porosity in the 5754 welds compared to the 6111 weld. This has been quantified in Table 4.5. It
can be inferred then that since the porosity is not as high in the 6111 welds compared to 5754
welds the influence of porosity on crack growth rates is proportionally affected and thus the
measured growth rates are higher in the 5754 welds compared to the 6111 welds due to

differences in the pore area fraction.

In addition to significantly higher growth rates, SFCG in the fusion zone also exhibited high
variability in the crack growth rates, up to one and a half orders of magnitude (Figure 4.10). This
is believed to be due to propagation of the crack front through the matrix between the porous
regions. Another explanation may be due to the coalescence of the fatal crack with the porosity.

Tan et al. [73] used quantitative fractography to study the interaction of short surface cracks from
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FIB notches located on the same macroscopic crack plane. The result showed a decrease in
da/dN from surface measurements in order to facilitate a larger semi-elliptical crack shape and
maintain its aspect ratio before growth before growth rates on the surface returned to normal.
Thus, as crack growth rates are calculated from surface measurements, it is plausible that
subsurface changes to the crack shape may be responsible for the cessations seen in the
propagation rate. Further work utilizing X-ray computed tomography might be used to quantify
the subsurface initiation and coalescence and more fully characterize the crack propagation

characteristics of the resistance spot welded materials.

4.4.3 Unified Short Crack Model

As mentioned in the literature review, the advantage of utilizing the unified short crack
parameter proposed by Shyam et al. [48] parameter is to have an initial reference condition for
the response of short crack growths in existing and new structural alloys. Plotting the short crack
growth rates of the wrought 5754 and 6111 Al vs. the unified parameter (see Figure 4.19) shows
good agreement and accounts for the effect of yield strength and applied stress on. The values for
the damage susceptibility parameter, p, are considered to be solely proportional to the slip
irreversibility (the fraction of dislocations that contribute to extension of a fatigue crack) for a
given alloy system. It has been demonstrated that solid solution strengthening (such as in 5754
Al) [51,53], solute atoms preferentially segregate into the stress field around the dislocations,
restricting dislocation motion and enhancing the propensity for cross-slip. For overaged alloys
such as OA 6111 Al the precipitates have lost their coherency and are no longer shearable by
dislocations [23,52]. These microstructures pin dislocations and restrict dislocation motion, also
increasing the propensity for cross slip. In both cases, strain localization is expected to be

reduced and irreversibility increased. Thus, the increased propensity for cross slip will increase
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the irreversibility of deformation and result in reduced crack growth resistance of a system [33].
This difference in growth rates is not observed for OA 6111, likely because the studies
mentioned refer to long crack behavior where lower growth rates due to tortuosity displayed by
underaged alloys is not present in the short crack regime. It is feasible that this is a mechanism
for faster growth rates in 5754 Al, as p (Table 4.6) shows an average p for 5754 Al almost twice
that of 6111 Al The values for the four parent alloys, however, have been determined that the
difference is not statistically significant, and thus it is unclear if there is an effect. Furthermore,
the values of the slip irreversibility for each alloy and heat treatment have not been quantified for
thus study. This would need to be done via measurement of slip offset via atomic force
microscopy [74]. Thus, further research on materials where the irreversibility is quantified or
controlled would ensure that the unified parameter properly accounts for this phenomenon.
Nevertheless, the unified model has accounted for the divergence observed using AK as a
correlating parameter and provides a reasonable estimation for the short crack propagation

response.

As mentioned in the previous section, this alloy does not exhibit a stress level effect. Other
research on short fatigue crack growth [58—60] investigated in 319 cast Al, Ti-6Al1-4V and 2024-
T3 has shown a stress level dependence that shows increasing growth rates with increasing stress
amplitudes, primarily with R < 0. It has been suggested [57] that this is due to a breakdown in
AK as a correlating parameters, and other solutions [75,76] have been proposed. The unified
parameter is believed to accurately account for the stress level effect by normalizing the applied
stress by the material yield strength. The original model proposal was able to reasonably

correlate the growth rates for alloys of differing strength at load ratios of -1, 0.05 0.01 and 0.03.
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Thus it is reasonable to believe that this model accounts for the stress level and R-ratio effects

seen in short fatigue crack growth.

The results of short crack propagation tests suggests that the direct interaction between the
crack front and porous areas enhance the propagation rates and are not adequately accounted for
by the unified model. Other researchers have found that porosity can lead to a decrease in
threshold values in a powder metallurgy steel [70] and enhance the monotonic (crack advance)
portion of the fatigue crack growth process since porosity does not offer resistance to crack

growth.

The adjustment to the unified parameter to account for these porosity effects (Equations
[4.11 — [4.13) proposed in the current investigation appears to do well and, as presented in
Figure 4.25, the majority of the adjusted weld fusion zone short crack data converges well within
the scatter bands (indicating as half an order of magnitude from the predicted trendline). For the
6111 weld short crack growth rates, the data shifts considerably closer to the parent material,
while for the 5754 weld growth rates, there is still large enough portion of the data that is

appreciably higher than would be expected for crack growth purely through the matrix.

The deviation seen in 5754 welds is likely due to the limitations of the adjustment to
porosity. Specifically, the assumption that fraction of porosity that exists on the fracture surface
is constant throughout the short crack lifetime needs to be adjusted. This assumption does not
consider the size, shape and spacing of the porosity, each of which has been found to alter the
total fatigue life on porous metals [62,65,77]. Furthermore, Gall et al. [78] observed that
microstructurally small cracks propagated nearly 2 orders of magnitude faster in AM60B

magnesium for specimens that contained a “high” fraction of porosity. It was postulated that the
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porosity has an “indirect” effect on growth rates, attributed to local amplification of the stress
field from porosity adjacent to the crack front rather than “direct” propagation through a pore. It
is feasible that the local amplification in growth rates is leading to higher growth rates than is
being accounted for in the model adjustment. For the 6111 welds, this is found to be a
reasonable approximation, but as noted earlier the overall fraction of porosity is lower in 6111
welds compared to 5754 welds and thus has a higher sensitivity to the porosity as the short crack

progresses.

4.5 Conclusions

To understand the crack propagation behavior of spot welds in aluminum alloys,
physically short fatigue crack growth testing was performed on wrought and resistance spot
welded 5754 and 6111 aluminum. The wrought parent alloys exhibited similar crack propagation
rates for a given driving force, despite variability in alloying, heat treatment, stress level, and
crack path. Short cracks propagating in the RSW regime, however, display appreciably higher
growth rates for a given driving force. This is due to the direct interaction between the crack
front and the porosity present in the weld. Fracture surface analysis revealed that the 5754 spot
welds have between 43 and 52% porosity fraction, while the 6111 spot welds display between 12
and 25% porosity fraction. This differences in observed porosity yielded higher growth rates for
5754 welds relative to the parent material for the 6111 weld and compared to their respective
parent materials. Short cracks in spot welded 5754 specimens exhibited growth rates up to two

orders of magnitude higher than the parent material.

A unified short crack model was applied which has captured the observed fatigue crack

growth behavior in a wide variety of engineering alloys. Adjustments to the model are proposed
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to account for the effect of porosity. The measured crack growth rate is modified to display
growth solely through the material matrix and the driving force is adjusted to account for the
reduction in net section area due to the porosity. These modifications showed good agreement
with the predicted trend, and thus the unified model can be used for both sheet Al alloys and

resistance spot welds in these sheet Al alloys.
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Tables

Table 4.1 - Composition of Aluminum Alloys 5754 and 6111
Alloy Mg (%) Si(%) Cu(%) Mn (%) Fe(%) Ti(%) Al(%)

5754 3 0.4 - 0.5 0.4 0.1 Bal.
6111 1 1 0.5 0.4 0.4 0.1 Bal.

Table 4.2 - Elastic modulus and yield strength for materials tested. (* calculated from
microhardness comparison [22])

Material Elastic Modulus (GPa)  Yield Strength (MPa)

PB 5754 65.7+2.1 105 + 3.1

T4 6111 69.3+2.5 179 + 1.4

PB 6111 68.4+1.9 247+2.6

OA 6111 70.1 + 2.4 250 +2.4

PB 6111 RSW 65.7+3.5 117+82
6111 TMAZ * - 289
PB 5754 RSW* - 107

Table 4.3 - da/dN vs. AK power law fit components short cracks growing in wrought aluminum
5754 and 6111 (da/dN = C(AK)")

Material C n
PB 5754 222x10"+£1.89x 101" 441+139x 10"
T4 6111 3.51x 10 £1.25x 101! 3.57+1.92x 10"
PB 6111 254x10"M+1.50x 10! 3.82+3.10x 10"
OA 6111 3.01x 10" £1.74x 10712 3.60+6.07 x 102
6111 TMAZ 6.69x 10 +£2.67x 10! 1.78 £3.51 x 102
4R
(pr?:djusstjnvent) 280x10°+1.13x10" 3.96+5.38x 10!
111 R
(prg_a dju:::;nt) 1.75x 100+ 6.40x 107" 3.63+4.12x 10"
4R
(posst?: djusstzlven N 7.05x 10 +291x 101 3.96 +5.38x 107!
6111 RSW

. - + 3. -12 . + 4. -1
(post-adjustment) 8.33x 107 £3.33x 10 3.63+4.12x 10
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Table 4.4 - Number of surface welding defects observed in 4x4mm view field around micronotch
for RSW 6111 specimens (defect size > 30 pm)

Surface Defects

Sample Observed
6111 RSW S14 23
6111 RSW S15 32
6111 RSW S21 12
6111 RSW S28 18

Table 4.5 - Measured fraction of porosity in the short crack regime for resistance spot welded
alloys tested.

Sample Fraction Porosity
5754 RSW S1 0.5
5754 RSW S6 0.43
5754 RSW S10 0.52
5754 RSW S12 0.49
6111 RSW S14 0.25
6111 RSW S15 0.15
6111 RSW S21 0.22
6111 RSW S28 0.12

Table 4.6 - Fitting parameters for the unified short crack model ( da/dN = u(®,,d:6ys)" )

Material n m
PB 5754 251x10°+821x10° 1.35+5.09x 107
T4 6111 157x10°+£1.26x10° 0.93+£5.42x 107
PB 6111 1.41x10°+3.89x10° 1.08 £8.99x 102
OA 6111 1.29x10°+6.73x 107 0.92+1.62 x 107
6111 TMAZ 288x107+230x 10 0.47 +£8.40x 107
575{RSVV 426x10*+3.92x10* 1.03+1.47x 10"
(pre-adjustment)
611{RSVV 1.10x10*+£1.04 x 10* 0.93+1.40x 10"
(pre-adjustment)
Sﬁ{Rﬁy 3.14x10°+£2.72x 107 1.03+1.47x 10"
(post-adjustment)
6111 RSW

) 482x10°+4.03x 107 0.93+1.40x 10"
(post-adjustment)

96



Figure 4.1 - Representative EBSD micrographs of the aluminum alloys being studied (500 x 500
um view field) (a) Aluminum alloy 5754 (b) Aluminum alloy 6111.
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Figure 4.2 — Rockwell hardness vs. artificial aging times for T4 and 6111 Al spot welds. The PB
heat treatment is marked, and the OA heat treatment was selected to match the hardness and
yield strength of the PB condition.
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Figure 4.3 - Schematic of the resistance spot welding process for sheet metal. The image displays
a 2-3-2 stackup used in this study.
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Figure 4.4 - Optical images, associated microhardness maps and EBSD of the weld
microstructure from the weld centerline to the parent material in the ND-RD plane. (A) RSW Al
5754 (b) RSW Al 6111. The numbers underneath the EBSD map correspond to the average grain
sizes at these regions.
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Figure 4.5 - Residual stress measurement of RSW specimen (a) Dogbone specimen used for
XRD analysis with the regions marked (b) values obtained from the weld centerline + 4mm.
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Figure 4.6 - Schematic detailing the location of the femtosecond micronotch on the dogbone
specimen.
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Figure 4.7 — Measured fatigue crack growth rates, da/dN vs. AK for wrought aluminum 5754 and

6111.
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Figure 4.8 — EBSD surface crack profiles showing crystallographic propagation and deflection of
short cracks at grain boundaries in (a) PB 5754 (b) PB 6111 and (c) OA 6111 conditions. The
crack propagation direction is from left to right.

Figure 4.9 - Fatigue fracture surfaces adjacent to the micronotch for (a) PB 5754 (b) PB 6111
and (c) OA 6111 conditions. The crack propagation direction is from bottom to top.
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Figure 4.10 - Short-crack growth rates vs. AK for resistance spot welded regions compared to
growth in the parent material (in white and gray).
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Figure 4.11 - SFCQG rates for the RSW and parent PB5754 alloy. For a given AK, short cracks
propagating in the spot weld can grow up to two orders of magnitude faster than the parent sheet.
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Figure 4.12 — 5754 RSW S1 (Omax = 45 MPa). The arrow designates the initiating pore. (a) SEM
surface image and (b) the EBSD map of the crack propagation path overlaid. The fracture surface
showing (c¢) macroscopic fracture surface, (d) zooming in on the surface initiating pore; (e)
displays the same feature at a 45° tilt.
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Figure 4.13 — 5754 RSW S6 (Omax = 50 MPa). The arrow designates the initiating pore. (a) SEM
surface image and (b) the EBSD map of the crack propagation path overlaid. The fracture surface
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showing (c) macroscopic fracture surface, (d) zooming in on the surface initiating pore; (e)
displays the same feature at a 45° tilt.
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Figure 4.14 - SFCG rates for the RSW and parent 6111 alloy. For the region of AK where the
parent material was tested, cracks are propagating approximately one order of magnitude faster
in the resistance spot welds.
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Figure 4.15 — SEM image of crack growth from a micronotch in 6111 RSW S15. (a) Displays an
overview of the surface crack and the two pores of interest, Pore 1 and Pore 2. The earliest
(2.15M cycles) and final (3.2M cycles) instances of Pore 1 are shown in (b) and (c); the earliest
(0 cycles) and final (3.2M cycles) instances of Pore 2 are shown in (d) and (e).
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Figure 4.16 — Fracture surface of 6111 RSW S15. The same pores, Pore 1 and Pore 2 are marked
as shown in Figure 4.15. Fatigue crack growth testing finished at 3.2M cycles. Figure (a) shows
the macroscopic fracture surface, noting the micronotch and the pores investigated. Pore 1 (b,c)
and Pore 2 (d,e) are presented in these micrographs. The images on the left area shown
perpendicular to the loading direction, while the right images are the same images rotated 45°.
Pore regions 3 and 4 are focused in the subsequent image.
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Figure 4.17 — Pore regions marked 3 (a,b) and 4 (c) from Figure 4.16. Region 3 (a, b) examines a
region approximately 500 pm from the micronotch. Region 4 (c) displays a micrograph adjacent
to the large porosity present in the sheet surface.
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Figure 4.18 - 4x4mm surface SEM image of 6111 RSW S15. (a) Shows the location of welding
pores in relation to the micronotch (yellow dots); one example is highlighted in (b) and (c).
Growth from this region was limited to two grains.
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Figure 4.19 — Short crack growth rates plotted against the unified parameter for the parent 5754
and 6111 aluminum alloy sheet.
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Figure 4.20 - Short crack data of the RSW and parent 5754 and 6111 alloys. The growth rate is
plotted vs. the unified parameter. Good agreement exists between for the parent material but
there is clear deviation for the spot welded conditions.
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Figure 4.21 — Schematic showing contributions to crack growth from the matrix, from pores and
total crack length vs. number of cycles to failure.
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Figure 4.22 - Determination of the fraction of porosity present in the short crack regime from the
fracture surface of 5754 RSW S1.
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Figure 4.23 - SFCG rate from the measured and calculated matrix contribution for 5754 RSW
S1. The matrix component has been adjusted by a factor of (1-f'?).

I‘ GWweId )l N
Loading Direction

BT 8

i e

pNotch

I< GWsample >I

Figure 4.24 - Schematic of cross section through nominal crack plane indicating the porous weld
and non-porous wrought regions. The micronotch and progressive crack front are noted.
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Figure 4.25 — Crack propagation through the matrix plotted vs. the adjusted unified parameter.
Better agreement between the spot welded alloys, parent conditions and the predictive trend line
from Shyam et al. [48] are apparent.
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Figure 4.26 — Short crack growth rate through the matrix vs. adjusted AK. Better agreement is
also observed but not as clear as with the unified short crack parameter.
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Chapter 5

Development Of A Structural Stress Master Fatigue Life
Relationship For Modeling Durability Of Resistance Spot Welded
Joints In Aluminum Alloys

This chapter covers the construction, calibration and validation of a structural stress based master
fatigue life relationship for modeling eyebrow cracking in spot welded aluminum lap-shear
specimens with finite element analysis and short fatigue crack growth data. Section 5.1 covers
the competing modes of failure for lap-shear specimens and the structural stress approach being
undertaken in this research. Section 5.2 discusses the finite element model used to determine the
structural stress and ultimately the fatigue life. Section 5.3 discusses the experimental fatigue life
tests used to calibrate the model. Section 5.4 details the equivalent initial flaw size method used
to estimate an appropriate starting point for integrating fatigue crack propagation life. Finally,
Sections 5.5 and 5.6 discuss the results from the fatigue life tests and finite model to create the

master fatigue life curve.

5.1 Introduction

Resistance spot welding (RSW) is a widely employed joining technique in the automotive
industry for joining multiple pieces of sheet metal components. The RSW process consists of
joining the sheet metal together with (a) pressure from two copper electrodes on opposite ends of

the sheet stack-up, (b) application of a current through the electrodes, the resistance to which
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generates heat at the center of the sheet metals (c) melting of the sheet material from the
resistance heat and (d) re-solidification of the melt pool once the current is stopped, forming a

weld nugget [1].

Most vehicles in North America typically contain between 4-5,000 spot welds. The
strength of spot welds determines the integrity of structural performance for the application of
use. Over the years, RSW fixtures have been successfully used for various steel grades to deliver
high-quality joints [2,3]. Steel spot welds are higher strength than their parent material
counterpart, while this is not observed for aluminum alloys. In 5000 series aluminum spot welds
the strength in the fusion zone is comparable to the parent material strength [4]. In 6000 series
aluminum, the fusion zone is softer than the parent material. This loss in strength is usually

attributed to the dissolution of strengthening precipitates [5].

In service, spot welded joints experience both tensile and bending stresses, and this stress
state coupled with joint geometries leads to stress concentrations and eventual fatigue cracking at
the perimeter of the spot weld. Three competing modes of fatigue failure have been observed:
interfacial failure (fracture via crack propagation through the weld nugget), nugget pullout (the
weld nugget is completely pulled out from one of the metal sheets), [6,7] and eyebrow cracking.
The dominant mode is dependent on the applied stress level and cyclic life. At moderate stress
levels and lives of at least 10* cycles, the most commonly observed failure mode is eyebrow
cracking. This type of failure is defined by crack initiation at the edge of the spot weld and
propagation through the sheet thickness [8]. This failure mode occurs primarily due to the stress
concentration provided by the “notch” that occurs due to sheet separation from indentation at the

faying surface (contact surfaces between the joint), shown in Figure 5.1.
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Prediction of joint durability for any welded structure can be a challenging task due to the
complicated stress state [9—12] that exists throughout the volume of the weld and the complex
microstructure that forms in and around the spot weld. This is especially true for aluminum alloy
sheet structures, which, until recently (such as in the Ford F-150 [13]), have not been widely
used in mass production vehicles. The structural stress method, a common approach for dealing
with durability prediction of joints [14], has not been fully explored for use with spot welded
aluminum structures. The structural stress method aims to simplify the stress state at the crack
initiation location as a function of the loading mode and geometry in a linear elastic analysis
[14]. The simplification of the stress state is done through the process of stress linearization. This
process delineates the through thickness stress distribution (see Figure 5.2) from a finite element
model into a membrane (Aomem) and bending component (AGhend) that are the equilibrium
equivalent to the local stress distributions [12]. The aggregate of these two stress components

compose the structural stress (Acss).

A multitude of approaches to structural stress modeling have been developed. Sheppard
[9,15] was one of the first to propose this approach, utilizing linear elastic element models to
simulate the forces around the weld nugget. Rupp [10] modeled the spot welded joint as a rigid
inclusion determined local structural stresses using cross-sectional forces and moments from
beam, sheet and plate theory. Lin and Pan [16—18] analytically determined the structural stresses

using elasticity and fracture mechanics theory.

The model used in this research is the so-called Battelle method proposed by Dong
[12,19], in which the structural stress is calculated from the nodal forces and moments derived

from linear elastic finite element analysis that satisfy equilibrium conditions. More details of this
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approach can be found in Section 5.2.2. The critical mode for fatigue crack propagation at the

critical node with this approach is Mode I loading.

The aim of this research is to create a new, fatigue crack growth / fracture mechanics
based approach for developing a master fatigue life curve or relationship for the eyebrow
cracking failure mode, for use with a structural stress method of life prediction for joints. We
demonstrate this approach for predicting join durability in spot-welds joining the aluminum
alloys 5754 (Al-3Mg) and 6111 (Al-1Mg-1Si). These alloys are used for inner and outer body

panels, respectively.

Validation and calibration of the master fatigue life relationship consisted of fatigue life
testing of lap-shear specimens (Figure 5.3) of both alloys. Joints with four geometric parameters
(sheet thickness and nugget diameter), two load level and two mean stresses were tested to
calibrate and validate this approach. Standard engineering practice [20] dictates the weld nugget

12

diameters to be at least 4 times the square root of the sheet thickness (4t ). For this research, the

12 1/2

nominal weld nugget diameters (dwn) tested were set to between 4t '~ or 5t™~.

5.2 Finite Element and Structural Stress Model for Fatigue Life

Calculation

5.2.1 Finite Element Model

Often the data needed to determine the fatigue lifetime of spot welded joints is
unavailable. This is especially the case for new applications of spot welded aluminum structures
where there is limited information for new alloys and structures. In order to reduce the time

necessary to generate such data, finite element (FE) models have been utilized to accurately
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model the durability based on the service loads to which these joints would be subjected. In the
current investigation, FE modeling was performed using the commercial FE software, Abaqus®.
Traditional evaluation of spot welded joints has been performed with detailed 3-dimensional
finite element model that necessitates large computation time and complications due to changing
geometric parameters [18,21-23]. For full-scale vehicle modeling, a more computationally
efficient and robust FE methodology is utilization of a shell model. Shell elements can be used
instead of solid elements when the dimensions of the two-dimensional plane being modeled are
at least 20 times greater than the third direction [24], which in the context of this research is true
for 1 and 3mm thick welds. This reduces the computational time required by reducing the

number of finite elements (and thus the number of equations that must be solved).

Lap-shear specimens were designed using S4R elements (reduced integration four-node
shell element). A representative FE mesh is shown in Figure 5.4. Previous research [10,18] has
shown that eyebrow cracking occurs approximately at the edge of the spot weld nugget and
orthogonal to the loading axes, and thus this region needs to be accurately modeled. However,
utilizing finite elements to represent this region may result in a dependency of the stress state on
the mesh size. To circumvent this issue, a “spider method” [25,26] was used to represent the
weld nugget, as shown in Figure 5.5. With this method, a rigid area equal to the size of the spot
weld is created with S4R elements in a spoke pattern at the center interface between the two
sheets. For this research, 24 nodes are used along the spot-weld circumference. The rigid areas
are then connected from the weld nugget perimeter nodes to a central node for each sheet via a
multi-point constraint (MPC) beam element, points O and O’. The central nodes for each spider
weld nugget are then connected via another MPC beam element. These constrain the

displacement and rotation of the first node to the displacement and rotation of the second node

123



[26]. The boundary conditions for this model include the MPC’s associated with the spot-weld, a
fixed end where all 6 degrees of freedom are constrained, and the end where the external load is
applied which is fixed in all directions, except in the X-direction where the load is being applied

to represent the uniaxial stress condition.

5.2.2 Structural Stress Model

The structural stress methodology, as discussed in section 5.1, is primarily used to
simplify the stress state at the weld nugget periphery into a membrane and bending stress
component. Values from the FE model were directly used to calculate the structural stress using

a method developed by the Battelle [12,19,27], shown below:

1) Determine the values for the nodal forces and moments within an element that can be
attributed to the stresses within that element [28] (also known as the NFORC values)
along the weld periphery nodes. These values are in reference to the global coordinate
system.

2) Convert the NFORC values from the global coordinate system to a local coordinate
system such that the structural stresses are normal to the weld line.

3) Convert the local NFORC values to distributed forces in terms of line forces and
moments. This was accomplished using a MATLAB script. The details of this conversion

are given in [19].

The individual components for the structural stress calculation (o), the membrane and bending

term, are determined from this conversion as shown in Equation [5.1:

(0, 6(my)
[5.1]1 Oss = Omembane T Obending = : + tzy
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where £’y is the line force in the direction of the local x-axis and m’y is the line moment about the
local y-axis. Each node at the weld nugget periphery contains a value for the structural stress for
a given external load. The objective is to determine the node that has the highest structural stress

and consider that node the critical node for calculation of the fatigue life of the joint.

Figure 5.6 displays a representative image of the FE model (a) showing the structural
stress around the weld nugget circumference and (b) the values for membrane, bending, and
structural stress. The values denote that the highest structural stress node is parallel to the applied
load, and illustrates the critical node utilized to determine the fatigue life of the joint. This
critical node was found in a consistent location across all thicknesses, weld nugget diameters,
and applied loads. It should also be noted that a significant portion (>75%) of the structural stress

is comprised of the bending component.

Four different FE models were created to match the thickness (1 and 3mm) and weld
nugget diameter variation (dy, = 46" and 5t"?) used for model validation. An applied load
between 50 and 3050 N was applied to produce a nominal applied stress between 1 and 20 MPa.
The area used to convert between applied load and stress was the gage width (25.4 mm) and the
combined sheet thickness (i.e. 2 or 6 mm). The values for each geometric condition and applied

load are shown in Table 5.1.

A relationship was developed between the nominal stress range and the structural stress
range, as shown in Figure 5.7. The correlation from nominal to structural stress at the location of
interest is given by structural stress based stress concentration factor, K, [27]. This is different
from the traditional stress concentration factor in that it is meant to quantify the influence of a
structural detail, discontinuity or arrangement between components and acts as a conversion

factor between nominal and structural when the nominal stress is well defined, as in the case of
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the lap-shear geometry. For the geometries modeled, K, varies from 17.28 in the “thickest”
condition and peaks at 25.87 in the “thinnest” condition; that is, K, increases with decreasing
sheet thickness and weld nugget diameter. This indicates that the structural stress decreases with
increasing thickness and nugget diameter, which is consistent with the literature [3,29-32]. The
implication to this is that for a thinner sample, the structural stress at the critical location is
higher compared to a thicker sample, which presumably will result in a shorter predicted fatigue

lifetime.

The main reason for the differences in K, at the critical node for each geometric
condition is due to the proportion of the stress state that is comprised of bending. The
contribution by bending, defined as the bending ratio Ry, is defined by ratio of bending stress to
the overall structural stress and is a function of the geometric conditions and has been found to

be constant for any given nominal stress, as shown in Figure 5.8.

Aopend
Aogg

5.2.3 Fatigue Life Modeling

As noted, the aim of this research is to create a predictive master fatigue life curve or
relationship for use with the structural stress approach for eyebrow cracking in spot-welded
aluminum components. The structural stress approach simplifies the geometry and loading mode
in which the far field and critical region stresses are evaluated [33]. The new concept here is the
use of fracture mechanics-based short fatigue crack growth relationship to develop the predictive
master curve. Compared to previous approaches (discussed in Chapter 2), the importance of this

approach is that it provides a simple, rapid and robust means of develop the master fatigue life
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relationship that can be used for new materials and geometries. The fatigue life model operates
under the assumption that the crack growth lifetime dominates the fatigue life, as seen in
literature [16,23,34], and that the crack growth rate is a function of the Paris’ law, such that the
crack propagation of an eyebrow crack can be represented by the mode I stress intensity factor
solution. This is the most critical mode of through thickness fatigue crack propagation for sheet

metal [33].

[5.3] 50 = C(AK)™

Stress intensity solutions for an elliptical crack were constructed based upon parametric analysis
from Wang and Lambert [35], using elliptical crack solutions for a finite thickness plate similar
to Figure 5.9. These solutions were found to be approximately equivalent to the Newman-Raju
solutions [36]. AK at the depth of the crack (point B) is at its maximum, therefore solutions for
that point are considered to be the driving factor for fatigue life calculations. The solutions from

Wang and Lambert are presented below:

[5.4] AK = Ao, T %? v, — 2R (v, - 1))

Where t is the plate thickness, a is the crack depth, R is the bending ratio, Ao is the structural
stress range, Yo and Y, are defined as the geometry correction factor for the semi-elliptical crack
faces under stress and is a function of the ratio of crack depth to thickness (a/t) ratio and aspect

ratio (a/c) and Q is the elliptical crack front shape factor.

From Equations [5.3 and [5.4, we can integrate to find the number of cycles to failure:
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Some questions still remain on how to determine the overall fatigue life from the structural stress

based FEA model approach:

1. What is the aspect ratio of the fatigue crack?

2. What proportion of the overall crack grows through the RSW and through the base
material?

3. What short crack growth power-law fit exponents should be used?

4. What value should be used for a; ?

Questions 1-3 are answered through fracture surface analysis of the experimental lap-shear

specimens intended for model validation. Question 4 will be examined later in Section 5.4.

5.3 Experimental Fatigue Life Tests

5.3.1 Experimental Approach

To parameterize and validate this model, fatigue tests were conducted using lap-shear
specimens for aluminum alloys 5754 and 6111 in the paint baked heat treatment condition
(artificial aging at 180°C for 30 minutes). Lap-shear specimens were manufactured by spot
welding similar alloy sheets with the same thickness. Lap-shear specimens were provided by Dr.
Elizabeth Hetrick at the Ford Research Innovation Center in Dearborn, MI. A schematic of the

lap-shear specimen used is provided in Figure 5.3.
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The geometry, stress level, and alloy of base material were chosen to investigate the

individual effects of these variables on the fatigue lifetime. The thickness of both sheets, t, was

1/2 12

between 1 and 3mm, and the weld nugget diameter, dy,, was between 4t~ or 5t '“. The samples
were cycled at a maximum stress of between 10 and 20 MPa, and load ratio, R, between 0.1 and
0.3 to develop an experimental fatigue life curve. These geometries and stress levels were chosen
due to past experimental fatigue life tests performed [4] on aluminum lap-shear specimens that

led to eyebrow failure. This test matrix resulted in four geometries per alloy type, each tested at

four different stress amplitudes, as shown in Table 5.2. A total of 130 for samples were tested.

Fatigue life testing was performed on an MTS servo hydraulic testing system at a load
frequency of 30 Hz for all specimens tested. Fatigue load amplitudes were determined to be
constant during this test. Specimens were cycled until failure (completely separated in two parts)

or to 10 million cycles, which was considered a run-out.

Post-failure fractographic analysis was performed to determine the final aspect ratio of
the crack front for each condition as well as to determine the portion of the overall fatigue life

that spanned the weld regime and parent material.

5.3.2 Fatigue Life Results

The fatigue life curves for the lap-shear specimens are presented in Figure 5.10 (a) and
(b). The arrows represent fatigue run-out (10 million cycles without failure). All joint fatigue
failures were due to eyebrow cracking with the exception that for the two highest stress levels
(AGyp,= 14 and 18 MPa), failure due to eyebrow cracking was not observed for the 1-1mm, 4t

specimens of either material. Rather, these samples failed via button pullout. An applied load vs.

fatigue life curve is presented (Figure 5.10 (a)) as a visual aid and shows the influence of
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thickness and alloying on joint lifetimes. It has been observed that the lifetimes of the thinner, 1-
Imm, specimens were lower than that of the 3-3mm specimens. This was the expected result
based upon findings from the literature and the structural stress results in Section 5.2.2. It was
also noticed that alloy 5754 specimens failed earlier than alloy 6111 samples. This result was not
anticipated, as literature in both steel [3,37,38] and aluminum [4,39] spot welds suggests that the

parent material strength should have no significant effect on the fatigue life.

The nominal applied stress vs. fatigue life is displayed in Figure 5.10 (b). It was observed
that the range of lifetimes for a given stress amplitude spanned approximately one order of
magnitude. A large number of results are clustered in this plot, and thus, as a visual aid, the
lifetimes were averaged per stress level (3-5 specimens) for a given geometric and alloying
condition and shown in Figure 5.11. The difference in lifetime for both the thinner and 5754 Al
specimens can more clearly be discerned in Figure 5.11. What can also be observed is that the
effect of weld nugget diameter appears to be negligible, as the average lifetimes between
samples with only dissimilar nugget diameters fall within the standard deviation. The standard
deviation for each condition (Table 5.3) at each stress level generally decreases with increasing

stress level. This does not apply to the sample sets there were predominantly run-outs.

The applied nominal stress for the experimental lap-shear specimens can be converted to
structural stress through the structural stress based stress concentration factor, K,, as discussed in
Section 5.2.2. The calculated structural stress versus fatigue life behavior is presented in Figure
5.12. The structural stress curve (Figure 5.12 (a)) was fit to a power law curve with a coefficient
of determination, R? = 0.85, indicating that the conversion from nominal to structural stress
generates a reasonable power law fit. S-N data from literature (axial testing at R = 0) for 5454-O

(un-notched plate) [40] and 6061-T6 (un-notched cylinder) [41] was compared to the structural
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stress vs. fatigue life data in Figure 5.12 (b). The overlap indicates that the experimental
structural stress curve obtained is within the expected range of lifetimes from analysis of similar
parent materials. It should also be noted that the lap-shear specimens are considered notched due
to the faying interface and thus would be expected to have a steeper slope compared with un-

notched conditions.

Traditionally [9,10,14,34], this power law fit represents the “master curve”. However,
this would only be valid for the joints and alloys tested. The aim of this research is to create a
predictive master fatigue life curve that can be implemented for different alloys and geometries
with minimal experimentally testing. To accomplish this, a fracture mechanics/short fatigue

crack growth approach is proposed, as described below.

It was observed that, for eyebrow cracks, fatigue cracks propagate in a semi-elliptical
manner. Optical images were taken to determine the final crack aspect ratio for different
thickness samples. Representative fracture images of each thickness are presented in Figure 5.13.
For the purposes of this research, the assumption is made that the aspect ratios measured are
representative of the aspect ratio of a pure semi-elliptical crack. Thus, the crack aspect ratio used
in this study for base material propagation is 0.13 and 0.3 for 1-lmm and 3-3mm sheets,

respectively.

Another feature observed from SEM fracture surface analysis is the proportion of the
crack life that is spent propagating in the spot weld regime versus the parent material. It was
found that, on average, the fracture surface spans approximately 100-300 um in the 1-1mm
samples and 500-1000 pm in the spot welded regime for 3-3mm samples, as shown in Figure
5.14. Based on these values, an assumption is made that the spot welded region encompasses

25% of the overall fracture surface. Features indicative of the spot weld are adherence to the
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faying interface, surface inclined at approximately 45° with respect to the loading direction, and
a darker appearance compared to the parent material. Once the crack propagates onto the parent
material, the fracture plane is approximately orthogonal to the applied stress and displays a

brighter appearance.

It was observed from qualitative assessment of the failed samples that no porosity exists
on the fracture surface. The frequency of porosity increases towards the center of a spot weld [7]
due to the thermal gradients and volumetric expansion of the liquid metal during welding. Thus,
the region in which the eyebrow crack propagated is the edge of the weld nugget, where there is
growth solely through the fusion zone matrix. Therefore, the adjusted short fatigue crack growth
data (growth solely through the weld matrix assuming a pore volume of 0%) from Chapter 4 for
the 5754 and 6111 welds will be used to quantify the lifetime of the eyebrow crack as it

propagates through these regions.

5.4 Equivalent Initial Flaw Size

The questions posed at the end of Section 5.2.3 for completion of the master fatigue life
curve are now revisited: the aspect ratios have been determined to be 0.13 and 0.3 for 1-1mm
and 3-3mm sheet stack-ups, respectively; the spot weld spans approximately 25% of the initial
propagation while the parent material the propagation until failure. An amended equation (from

Equation [5.5) is proposed to account for these effects:

da | + t da
caK)m™ Spot Weld 025t c(aK)™

0.25
[5.6] Ny = [,

Parent Material

[57] Nf = f (t: %1 Ao-sst RI a;, [Cl n]SpOt Weld/Parent )
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It is assumed, for the initial fatigue crack propagation in the spot welded regime, the crack aspect
ratio is 1, while for propagation through the parent material, the crack aspect ratio is assumed to
be 0.13 or 0.3 for the 1-lmm and 3-3mm sheets, respectively. Combining these variables, the

master fatigue life curve can be constructed through:

* Structural stress values determined through finite element analysis.
* Short fatigue crack growth data adjusted for porosity previously ascertained in Chapter 4.
* Integration of the fatigue crack growth relationship with AK to determine cycles to

failure.

The question of what to use for the initial flaw size, a;, still remains. Using a value of zero is not
a valid solution because AK would be zero and the predicted propagation lifetime would be
infinity. To address this issue, the concept of an Equivalent Initial Flaw Size (EIFS) is

introduced.

EIFS was first proposed by Rudd and Grey [42,43] in 1976 to quantify the quality of
fastener holes. The assumption that the US Air Force used for durability prediction at that time
was that initial flaws exist as a result of manufacturing and processing operations, and thus small
imperfections of 0.127 mm were assumed to exist at every hole in structures of interest. The total
fatigue life of a structural component is composed of the time to initiate a crack (N;) plus the

time to propagate the crack to failure: (N,):
[5.81 Ny = N; + N,

Fracture mechanics approaches for predicting crack propagation have proven reasonable for
most structural applications. Predictions of crack initiation, however, are far more difficult. The

initial goal of EIFS was to account for the initiation life of fatal cracks within an LEFM fatigue
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crack propagation life prediction methodology for structural details (i.e. fastener holes in the

original study) with high stress concentrations.

The EIFS is the size of a hypothetical flaw size that, if in existence at the beginning of the
fatigue loading history, would result in the measured lifetime by extrapolating the crack length
versus cycles back to 0 cycles. The originally proposed process consisted of fractographic
reconstruction of the fatigue crack growth rate through the measurement of fatigue striation
spacing. The fatigue crack growth data is then analytically extrapolated back to zero cycles,
yielding the EIFS value for a given condition. An example of the back calculation is given in
Figure 5.15 [44]. The primary objective is to define an equivalent parameter that accounts for the

crack initiation phase of total fatigue life.

More recently, EIFS has been used as an analytical tool to utilize statistical [45—48] and
finite element [49-51] approaches for determination of ranges of flaw sizes for a set of fatigue
life data with a given input history of parameters including material, residual stress, environment
and loading history. These approaches do not necessitate back extrapolation of the EIFS and aim

to iteratively determine the distribution of EIFS.

In the context of this research, the EIFS concept was utilized by fitting the predicted
lifetimes (using the Ny calculation from Equation [5.6) to the average lifetimes experimentally
determined from lap-shear specimens (Figure 5.11, Table 5.3). This was accomplished with a
Mathematica script that performed the numerical integration of the predicted lifetime equation
for a given geometric and material condition. The results for EIFS fitting against the structural
stress range are presented in Figure 5.16. The data was fit to a power law curve as it represented

the greatest calculated fit, having a correlation of determination, R* = 0.74.
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[5.9]a; = 9.84 - 10721 (Ao, )>43

In this way, we have determined that there is a correlation between the EIFS and the
structural stress value, which allows a reduction in the number of variables for the N¢ equation by
substituting a; = f(Aocss). It was observed that the EIFS fitting parameter is independent of alloy.

For either alloy, the fitting parameters are essentially unchanged.

5.5 Discussion

5.5.1 Fatigue Life Data

Fatigue life testing was performed on lap-shear RSW specimens with variable
thicknesses, weld nugget diameters and compositions, the effects of each parameter can be
quantified and analyzed. It has been observed that, as shown in Figure 5.10 and Figure 5.11, the
1-Imm samples had a lower average fatigue life at all stress levels, and the Al 5754 samples had
a lower average fatigue life than the Al 6111 at the two highest stress levels (AGamp = 14 and 18
MPa). This difference was determined to be statistically significant. At the lower stress levels
(Acamp = 7 and 9 MPa) the average fatigue lives of Al 6111 were higher than Al 5754, however,

this difference is not a statistically significant difference.

An increase in the fatigue life with an increase in thickness was observed for all
conditions. As the weld nugget diameter has been fabricated such that it is dependent on the
sheet thickness, it is posited that the thickness effect is actually a weld nugget diameter effect.
This is explained by the fact that the spot weld nugget transfers the forces and moments between
sheets, and thus a larger weld nugget diameter means a higher joint loading capacity and

stiffness. The increase in fatigue life with an increase in sheet thickness has also been observed
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for steel and aluminum spot welds in the high cycle regime [3,4,31,37,39,52,53]. There exists no
statistically significant difference in average fatigue lives for the different weld nugget diameters
on similar thickness and alloying sheets, except in one condition (Figure 5.11). Future
experiments could be performed such that the weld nugget diameter is held constant for varying
sheet thicknesses to discern the thickness effect more clearly. Tests where the weld nugget
diameter is varied with a constant sheet thickness could also be performed to better understand

the effect of weld nugget diameter on the fatigue life of the lap-shear joints.

The observed difference in welded joint fatigue lifetimes for the two aluminum alloys
investigated is unusual, as this has not been previously reported. Research on aluminum spot
welds suggest that the effect of base material strength has no effect on the fatigue life of spot
welded lap-shear and coach-peel aluminum samples [4,39]. The effect of alloying, and thereby
strength, has on steel spot welds [3,37,38,54] corroborates this previous research in aluminum
spot welds, noting that the fatigue life is similar for a wide range of steel alloys. Bonnen [3]
suggested that the fatigue life of spot welded specimens is dominated by crack propagation due
to the stress concentration provided by the “notch” that occurs due to sheet separation from
indentation at the faying surface. For the wide range of steels with varying strength tested in their
study, they all had a Paris exponent of approximately 3, explaining the similar lifetimes for
seemingly very different steel alloys. From Chapter 4, the Paris exponent for wrought and
adjusted 5754 RSW is 4.41 and 3.96, respectively, while for wrought and 6111 RSW it is at 3.82
and 3.63 (Table 4.3). This indicates that, for a given stress level the eyebrow crack is propagating
faster in 5754 specimens than in 6111 specimens, explaining the disparity in lifetimes. This is
further supported by the EIFS calculation, which included crack propagation information as part

of the calibration technique (Section 5.4) and thus included the quantitative differences in
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alloying from SFCG testing. Further investigation is needed to clarify this effect, for example
performing fatigue life tests on aluminum alloys that have significantly different strengths than
the 5754 and 6111 Al tested here (i.e. for 7068-T6 Al, oys = 680 MPa). More detailed analysis
on the mechanisms controlling the fraction of the eyebrow crack that propagates through the spot

welded region would also elucidate on the effect of alloying on fatigue life.

5.5.2 Structural Stress Model

Converting from nominal to structural stress based on the methods described in previous
sections aims to normalize the effect of sheet thickness and weld nugget diameter. Indeed, what
is found is that the experimental fatigue life is, on average, shorter for the thinner sample due to a
reduction in the load transferring capability. The bending ratio also decreases with decreasing
sheet thickness, indicative of an increase in the percentage of structural stress attributed to the
membrane component. Transforming to structural stress shifts the relative values of the 1-Imm
and the 4t"? diameter samples, such that, for a given nominal stress level, the thinner and smaller
diameter samples have a higher structural stress value. Thus, this conversion to the structural
stress domain provides a more unified representation of the fatigue life for both sheet thicknesses

and alloys.

The thickness effect that is found to exist from fatigue life data is usually accounted for in
additional steps in the Battelle structural stress methodology. In particular, additional thickness
corrections are required for different joints. Hobbacher [55] recommended utilizing a thickness
correction method for complex weld geometries, such as butt joints, T-joints, or cruciform joints.
Those types of welds were investigated by Potukutchi [2], Hong [56,57] and Kim [58] and it was

found that this additional thickness correction was necessary. This was tested in the current
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investigation, such that the thickness correction was applied to the structural stress as prescribed
in the Battelle method [27]. This correction was performed by dividing the structural stress range

by a factor related to the sheet thickness as described below:

AGSS

tz_m/Zm

[5.10] Act¢ =

Where t is the sheet thickness in mm, and m is the Paris exponent for crack growth
determined experimentally. From Chapter 4, the Paris exponent (m) for wrought and adjusted
5754 RSW is 4.41 and 3.96, respectively, while for the paint-baked wrought and adjusted 6111
RSW it is 3.82 and 3.63, respectively (Table 4.3). Assuming propagation occurs in the resistance
spot weld region along 25% of the thickness for eyebrow failure, the values for m become 4.29
and 3.77 for propagation in the 5754 and 6111 lap-shear specimens, respectively. Figure 5.17 (a)
displays the original structural stress curve for the experimental data while Figure 5.17 (b)
displays the thickness adjusted structural stress values. The values for the thickness correction
parameter and fitting parameters for the power law fit for the structural stress curve for the two

Paris exponents, along with the industrial standard m = 3.6 [59], are presented in Table 5.5.

In the current investigation, this additional effect of thickness did not need to be further
compensated for, as the lap-shear specimen was the only geometry of interest. Furthermore,
adjustments for the thickness would result in only minimal changes (Table 5.5) from the original
experimentally determined structural stress curve due to the small range of thicknesses tested. If
the thickness difference was more pronounced for the structural stress-life curve, or there were
substantial differences in specimen geometry, then an additional thickness correction may indeed

be necessary.
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The objective of this research is to create a predictive master fatigue life relationship that
can be implemented for different materials and geometries that have not been experimentally
tested. Traditionally, converting from nominal to structural stresses as a correlating parameter for
fatigue life data would be enough to be considered a “master curve” [4,10,14,60]. The main
shortcoming of this approach is that it is only valid for the materials, geometries and stress levels
tested. Since crack propagation plays a dominant role in determining the fatigue life of spot
welded specimens [3,4], it is useful for crack propagation behavior to be incorporated in
predicting the fatigue life response. The porosity corrected spot weld and parent 5754 and 6111
Al short crack data from Chapter 4 are used to as part of the predicted master fatigue life curve,
accounting for the varying growth rates of the different materials in the different regimes. The
implication is that crack growth behavior can be implemented to predict the fatigue lifetime
response of spot welded joints with significant differences in joint geometry and crack

propagation behavior.

The other material parameters being used in this model are the crack aspect ratio and the
percentage of propagation life that occurs in the spot weld region versus in the parent sheet.
Simple assumptions (such as a constant crack aspect ratio and the percentage of propagation that
spans in the spot welded regime) are made based upon fracture surface analysis of the differing
geometric conditions. Potential improvements could be made to more accurately define the crack
aspect ratio similar to other studies [61-63] that have used FE models to predict the crack aspect
ratio evolution in non-symmetrical stress fields, as well as isolating the variables responsible for
controlling the fatigue crack propagation path through the spot welds. The methods used in this

investigation, however, have been found to be adequate for modeling the fatigue lifetime.
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The EIFS technique is used as the initial flaw size in the predicted fatigue life equation
and is acts as a surrogate means for accounting for the crack initiation phase of total life.
Previous EIFS was determined from fractographic back extrapolations via striation spacing
measurement [42,43,64] depend on experimental samples to derive and show an increasing value
with increasing applied stress. Molent [65] utilized marker bands on a variety of 7050 aluminum
specimens to determine the EIFS in a similar method, but found that the EIFS was approximately
constant for a given sample and that the value was highly dependent on the surface condition.
Measuring the crack growth from failed samples, however, is expensive and time consuming.
Recently, statistical and finite methods [44—51] have been developed to use crack propagation
data to estimate the distribution of EIFS. These models necessitate information from C(T)
specimen propagation data, such as the Paris’ exponents. An analogous approach has been
developed in this research, most closely represented by Shahani [46] and Fawaz [48], who
compared the measured life with predicted life measurements from FASTRAN and AFGROW
lifetime prediction programs. The EIFS values obtained for the fatigue life specimens ranged
over three orders of magnitude. One aspect that is consistent with the EIFS model in this
research is the observation that the EIFS increased with increasing applied stress level. As this
method is designed to account for crack initiation, this type of behavior is expected because the
proportion of overall lifetime spent in incubating a crack at an area of localized deformation
decreases with increasing stress levels. This is expected, because the contribution to the total

stress is primarily elastic in nature.

5.5.3 Model Validation

In order to evaluate the approach used, the experimental fatigue life was compared with the

predicted fatigue life, presented in Figure 5.18. Each data point was translated to the predicted
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lifetime through its geometric (thickness and weld diameter) and material data (Al 5754 or
6111). As is apparent from the 1:1 comparison line, there was generally good agreement between
the predictions and experimentally measured joint life. Bounding lines were chosen to account
for the majority of experimental data and reflect the approximately 10x variation on measured
life for any one condition. It can be seen that there is good agreement with the predicted model
across all structural stress levels tested. The predicted life for the 5754 Al, 3-3mm 5t"? data is

generally higher than the measured value but with the 5x bounds.

The validation plot demonstrates that this physics based approach is a reasonable predictive
method for fatigue life and is a good approach for future investigations of varying alloys,
geometries and loading modes. While standard industrial practice dictates that weld nugget
diameters are tied to the sheet thickness, theoretical fatigue lives of diameters far smaller could
be modeled by this approach to determine the practical impact of this requirement, without the
need for large experimental data sets. This model could also be utilized with other design
approaches to further predict and optimize joint lifetime via Integrated Computational Materials
Engineering (ICME). For example, spot weld input parameters (i.e. current, hold time) could be
adapted to configure the nugget diameter, which could then be translated to fatigue life.
Furthermore, the number and locations of the spot welds in a full scale vehicle model could be

optimized to determine the ideal size and spacing of the welds depending on the stress state.

5.6 Conclusions

An analytical, physics-based model of joints was developed for estimating the master
curve for structural stress based durability analysis of RSW lap-shear joints in aluminum sheet.

To develop this approach, finite element modeling of lap-shear RSW aluminum alloys was
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completed in Abaqus. The “spider” method was used to represent the spot-weld nugget,
consisting of rigid beam elements connecting the periphery to central nodes, while 4-node shell
elements were used to represent the remainder of the specimen. Structural stress calculations
were conducted using the Battelle method as described by P. Dong [12] for four different
geometric configurations at nominal stresses ranging from 1 to 20 MPa. The structural stresses
and short crack growth data were used to determine the overall fatigue life through AK
integration over the thickness. The initial flaw size was calibrated through experimental fatigue
life tests and the data was validated through comparisons with experimental data. Overall, an
approach for the development of a physics-based constitutive master fatigue life curve is
proposed that, when combined with a structural stress methodology, accurately predicts the

lifetime of lap-shear aluminum spot welds of varying geometries and load levels.
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Tables

Table 5.1 - Structural stress and its components values for an applied force / stress for each

geometric condition.

1-lmm, 4 ¢

1-1mm, 5 t”i

Fapp Gapp Gmem Gbend Oss Gmem Gbend Oss
N) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
50.8 1 5.86 20.01 25.87 5.03 17.97 22.99
76.2 1.5 8.80 30.01 38.81 7.54 26.60 34.14
101.6 2 11.73 40.02 51.75 10.05 35.47 45.52
152.4 3 17.59 60.02 77.62 15.08 53.20 68.28
228.6 4.5 26.39 90.03 116.43 22.62 79.80 102.42
304.8 6 35.19 120.05 155.24 30.16 106.40 136.56
508 10 58.65 200.08 258.73 50.26 177.33 227.60
762 15 87.97 300.12 388.09 75.40 266.00 341.40
1016 20 117.30 400.16 | 517.45 100.53 354.67 | 455.20
3-3mm, 4t 3-3mm, 5t
Fapp Gapp Gmem Gbend Oss Gmem Gbend Oss
N) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
152.4 1 4.09 15.19 19.29 3.61 13.67 17.28
228.6 1.5 6.14 22.79 28.93 541 20.51 25.92
304.8 2 8.19 30.39 38.57 7.22 27.35 34.56
457.2 3 12.28 45.58 57.86 10.82 41.02 51.84
685.8 4.5 18.42 68.37 86.79 16.23 61.53 71.77
914.4 6 24.56 91.16 115.72 21.65 82.04 103.69
1524 10 40.93 151.94 192.87 36.08 136.74 172.81
2286 15 61.40 22791 289.31 54.11 205.11 259.22
3048 20 81.86 303.88 385.74 72.15 273.47 345.62
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Table 5.2 — Test matrix of conditions investigated with fatigue life experiments for the structural
stress based fatigue life model.

Material Sheet Thickness Weld Diameter

Al 5754 1-1 mm dyn =4 t"* =4 mm dyn =5t =5 mm
Al 6111 1-1 mm dyn =4 t"> =4 mm dyy =5t =5 mm
Al 5754 3-3 mm den=4t"7=693mm | dy,=5t">=8.66 mm
Al 6111 3-3 mm dyn=4t"7=693mm | dy, =5t"*=8.66 mm

Table 5.3 - Average lifetimes and standard deviations for eyebrow failed or run-out lap-shear
specimens per condition per stress level.

Cycles to failure, N
AGapp
7 MPa 9 MPa 14 MPa 18 MPa
Condition
ALS754 Ltmm, 402 | 567 X 10° | 1.88x10° |- -
’ +1.01x10° [£1.09x 10° |- -
ALS754 Limm. 52 | 445 10° 1.9x 10° 5.6x 10* 2.4x 10"
’ +1.51x10° |£490x10° |+841x10° |£3.02x 10’
ALS754 33mm. 462 | 5% 10° 3.1x10° 9.5x 10* 4.1x 10*
’ +7.15x10° |£3.03x10° |+234x10* |£4.10x 10’
ALS754 33mm, 502 | 100X 107 |274x10° |9.65x10" |3.76x 10*
’ +0 +1.82x10° | £6.04x10° |+2.02x 10°
AL6IT Llmm, 462 | 435 % 10°  |2.62x10° |- -
’ +1.01x10° |£1.10x10° |- -
L6111 1-1mm, 56 6.10x10° [ 251x10° |881x10* |3.69x104
+2.55x106 [£3.33x105 |£575x103 |+1.53x103
AL6LLL 33mm. 4¢? | 001X 106 3.90x106 | 1.98x 10° | 7.39x 10*
’ +929x 10" |£9.39x10° |+322x 10" |£1.69x 10’
AL6111 33mm. 5¢? | 00X 107 |[456x10° |334x10° |6.79x 10"
’ +0 +1.55x10° | £7.90x 10" |+5.76x 10°
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Table 5.4 — EIFS (in meters) per geometric condition and stress level.

EIFS, a; (m)
7 MPa 9 MPa 14 MPa 18 MPa

Condition

Al5754 1-1mm, 4t'* | 471x 10”7 | 3.73x 10% | - -

Al5754 1-1mm, 5t'* | 5.63x 10”7 | 434x10%| 2.31x10°| 1.99x 10°
Al 5754 3-3mm, 4t"" 9.5x 107 | 3.5x10% - -

Al5754 3-3mm, 5t'* | 422x 107 | 1.11x10%| 2.04x107 | 8.66x 107
Al 6111 1-1mm, 4t 51x10°| 7.7x10°| 83x107| 89x10”
Al 6111 1-1mm, 5t'* | 6.83x 10”7 | 433x10%| 226x107 | 3.01 x 10°®
Al 6111 3-3mm, 4t'* | 9.54x 107 | 6.84x 10®| 5.00x 107 | 2.88 x 10’
Al 6111 3-3mm, 5t'* | 7.51x 107 | 7.71x 10”7 | 4.14x107 | 1.38x10°®

Table 5.5 - Thickness correction comparison. The variables A and B represent the power law fit
exponents for the experimental structural stress fit (Acss = A(Np)®). The first row represents no

thickness correction.

- - - 1757 -0.157
3.6 1 0.78 2119 -0.157

4.2975 1 0.75
2304 -0.158

3.7725 1 0.77
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Figures

Top sheet

ND Bottom sheet

B

Spot weld nugget

Figure 5.1 - Schematic of lap-shear specimen noting the faying surface, notch from nugget
indentation and the crack path of an eyebrow crack.
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Figure 5.2 - Schematic of stress linearization. (a) Non-linear state at the spot weld edge, (b,c)
linearized stress state.
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Figure 5.3 - Lap-shear specimen design. Units are in mm.
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Fixed End

“Spider” spot weld nugget

(b)

Figure 5.4 - Representative FE mesh of lap-shear specimen. (a) Undeformed model, noting the
boundary conditions and “spider” mesh representing the spot weld nugget, (b) the specimen
shape under the effect of an applied load. (displacements are exaggerated)

Weld nugget perimeter nodes Rigid beam elements

(blue dashed lines)
(a)

(b)

MPC connecting upper
and lower sheets :

Figure 5.5 - Spider method with rigid beam (MPC) elements (a) connecting the weld periphery to
central nodes (b) connecting the central nodes between sheets together
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Figure 5.6 - Determination of the critical node for structural stress calculation. (a) FE mesh
showing the distribution of structural stresses around the weld nugget perimeter and (b) variation
of the structural stress and its components versus node position.
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Figure 5.7 - Relationship between nominal applied stress and structural stress. The structural
stress based stress concentration factor, K, is listed for each geometric condition.
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Figure 5.8 - Contribution of bending stress to the structural stress for each of the geometric

conditions.
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Figure 5.9 - Schematic of semi-elliptical crack shape [26]. (a) Semi-elliptical surface crack under
remote tension and bending (b) Crack front plane. The surface point, A, and deepest point, B, are

labeled.

154



10 T ——r —
PB5754 PB6111
(a) O 1-1mm, dW=4t”2 O
= o 1-imm,d =5t"% o
o _ 412
= @ 3-3mm, dw_4t Y
VE s - m 3-3mm, dW=5t”2 ]
S
w ® w ewm ® m
<
S == Ee sesomDese®
[&]
pudl 3l [ ] d‘ |
LE 10 0 0 O0Om
E ] [ OO0
£
IS
o > OO0 W mo O
P4
© 0 O 0O O @O m
[0}
a
Q.
<
102 1 L L 1
10° 10 10° 108 107 108
Cycles to Failure
25 T
PB5754 PB6111
(b) O 1-1mm, dw=4t”2 o)
= o 1-tmm,d_=5t"2 o | ]
CEL O copumn wm e 3-3mm.d =47 o
VE m 3-3mm, dw=5t”2 ]
©15f ]
<b] ) 6B ComD e® 6 m
@
(0]
]
)]
© 10F 4
£
IS O DEWsO wwouseee® '
(@]
Z
e)
2
S 0 0 o o0 ceces’
<
5 n 1 L L 1 L L 1 L L 1

108 10* 10° 108 107 108
Cycles to Failure

Figure 5.10 - Fatigue life curves for experimental lap-shear RSW specimens. (a) Applied force
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Average Fatigue Life for Lap Shear Spot Welded Specimens
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Figure 5.11 - Average fatigue life at each applied stress level for each geometric/alloy condition.
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Figure 5.13 - Representative fractographs of lap-shear specimens to determine aspect ratio (a) 1-
1mm 5t"? 5754 failure at 3,692,008 cycled at AGyp, = 9MPa (b) 3-3mm 4t"2 6111 failure at
218,902 cycled at Ac,p, = 14 MPa.
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Figure 5.14 - Representative fractograph of weld region of the eyebrow crack and transition to
the crack in the parent sheet. 3-3mm 5t'* 5754 failed at 2,000,747 cycles cycled at Ac,,, =9
MPa. (a) Fracture surface normal to the loading direction, (b) the same surface surface tiled 40°.
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Figure 5.15 - Example of backtracking to analytically determine the EIFS [48].
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Figure 5.18 — (a) The predicted master fatigue life curve overlaid on the experimentally
determined structural stress curve and (b) predicted vs. experimental fatigue life for lap-shear
specimens with varying geometric and alloy conditions.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

A study of the short fatigue crack growth behavior performed on wrought and resistance
spot welded 5754 and 6111 aluminum alloys was conducted to characterize the propagation
behavior of spot welded joints and a structural stress based master fatigue life relationship was
developed to predict the lifetime of future joints with varying geometries and alloying elements.

The specific conclusions were found:

1. Short fatigue crack growth rates for the two wrought aluminum alloys were similar
for a given driving force, indicating that the propagation behavior is not strongly

affected by alloying, heat treatment or stress level.

2. Short fatigue crack growth for the two weld fusion zones, however, is strongly
influenced by porosity within this zone. The amount of porosity in 5754 RSW is
appreciably higher than in 6111 RSW and this is reflected in the higher crack

propagation rates and scatter compared to the associated wrought material.
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3. A predictive unified short crack growth model was adjusted to account for the
porosity found in the spot welded alloys. The adjustment showed good agreement
with the predicted trend, indicating that the adjusted model can be used in industrial

applications to predict short crack growth for a variety of engineering alloys.

4. Lap-shear eyebrow cracking failure does not appear influenced by the inherent
porosity found in the weld fusion zone. This is related to the observation that the

eyebrow crack intersects the fusion zone only at its periphery.

5. A structural stress based master fatigue life relationship for welds that fail due to
eyebrow cracking was developed based on the adjusted short crack data assuming that
the pore volume fraction is zero. A stress dependent initial equivalent flaw size
parameter was also developed and used effectively to predict the durability of a

variety of lap-shear joint geometries for both alloys.

6.2 Recommendation for Future Work

Based on the findings of this dissertation, the following recommendations are made for

future research:

1. Performing SFCG experiments on the two alloys under different parameters to fully
characterize the crack propagation behavior
a. Performing testing under bending conditions instead of uniaxial tension — the
lap-shear specimens undergo a significant amount of bending and thus
bending testing might better distinguish the propagation behavior.
b. Testing under different load ratios — the lap shear-specimens were tested at

two different load ratios but the short crack growth rate for R = 0.1 was
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applied to the R = 0.3 case. In order to distinguish any load ratio effects on the
short crack propagation response additional testing is recommended.

2. Utilization of the adjustments to the unifying SFCG model, such as:

a. Validation with different porous media including: metallic foams, alloys
created via powder metallurgy or additive manufacturing, and other welds.

b. Accounting for bending to yield more applicability to multi-axial fatigue
applications. The model is predicated on the Bilby-Cottrell-Swinden (BCS)
[1] model, which is related to the dislocation density at a crack tip under
uniaxial tension. Thus, the unified model is only physically valid for uniaxial
tension conditions.

3. 3D computed tomography to determine the presence, variability and distribution of
welding defects (i.e. porosity, cracking, tearing) in the spot welded alloys.
Radiographic imaging was used to evaluate the welding defects, but those 2
dimensional images are not enough to fully characterize the effect on SFCG.

4. X-ray synchrotron testing of the RSW alloys in order to better characterize the crack
propagation behavior. For the RSW 5754 samples, even after adjusting for the
porosity found on the fracture surface, the SFCG rates are still higher than the
wrought parent material. Performing synchrotron testing and doing 3D reconstruction
may produce new insight into the mechanisms of propagation with porosity.

5. Improvements to the structural stress based durability model by utilizing specimens
of much more varying thickness and geometry, such as coach peel specimens, and
load ratios to isolate and understand the effects of these variables on the durability

model.
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