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Introduction

     The strength reduction experienced in the welded joints
of aluminum alloys limits their application to lightweight
structures (Refs. 1, 2). For heat-treatable aluminum alloys,
the strength reduction is mainly due to the loss of the pre-
cipitation hardening effect in the fusion zone (FZ) and heat-
affected zone (HAZ) (Ref. 3). Several strategies could be
used to address the issue of strength loss in welded joints of
heat-treatable aluminum alloys, including the application of
low-heat input and pre- or postweld heat treatment.
     Nicolas et al. characterized the evolution of precipitates
in an Al-Zn-Mg alloy subjected to ramp heating cycles (to
simulate the temperature history of the HAZ) (Ref. 4).
Bardel et al. employed a numerical model to predict the local
mechanical properties in Al-Mg-Si alloys under nonisother-
mal cycles (Refs. 5, 6). The Kampmann and Wagner numeri-
cal model, which takes the shape of the equivalent ’’-’
(needle-shaped) precipitates into account, was applied to re-
veal the precipitates’ size distribution, yield strength, and
hardness variation in the HAZ of Aluminum Alloy 6061
(AA6061) welded joints. Zhang et al. studied the hardness
recovery pattern in the HAZ of friction stir welded Alu-
minum Alloy 2024 joints during long-term natural aging
(Ref. 7). The mechanism for the HAZ softening has been
well explained by several researchers (Refs. 3–7). The
strength reduction is associated with the dissolution of
strengthening particles near the FZ, which experiences the
highest peak temperature, and the coarsening of these parti-
cles where they experience a thermal cycle having a peak
temperature lower than the dissolution temperature. Post-
weld aging treatment cannot restore the local strength in
the HAZ to the level of the base metal because of the deple-
tion of vacancies and supersaturated solutes.
     The evolution of microstructure and local mechanical prop-
erties in the HAZ has been fully understood. However, the in-
vestigations carried out in the FZ lack focus. In different fu-
sion joining processes, the FZ experiences extreme solidifica-
tion conditions such as dramatic change in temperature gradi-
ent or solutes segregation, making it difficult to analyze the lo-
cal evolution of properties after postweld heat treatment. The
remelting and subsequent solidification processes lead to re-
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the solute redistribution state in as-welded (AW) Alu-
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lution treatment and baking (WS-B). Vickers hardness and
lap-shear test results showed that, compared with the AW
samples, both the AW-B and SW-B samples experienced
limited weld strengthening, while the WS-B sample welds
experienced significant strengthening after baking (the
strength was found to be comparable to that of the base
metal). Calculation of the solidification path in the fusion
zone using the Scheil-Gulliver model showed the effective
solutes (Mg and Si) are segregated at the interdendritic re-
gions in the AW samples (to form the -Mg2Si phase and
eutectic), as confirmed by transmission electron mi-
croscopy. This reduced the degree of solute supersatura-
tion, thereby significantly weakening the bake-strengthen-
ing ability of this site. Only the postweld solution treat-
ment, which caused the effective solutes to diffuse into
the Al-rich dendrites, could make the bake-hardening abili-
ty of the weld comparable to that of the base metal (con-
firmed by scanning transmission electron microscopy). Fi-
nally, digital image correlation analysis was conducted on
a specially designed lap-shear test sample to reveal the
local strain in the joints. It was found that, for the same
weld size, the strain concentration occurred in the fusion
zone of the AW and AW-B samples, and at the load-bear-
ing site in the base metal of the SW-B and WS-B samples.
Thus, the application of postweld solution treatment could
improve the bake-strengthening ability of Aluminum Alloy
6061 resistance spot welded joints and increase the ten-
dency of the joints to experience pullout failure. 
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arrangement of the solute atoms (typically, wrought alu-
minum alloy sheets experience homogenization treatment
(Ref. 8)). The solute supersaturation is the most important
factor that governs the age-strengthening behavior of
quenched aluminum alloys (Ref. 9). Therefore, the solute re-
distribution plays a significant role on the local microstructure
and properties evolution. In fact, the FZ of solid-state welded
joints, including friction stir welding (Refs. 10, 11) and ultra-
sonic welding (Ref. 12), always exhibits better hardening ef-
fects than that of fusion-welded joints, including resistance
spot welding (RSW) (Ref. 13) or argon tungsten arc welding
(Ref. 14), after postweld aging. This further supports the as-
sumption that the solidification-triggered solute redistribu-
tion affects the age-strengthening behavior of the FZ signifi-
cantly. Kou et al. carried out a series of studies on solidifica-
tion cracking in fusion-welded aluminum alloy joints (Refs.
15–18), which showed that the solute redistribution strongly
influences the weld quality. It is imperative to also understand
the relationship between the solute redistribution and me-
chanical properties of aluminum alloy welds.

     Al-Mg-Si alloys (6XXX series) possess good bake-harden-
ing ability, and thus they are widely applied in the automo-
tive industry (Ref. 19). This study aims to reveal the role of
solute redistribution on the bake-strengthening ability of
AA6061 RSW joints. Further, a mechanism is proposed to
explain the effect of solute redistribution on the evolution
of local mechanical properties. 

Experimental Procedure

Heat-Treatment Sequence

     One-mm-thick AA6061 sheets in the peak artificial aging
state (AA6061-T6) were used in this study. The chemical
composition of this alloy can be simplified as 98.4Al-1Mg-
0.6Si (wt-%).
     Three heat-treatment sequences were designed (Fig. 1): 1)
The samples were directly baked after welding (AW-B); 2) the
samples were solution-treated before welding and then

Fig. 1 — Schematic diagram of the heat treatment strategies.

Fig. 2 — Digital image correlation analysis: A — System setup; B — typical lap-shear sample; C — typical half-cut lap-shear sample.
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baked after welding (SW-B); and 3) the samples were solu-
tion-treated after welding and then baked (WS-B). The solu-
tion treatment was carried out in an electric resistance fur-
nace at 515°C for 2 h, followed by water quenching. The bak-
ing treatment was carried out in a stove at 180°C for 2 h
(Ref. 20). The welding process inevitably creates dendritic
segregation (the grain boundaries are enriched with solutes).
The postweld solution treatment promotes the migration of
solutes from the grain boundaries to the interior of the den-
drites, which can change the solutes distribution state. The
solution treatment before welding is designed to minimize
the HAZ softening. For comparison, as-welded (AW) sam-
ples were also tested. To prevent possible natural aging, the
AW-B samples were baked immediately after welding. Simi-
larly, the SW-B and WS-B samples were welded and baked
immediately after solution treatment, respectively.
     The welding was done using a 220-kW medium-frequen-
cy, inverter-based, direct current RSW machine, equipped
with a pair of spherical-tip RWMA class II (chrome C18200)
electrodes with 50-mm diameter. The welding parameters
were designed according to a mixed-level orthogonal trial
[L18(6  36)] (Ref. 21) involving the welding current (I), the
welding time (t), and the electrode pressing force (F). Table 1
shows the level of each factor, while Table 2 shows the pa-
rameter combinations. After welding and heat treatment,
lap-shear tests were carried out on a CSS-44100 material
test system under a tensile speed of 1 mm·min–1. The failure
mode, peak load, and nugget diameter were recorded. By fit-
ting a line on the peak load vs. nugget diameter data, infor-
mation about the local FZ mechanical properties could be
obtained (excluding the structural factors of RSW joints).

Digital Image Correlation

     The digital image correlation analysis was conducted on a
specially designed half-cut sample to reveal the in-plane
strain distribution in the cross section of the joints during
the lap-shear test. The dimensions of typical and half-cut
lap-shear test samples are shown in Fig. 2. The cross section
of the half-cut sample was speckled with paint, as shown in
Fig. 2C. A short-lens CCD camera (70 mm) was placed per-
pendicular to the cross-sectional plane of the sample, as
shown in Fig. 2A. A VIC-2D digital image correlation system
was then used to record the in-plane displacement at 5
frames per second during the lap-shear test. Thereafter, the
in-plane strains were calculated.
     The tensile speed used for the half-cut lap-shear samples
was 0.5 mm·min–1. To reveal the strain competition state in
the AA6061 RSW joints quantitatively, Von Mises equiva-
lent strain, eq was calculated by Equation 1:

Fig. 3 — Typical macro- and microstructures of the AA6061 RSW joints: A — Subdivisions of the welds; B — macroprofile of the AW
weld.

A B

Table 1 — Factors and Levels of the Orthogonal Trial

        Control Factors                                       Levels

                                                     I           II       III        IV       V      VI

   Welding current I (kA)               17          18      19      20      21     22

    Welding time t (ms)                50        100    200      –        –      –

   Electrode force F (kN)              2.4        3.6    4.8       –        –      –

Table 2 — Parameter Combinations of the Orthogonal Trial (L18(6x36))

            EXP.                       I                             t                          F

               1                          I                             I                           I
              2                         I                             II                          II
              3                         I                            III                          III
              4                        II                             I                           I
              5                        II                            II                          II
              6                        II                            III                          III
              7                        III                            I                           II
              8                        III                            II                          III
              9                        III                            III                          I
              10                       IV                            I                          III
              11                        IV                            II                           I
              12                       IV                           III                          II
              13                        V                            I                           II
              14                        V                            II                          III
              15                        V                            III                          I
              16                       VI                            I                          III
              17                       VI                            II                           I
              18                       VI                           III                          II
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where x and y are the two axes of rectangular coordinates, xx
and yy are the in-plane normal strains, and xy is the in-
plane shear strain.

Microstructure Characterization

     The metallographic samples were etched for 30 s using
Keller’s reagent to reveal the cross-section microstructure.
The samples were observed by an Olympus SZX12 stereomi-
croscope and an Olympus GX51 metallographic microscope.
Thin-foil specimens for transmission electron microscopy
(TEM) observation were cut from the FZ of the joints. Crys-
talline phases (intermetallic compounds or the eutectic gen-
erated during solidification) and precipitated phases (hard-
ening constituents formed during the baking process) were
observed by the TEM (JEM-2100F, JEOL Ltd.). In addition,
a scanning transmission electron microscope (STEM) (FEI
Tecnai TF20, equipped with high-angle annular dark-field
detectors) was employed to show the elemental distribution
at the grain boundaries.

     Vickers microhardness tests were conducted (a load of
200 g and a duration of 15 s) to understand the evolution of
local mechanical properties in each joint. Six random hard-
ness test points in each sub-area of the microstructural fea-
tures were selected. The distortion of the dendrites in the
cross section of the fractured joints was also observed using
the optical microscope.

Analytical Solidification Analysis

     Macrosegregation in the FZ was neglected in this study be-
cause 1) the FZ in RSW joints is quite small, and 2) it is stirred
intensely by the induced Lorentz force (Ref. 22). Microsegrega-
tion induced by the remelting and resolidification process was
analyzed. Considering there is a volume element () in the in-
terdendritic zone during solidification, which extends from
the centerline of a dendrite arm to the boundary between it-
self and the next dendrite arm. The temperature of the
solid/liquid interface decreases during solidification. Since the
value of the segregation coefficient is below 1, the remnant liq-
uid would be enriched with solutes during this process. This
analytical model has been approved for practical use in the
metallurgical analysis of welded joints (Ref. 3).
     The solidification path was calculated by the thermody-
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Fig. 4 — The microstructures at the center of the FZ: A — AW sample; B — AW-B sample; C — SW-B sample; D — WS-B sample.
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namic calculation code Pandat (Ref. 23). The temperature vs.
solid fraction curve (T-fS curve) and the solute mass fraction
vs. solid fraction curve (C-fS curve, where C is a specific ele-
ment’s mass fraction within the remnant liquid) were calculat-
ed. Since the cooling rate in RSW is fairly fast (Ref. 24), the
Scheil-Gulliver model was used to depict the FZ solidification
process (Refs. 25, 26). In this model, there is no diffusion in
the solid fraction in , while complete convection occurs in
the liquid fraction in , making it suitable for depicting high
cooling rate solidification processes (Ref. 3). The T-fS and C-fS

curves could be obtained using the following (Ref. 27):

where fL is the liquid fraction [the solid fraction is given by fS =
(1 – fL)]; C is the concentration of a specific element; the super-
scripts identify the phase, and the subscripts refer to a specific

component (for example, CS̄
Al refers to the average Al element

concentration in the solid phase). The element concentration
in each phase was balanced with multicomponent thermody-
namic modeling. By solving the solid fraction and the element
concentration within the freezing temperature range of the
target materials, the T-fS and C-fS curves could be obtained. In
this study, the solidification was modeled based on the Al-Mg-
Si ternary system.

Results

Microstructure and Local Strength Distribution

     Figure 3B shows the typical macrostructure of the
AA6061 RSW joints, which can be divided into the FZ, par-
tial melting zone (PMZ), and HAZ. In the FZ, because of the
change in temperature gradient and the dendrite growth
rate during solidification (Ref. 28), the grains structure ex-
perienced columnar-to-equiaxed transition — Fig. 3A. In ad-
dition, a thin layer of partially melted AA6061 was formed
around the FZ. Figure 4A–D shows the microstructures at
the center of the FZ of the as-welded and heat-treated sam-
ples (AW, AW-B, SW-B, and WS-B). Some light-etched phases
(Al-rich dendrites) and dark-etched phases (interdendritic
regions consisting of intermetallic compounds and Mg-Si-
rich eutectics) can be observed. Compared with the AW, AW-
B, and SW-B samples, the interdendritic regions in the FZ of
the WS-B sample are somewhat vague, as shown in Fig. 4D. 
     Kou applied a quenching technique to study the mushy
zone of Al alloy gas tungsten arc welds (Ref. 17). From the area
adjacent to the quenched zone to the remote area, the dark-
etched interdendritic regions became discontinuous and
vague. This was due to the backdiffusion effect, which would
allow the solutes to migrate from the interdendritic liquid into
the Al-rich dendrites. This reduced the amount of interden-
dritic eutectics, leading to vague interdendritic regions when
observed by optical microscope. The microstructures shown in
Fig. 4A–C possess similar features with the quenched mushy
zone in aluminum alloy arc welds. The presence of a mixture of
coarse and fine dendrites in Fig. 4A–C implies that the cooling
rate at this site was very high (Ref. 29), resulting in the freez-
ing of both developed and undeveloped dendrites. The differ-
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Fig. 5 — Vickers hardness distribution in different samples. Fig. 6 — TEM image of the FZ in the AW sample.

Fig. 7 — Dark-field image and electron diffraction pattern of
-Mg2Si.
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ence between Fig. 4A–C and D suggests that the solutes from
the interdendritic regions migrated into the Al-rich dendrites
when the joint was solution-treated after welding (note that
this mechanism is not the backdiffusion effect). The metallo-
graphic examination results imply that the microsegregation
in the FZ of the WS-B sample has been significantly alleviated
compared with that of the AW, AW-B, and SW-B samples.
     Figure 5 shows the local Vickers hardness test results. Typi-
cally, for heat-treatable Al alloy arc-welded joints, which are
relatively large compared to RSW joints, the hardness fluctu-
ates across the HAZ. This has been associated with the disso-
lution and coarsening of the precipitates in the HAZ (Ref. 3).
Note that, in this study, the hardness tests in the HAZ were
conducted in the area adjacent to the PMZ. Taking the load-
bearing behavior of a RSW joint into consideration (Ref. 30),
the fracturing path would be along the weld’s periphery if the
nugget is of adequate size. Therefore, the HAZ analysis in this
study is confined to this site. The result shows the HAZ was
softened after welding but that this local area was hardened in
the AW-B and SW-B samples. This phenomenon has been well
defined in the literature (Refs. 1, 3–6).
     Compared with the HAZ hardness, the local FZ hardness of
the samples subjected to the baking process immediately after
welding (i.e., the AW-B and SW-B samples) improved slightly.
In contrast, the FZ hardness of the WS-B sample improved ap

preciably. In addition, because of the good bake-hardening fea-
ture of 6XXX aluminum alloys, the base metal regions of the
AW, AW-B, SW-B, and WS-B samples exhibited similar hard-
ness values (the baking treatment after solution treatment
could not let the base metal reach its peak aged state). A posi-
tive correlation exists between the local hardness and
strength. Based on the above solute distribution analysis, it

Fig. 8 — Bright-field image and electron diffraction pattern of Al-rich dendrites with ” precipitates: A — AW-B sample; B — WS-B
sample (arrows indicate the cross-shaped streaks).

Fig. 9 — The interdendritic region of the FZ in the WS-B sample.

BA

Table 3 — Mathematical Analysis of the Output from the Orthogonal Array for AW Samples

    Mean/Range                                                     I                                                                t                                                           F

              KI                                                          1946.833                                                       2162.667                                                  2516.083

             KII                                                           2101.500                                                        2418.667                                                 2336.250

             KIII                                                          2318.000                                                       2627.167                                                   2356.167

             KIV                                                          2410.000                                                                                                                              

             KV                                                           2765.167                                                                                                                              

             KVI                                                          2875.500                                                                                                                             

              R                                                           928.667                                                        464.500                                                   179.833
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can be concluded that the microsegregation greatly weakened
the bake-strengthening ability of the AA6061 RSW joints. 

Crystalline Phase and Precipitated Phase
Characterization

     Figure 6 shows the TEM image of the FZ in the AW sam-
ple (3000×). As indicated by the blue arrows in Fig. 6, some
oval phases and layered eutectic could be observed at the in-
terdendritic regions (the dark-etched regions in Fig. 4). Fig-
ure 7 shows the dark-field image (15,000×) of one of the
oval phases in the interdendritic regions. The electron dif-
fraction pattern confirmed that this oval phase is -Mg2Si,
which has {220} interplanar spacing of 0.2246 nm (space
group Fm3m with 0.22456-nm {220} interplanar spacing,
PDF#35-0773). The intermetallic compounds (IMCs) or eu-

tectic generated in the interdendritic regions are usually de-
scribed as the “crystalline phase” (Ref. 14). These phases are
formed in the welds under nonequilibrium solidification
conditions. Therefore, the ratio of the total amount of -
Mg2Si phase to -Al phase would increase owing to the gen-
eration of these crystalline phases compared with the equi-
librium state. Therefore, the Mg and Si solutes are depleted.
     For AA6061 in the solution-treated state, the precipitation
sequence during the baking process (180°–240°C) was Ref. 31

Supersaturated solid solution (SSSS)  Cluster formation GP 
- I zones  GP - II zones / ”  ’-Mg2Si

The ” precipitate was associated with the peak artificial
aged state, and the -Mg2Si phase contributed little to the
strength improvement of AA6061. The degree of supersatu-
ration plays the most important role in the subsequent

Fig. 10 — Elemental distribution obtained using STEM: A — AW-B sample; B — WS-B sample.

BA

Table 4 — Mathematical Analysis of the Output from the Orthogonal Array for AW-B Samples

       Mean/Range                                                           I                                                                   t                                                               F

                KI                                                                                                          2228.667                                                     2462.167                                                                                        2782.250

                KII                                                             2482.000                                                      2867.167                                                    2917.667

                KIII                                                             2536.500                                                    2995.667                                                  2625.083

                KIV                                                             3068.667                                                                                                                             

                KV                                                             3058.500                                                                                                                             

                KVI                                                                                                          3275.667                                                                                                                                                                                                                        

                R                                                              1047.000                                                      533.500                                                    292.584
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bake-strengthening process (Ref. 9). The excessive amount
of crystalline phases generated during nonequilibrium solid-
ification depleted the supersaturation of AA6061 welds,
thereby limiting the local strengthening effect during the
postweld baking process.
     Figure 8A and B shows the distribution of the precipitated
phases in the FZ of the AW-B and WS-B samples, respectively
(40,000×). The needle-shaped ” precipitates, which are
aligned along <100>Al, appear as orthogonal lines and dots
(perpendicular to the observation plane). The selected area
electron diffraction pattern of the WS-B sample shows crossed
streaks among the speckles of Al (the electron beam was paral-
lel to [100]Al). However, the AW-B sample did not exhibit this
feature, indicating the density of the precipitates is much high-
er in the WS-B sample than in the AW-B sample. This can be
attributed to the dissolution of the crystalline phases into the
Al-rich dendrites by the solution treatment, which replenished
the supersaturated solid solution. Figure 9 shows the interden-
dritic region in the FZ of the WS-B sample, indicating a de-
crease in the amount of the crystalline phases. 
     Figure 10 shows the elemental distribution at grain bound-
aries of the AW-B and SW-B samples. It could be observed that
the grain boundaries in the AW-B sample were enriched with
Mg and Si elements (notably, the IMCs and eutectic are en-

riched with these elements). For the WS-B sample, it is clear
the microsegregation of Mg and Si has been alleviated. Howev-
er, some precipitated particles existed at the grain boundaries
in the WS-B samples (the black dots in Fig. 9 and the small
Mg-Si-enriched dots in Fig. 10). Their volume is different from
that of the crystalline phase, implying the two phases were
formed via different mechanisms. The precipitation of parti-
cles at grain boundaries occurred by solid-state diffusion, in
which the grain boundaries acted as the nucleation sites (Refs.
32, 33). In contrast, the crystalline phases were formed during
the solidification process, consuming more of the Mg and Si el-
ements.  

Mechanical Properties of the Joints

     Results of the mathematical analysis of the orthogonal-
trial output (the peak loads obtained in the lap shear test)
are shown in Tables 3–6. The K-values refer to the average
peak load under each parameter. The R-values refer to the
difference between the maximum and the minimum K-val-
ues under different levels of the same parameter (they indi-
cate the effect weight of a parameter on K-values). The aver-
age peak load of the AW-B samples is higher than that of the

Fig. 11 — Linear regression analysis of the lap-shear test data for the joints.

Fig. 12 — Typical load-displacement curves for the four sam-
ples (only the WS-B sample fractured in PO mode, while the
others fractured in IF mode).

Table 5 — Mathematical Analysis of the Output from the Orthogonal
Array for SW-B Samples

Mean/Range                   I                               t                                 F

         KI                                     1884.000                  2279.167                    2643.000

         KII                     1946.833                  2417.833                    2525.250

         KIII                      2319.167                  2739.083                    2267.833

        KIV                     2927.500                                                           

         KV                     2859.667                                                          

        KVI                                   2935.000                                                                                                    

         R                      1051.000                   459.916                       375.167
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AW samples, which is due to the strengthening of the AW-B
welds. The WS-B samples possessed the highest K-values of
all the samples. This is because of the complete recovery of
the baking strengthening ability. The peak loads of the SW-B
samples under low heat input are even lower than those of
the AW samples. Note that only the SW-B samples involved
solution treatment before welding, which increased the
thermal and electrical conductivities of the workpiece (lead-
ing to small nugget size under low heat input). Both the
nugget size and strength have strong influence on the me-
chanical properties of the joints. The fitted line in Fig. 11

takes the effect of nugget size into consideration, in accor-
dance with the local strength evolution analysis in this
study.
     Figure 11 shows the peak load vs. nugget diameter plot.
The linear fitting parameters represent the mechanical
properties of the RSW joints (Ref. 30). The relative positions
of the four lines in the figure indicate the local strength pro-
file (excluding the structural factors). The yWS-B line is at the
highest position, and the positions of the ySW-B and yAW-B lines
are higher than that of the yAW line. This implies that the
WS-B samples possessed the optimal nugget local strength.
The distributions of data for the AW-B and SW-B samples
are similar, indicating that the two samples possessed simi-
lar nugget strength. In addition, with increasing nugget di-
ameter, the fracture mode of the joints changed from inter-
facial failure (IF) to pullout (PO) mode. The critical nugget
diameters (dC) for fracture mode transition in the four kinds
of samples are also shown in Fig. 11. The smaller the value
of dC, the higher the tendency for RSW joints to fracture in
the PO mode (Ref. 30).
     Note that for the welding parameter combination #14 in
the orthogonal trial tests, the nugget sizes for the four kinds
of samples are similar. However, the joints exhibited different
failure modes (the WS-B failed in PO mode while the others
failed in IF mode), implying that this nugget size is the critical
value for failure mode transition. The typical load-displace-
ment curves for the joints are compared in Fig. 12. It can be
seen that the PO mode sample experienced a higher degree of
plastic deformation than the IF mode samples.

Failure Analysis

     Figure 13 shows the cross sections of the fractured samples
(welding parameter combination #14). The cracks propagated
through the FZ in the AW, AW-B, and SW-B samples. A notch
at the sheet/sheet interface opened near the FZ of the WS-B
sample, but the crack turned to the HAZ, near the PMZ, re-
sulting in PO failure mode — Fig. 13H. This is because the
strengthening effect in the FZ increased the resistance of this
local site to cracking. Note that a secondary crack also propa-
gated along the PMZ of the SW-B sample. This can be attrib-
uted to the large difference between the hardness of the HAZ
and PMZ in the SW-B joints, which could lead to strain con-
centration in the PMZ.
     The deformation of Al-rich dendrites when the joints failed

Fig. 13 — Cross section of fractured joints: A — Macroprofile
of the #14 AW sample; B — macroprofile of the #14 AW-B
sample; C — macroprofile of the #14 SW-B sample; D —
macroprofile of the #14 WS-B sample; E–H — higher magnifi-
cation of the corresponding highlighted areas in A–D.

Table 6 — Mathematical Analysis of the Output from the Orthogonal Array for WS-B Samples

                 Mean/Range                                                   I                                                            t                                                                F

                          KI                                                      3173.667                                                2979.167                                                    3416.500

                          KII                                                     2546.500                                               3514.500                                                   3290.667

                         KIII                                                     3647.833                                               3580.917                                                     3367.417

                         KIV                                                     3587.500                                                                                                                        

                         KV                                                    3538.333                                                                                                                       

                         KVI                                                    3655.333                                                                                                                       

                          R                                                      1108.833                                                 601.750                                                      125.833
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in IF mode is shown in Fig. 14 (welding parameter combina-
tion #14 for the AW, AW-B, and SW-B samples and #10 for the
WS-B sample). The black dashed lines indicate the depth of
the deformation layers. The AW sample exhibited the deepest
dendrite deformation layer among all the samples. The defor-
mation degree of the Al-rich dendrites also confirms that the
FZ of the WS-B sample experienced a significant degree of
bake-hardening. 

Discussion

Solute Redistribution Analysis

     Figure 15A schematically illustrates the nugget of the RSW
joint as it reached the maximum temperature during welding.
Owing to the wide freezing temperature range of AA6061, a
PMZ would be formed around the FZ. It is assumed that the
weld pool was mixed well at this stage because of the intense
stirring of the molten metal by the Lorentz force. When the
weld pool began to solidify, the extremely high ratio of the
temperature gradient to the dendrite’s growth rate (G/R)
would lead to the formation of columnar dendrites, as shown
in Fig. 15B. Finally, owing to the decrease in the value of G/R,
an equiaxed dendritic zone would be formed in the center of
the FZ of the AA6061 weld, as shown in Fig. 15C. The backdif-
fusion effect is neglected in this study, which means there is
no difference between the solute redistribution in the colum-

nar dendritic and equiaxed dendritic zones. An analytical vol-
ume element () was placed between the secondary dendrite
arms, where the solid/liquid interface within this volume ele-
ment interface was still planar, which makes the Scheil-Gulliv-
er model’s assumption applicable (Ref. 3). Thus, the Scheil-
Gulliver model can reasonably depict the solute redistribution
in . Figure 15D schematically illustrates the relationship be-
tween  and the growth of Al-rich dendrites. It can be seen
that at the end of the solidification (in the T-fS curve), the 
was also filled with solid.
     Figure 16 shows the C-fS curves in . As previously ana-
lyzed, the increasing fS in  represents the growth of the
secondary dendrite arms, which indicate the concentration
of solutes from the interior to exterior of dendrites. Since
the equilibrium segregation coefficient is below 1 for Mg
and Si in the Al matrix, these solutes would be rejected from
the solid to the remnant liquid during solidification. The
remnant liquid would then be enriched with the solutes,
leading to the occurrence of nonequilibrium metallurgical
reactions. Note that the inflexion points on the C-fS curves
represent these metallurgical reactions, and they can be ex-
pressed by the following equations:

                                     L  – Al (5)

                                     L  – Al  Mg2Si (6)

                                     L  – Al  Mg2Si  Si (7)
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Fig. 14 — Deformation of dendrites: A — #14 AW sample; B — #14 AW-B sample; C — #14 SW-B sample; D — #10 WS-B sample.
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     Thus, the effective solute for bake-hardening is segregated
at the interdendritic zone to form IMCs and eutectic, deplet-
ing the supersaturated FZ. This accounts for the formation of
the interdendritic -Mg2Si phase observed in Fig. 7. It is widely
accepted that the -Mg2Si phase contributes little to the
strength improvement of AA6061 (Ref. 31). The FZ hardness
and strength of both the AW-B and SW-B samples increased
by limited amount. The surplus IMCs and eutectic dissolved
only in the WS-B samples, which were subjected to postweld
solution treatment. Driven by the concentration gradient, Mg
and Si diffused into the interior of the dendrites, making the
bake-hardening ability of the FZ comparable to that of the
AA6061 base metal. This solute redistribution also occurred in
the PMZ, where significant grain boundary liquidation oc-
curred (Ref. 3). This microsegregation would also be alleviated
by the postweld solution treatment.
     The Scheil-Gulliver model used in this section is suitable for
an extremely fast-cooling process. It is of practical use in the
RSW solidification process analysis in which the cooling rate is
typically above 1000°C/s. For fusion welding processes in
which the cooling rate is relatively low (for example, 100°C/s
for gas tungsten arc welds (Ref. 17)), the backdiffusion and dif-
fusion after solidification could alleviate this kind of microseg-
regation. In such cases, the FZ zone shows higher bake-hard-
ening tendency than that of the RSW joints (Ref. 34). For sol-
id-phase welding processes (for instance, friction stir welding
(Ref. 35) or ultrasonic welding (Ref. 36)), such a solute redis-
tribution process does not occur. Thus, the welded zone shows
a relatively high bake-hardening tendency. Furthermore, the
high cooling rate in the RSW joint enables the remnant effec-
tive solute to become supersaturated within the Al-rich den-
drites (rather than forming a precipitated -Mg2Si phase with-
in the dendrites). Under postweld baking, ” precipitation
would produce a minor strengthening effect.
     Solution treatment before welding cannot change the mi-
crosegregation pattern in the FZ. Therefore, the solute redis-
tribution in the SW-B samples was similar to that in the AW-B
samples. In fact, the FZ hardness and maximum lap-shear load
for both samples were similar. In addition, the HAZ hardness
recovery data for the AW-B and SW-B joints were different.
This is because the thermal cycle during the welding process
resulted in the transition of ” to the precipitated -Mg2Si
phase, which is different from the -Mg2Si generated in the so-
lidification process in the above analysis, for the peak-aged

AA6061 (the AW-B sample). Thus, the hardness in this site
could not be fully recovered during the postweld baking
process. However, for the SW-B sample, the base metal was 
solution-treated before welding. The thermal shock in the
RSW process would lead to cluster formation in the HAZ, sig-
nificantly increasing the hardness at this site after the baking
process. This led to the large difference between the hardness
of this site and that of the PMZ in the SW-B samples. This
phenomenon is widely observed in arc-welded joints (Ref. 3).
The HAZ in a RSW joint is fairly small. Therefore, the zigzag
hardness distribution often observed in the HAZ of arc-welded
joints could not be observed in that of the RSW joints. Al-
though it is difficult to obtain direct microstructural evidence
for the PMZ (owing to the fact that the area of this site is very
small and irregular), some deductions could be made from the
analysis of the FZ and HAZ, combined with a well-established
metallurgical theory (Ref. 3). It could be assumed that this lo-
cal site consisted of two portions: a solid and a liquid portion.
The solid portion experienced ” dissolution after RSW, while
the liquid portion experienced solute redistribution similar to
that in the FZ (Ref. 3). The higher hardness of this site in the
AW-B and SW-B samples compared with the AW samples
could be attributed to different mechanisms. The higher hard-
ness of the AW-B sample could be attributed to secondary pre-
cipitation, while that of the SW-B samples could be attributed
to the precipitation triggered by clusters. Again, because of the
microsegregation of the solutes in the liquid portion, the PMZ
showed limited hardness increase in both the AW-B and SW-B
samples. For the WS-B samples, the microsegregation was alle-
viated, leading to adequate hardening at this site.
     Based on the above analysis, by assuming that the as-
received AA6061 base metal was well homogenized, the dis-
tribution of solutes at the microscopic level and its mi-
crostructural features could be identified, as listed in Table 7
(in this study, the HAZ refers only to the softened region
near the PMZ).

Strain Competition during the Lap-Shear Test

     The failure of a RSW joint is described as a competition
between necking in the sheet metal near the nugget and the
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Fig. 15 — Schematic illustration of the solidification process
of an AA6061 weld: A–C — Sequential stages; D — T-fS curve
calculated by the Scheil-Gulliver model and solidification of
volume element .

Fig. 16 — Mechanism for the formation of the interdendritic -
Mg2Si phase and eutectic, which is triggered by solute redis-
tribution.

B

A D

C

Zhang (2018107) Supp.qxp_Layout 1  10/10/19  5:11 PM  Page 347



shear deformation of the FZ (Refs. 37–40). The well-estab-
lished criterion for predicting the fracturing mode of RSW
joints follows Equations 8 and 9:

where PIF and PPO are the peak loads in IF and PO modes, re-
spectively; d is the nugget diameter; t is the thickness of the
workpiece; FZ is the fracturing shear strength of the FZ; and
PFL is the fracturing tensile strength of the PO failure loca-
tion (in this study, this site refers to the HAZ nearest to the
PMZ). When the value of PIF is above that of PPO, the failure
mode transition occurs.
     The postweld baking process would increase FZ, thereby
decreasing the critical nugget diameter dC. From the data in
Fig. 11, the heat treatment sequence for the AW-B and SW-B
samples slightly strengthened the FZ. This local strength in-
crease could not lead to an obvious change in the failure
mode. For the WS-B samples, the solute’s severe microsegre-
gation was alleviated significantly. After the baking process,
the FZ possessed local strength comparable to that of the
HAZ or base metal, leading to IF to PO failure mode transi-
tion even when the nugget diameter was small. In addition,
for both the SW-B and WS-B samples, the base metal did

not reach the peak-aged state during the baking process.
This could also promote the occurrence of PO failure mode.
     Figure 17 shows the local strain competition pattern in the
four kinds of joints. Note that for the half-cut lap-shear test
samples (#14 welding parameters), the AW and AW-B samples
fractured in IF mode, while the SW-B and WS-B samples frac-
tured in PO mode. The difference in failure between the typi-
cal SW-B lap-shear sample and SW-B half-cut sample is due to
the fact the load-bearing area of the latter was smaller (slightly
decreasing the PPO value). In fact, Fig. 13C also shows that in
the #14, the fracture of the SW-B sample is in a transitional
state between the IF and PO mode (the sample cracked in both
the FZ and the surrounding area). Thus, the digital image cor-
relation test results conformed to a typical lap-shear test. The
PO failure tendency was found to be in the following order:
WS-B > SW-B > AW-B > AW.
     According to the local load-bearing competition theory
(Refs. 37–40), the strain concentration occurs preferentially in
the weakened zone (in terms of both strength and mechanical
factors). All of the four kinds of joints exhibited two strain
concentration zones at the notches near the FZ upon the ini-
tial application of an external load. For IF failure mode sam-
ples, these two strain concentration zones gradually expanded
and eventually merged together, leading to final fracture.
Compared with the AW sample, slight strengthening occurred
in the FZ of the AW-B sample, making the total strain concen-

PPO = ��d �t ��PFL (9)

= π ⋅ ⋅τP dIF FZ4
(8)2
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Fig. 17 — Local strain competition in the four kinds of joints
(the number below each photo refers to the sequence of
image collection by the camera).

Fig. 18 — Quantitative data extracted from the representative
points: A — FZ data; B — data from load-bearing site near FZ.
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tration zone of this sample smaller than that of the AW sam-
ple. For the PO failure mode samples, the strain concentrated
at the local region adjacent to the FZ, leading to necking on
one side. An obvious strain concentration zone is observed in
the FZ center of the SW-B sample when the joint reached its fi-
nal fracture stage. This is because this site is relatively softer
than the corresponding site in the WS-B sample. 
     Figure 18 shows the quantitative data extracted from the
representative points, which agrees with the above analysis.
Compared with the peak-aged base metal, the FZ in the AW
experienced severe strength loss, leading to high IF failure ten-
dency. For safety purposes, in the automotive industry, many
standards require joints to fail in the PO mode. It can be seen
that postweld baking can barely increase the FZ’s local
strength. This has also been shown in a previous study (Ref.
13). Postweld solution treatment is required to guarantee an
adequate FZ strengthening during the subsequent paint bak-
ing process. This phenomenon is closely related to the solute
redistribution in the welding process. The solute redistribu-
tion pattern is the key factor that governs the local strength
distribution in the AA6061 RSW joints when the welding
process is combined with specific heat treatment. The baking
process is commonly used in the automotive industry. Suitable
arrangements for the welding and heat treatment processes
are necessary to guarantee the production of joints with good
mechanical properties.

Conclusions

     1. The solute redistribution pattern is the key factor gov-
erning the strengthening ability of baked AA6061 RSW
joints. The fusion zone (where severe segregation of Mg and
Si occurs) of the AA6061 RSW joints experiences limited lo-
cal hardness increase during the postweld baking process,
while the quenched AA6061 base metal experiences signifi-
cant hardness increases and strength recovery during the
same baking treatment. By employing a postweld solution
treatment process, the solute microsegregation is alleviated,
making the bake-strengthening ability of the fusion zone
comparable to that of the base metal.

     2. The solidification path calculation of the fusion zone in
AA6061 RSW joint shows that the remelting and resolidifica-
tion processes segregate the effective solutes (Mg and Si) at
the interdendritic regions to form -Mg2Si phase and eutectic.
This decreases the degree of solute supersaturation, signifi-
cantly weakening the bake-strengthening ability of this site.
     3. A special lap-shear test sample that exposes the cross
section of a RSW joint was designed in this study. Digital im-
age correlation analysis was conducted on this sample to study
the local strain competition state in the AA6061 RSW joints
subjected to different heat treatment sequences. The results
show that, at the critical nugget size for failure mode transi-
tion, the strain tends to concentrate in the soft FZ. This strain
concentration in the FZ leads to high IF failure tendency of
AA6061 peak-aged RSW joints in the as-welded state. The ap-
plication of postweld solution treatment improves the local
strength and hardness in the FZ of the weld, increasing the
tendency of the joint to fracture in the PO mode.
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