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This study investigates the impact of paint baking on the macro and micro-mechanical properties of
resistance spot welds in quenched and partitioned 980 steels. It is observed that paint baking enhances
both peak load and energy absorption during cross-tension tests, as indicated by load-displacement
curves. Four different regions were identified from the load-displacement curves after paint baking. An
intriguing observation was a quick increase in the loading rate following a prior decrease, attributed to
change in crack propagation behavior rather than improved work hardening. The study further simulated
the upper-critical heat-affected zone using a Gleeble thermo-mechanical simulator to evaluate flow
strength and work hardening. The Kocks-Mecking strain-hardening model was employed to analyze work

hardening behavior in the studied conditions.
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1. Introduction

As a third-generation advanced high-strength steel (3G
AHSS), quenched and partitioned (Q&P) steel is one of the
materials being used to improve the crashworthiness and
fuel economy of new-generation auto bodies." These prop-
erties rely on the specific combination of microstructures,
based on the selectively designed alloying, and controlled
thermo-mechanical processing.? However, reduction in
post-welded tensile properties due to the softening at the
subcritical heat-affected zone (SCHAZ), softening at the
fusion boundary (FB), and liquation phenomenon after the
resistance spot welding (RSW), have been reported as fac-
tors limiting wider use of 3G AHSSs.”

To successfully implement 3G AHSS in automotive body
parts, the cross-tension properties of these steels need to be
improved significantly, as cross-tension strength (CTS) is a
common proxy to estimate the crashworthiness properties
of RSW.? In previous work® it was demonstrated that the
softening along the FB, known as halo ring, can reduce the
mechanical properties of the spot welds compared to the
halo-free welds when tested in their as-welded state. Dur-
ing automotive manufacturing, the body-in-white structure
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will be subjected to a paint-baking (PB) cycle to harden
the paint. PB has been shown to modify weld microstruc-
ture and change the crack propagation path, improving
the fracture properties of the RSW.® Based on a previous
investigation into the impact of PB on the fracture behavior
of Q&P 980 steel, it was observed that irrespective of the
PB heat treatment, fracture propagation occurred within the
upper critical heat-affected zone (UCHAZ). The fracture
surface of the as-welded sample predominantly exhibited
brittle intergranular fracture along the prior austenite grain
boundaries (PAGBs). However, this brittle fracture mode
was eliminated after PB treatment.”

In general, during deformation, two main sources of dis-
location generations exist: statistically stored dislocations
(SSD), and geometrically necessary dislocations (GND).®
The former is generated via Frank-Read sources, grain
boundary ledges, etc., during deformation and is the main
source of dislocations generation during plastic deformation.
GNDs are generated near interfaces (e.g., grain boundaries,
cell boundaries, efc.) due to a strain gradient.® Therefore,
GNDs are produced to decrease strain mismatch and defor-
mation inhomogeneity and do not contribute to the accom-
modation of plastic strain, as do SSDs.*'? Both SSDs and
GNDs are known to contribute to the work hardening of
metals with a more effective contribution from GNDs.¥
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It was proposed that hardening from PB was due to static
strain aging (SSA).'" This occurs via the SSA mechanism,
which may influence the mechanical properties of steels via
three different mechanisms, all occurring as a function of
the PB temperature and time.'*'? Firstly, there is the strain-
induced ordering of solute atoms, explained by Snoek'?
and Wilson et al.'> The second mechanism, Cottrel atmo-
sphere, was introduced by Cottrell et al.,'® occurs where
strain aging is accompanied by dislocation pinning, which
happens by interactions between interstitial atoms such as
carbon and existing mobile dislocations. It should be also
noted that a suitable amount of carbon should remain in the
solid solution after PB (e.g., decomposition of martensite,
carbides, etc.) to produce a sufficient hardening effect during
post-deformation.'” Furthermore, Wilson et al.'> proposed
a third mechanism, where the formation of solute clusters
eventually results in a fine transition carbide precipitation.
In high-carbon martensitic steel, this transition carbide
precipitation could be accompanied by the softening of
the martensitic matrix,'®'” which has been accepted as the
precipitation of &-carbides from PB improves cross-tension
properties.”’”” The abovementioned theories regarding the
strengthening effect of SSA have been explained and used
to understand the hardening aspect of PB. Still, studies fall
short of describing how PB can affect yield strengthening
and work hardening and do not examine the underlying
hardening micro-mechanisms.

Evaluating the local mechanical properties of weld zones
is challenging due to their small size. To overcome the
challenges associated with the small zones, various tech-
niques have been used: thermo-mechanical simulation using
Gleeble,?"*® micro-tensile testing,” hardness-scaling,?”
mini-sheer,” and instrumented indentation.?® Consider-
ing the small scale and rounded nature of the investigated
region, preparing mechanical specimens is impossible.
Direct property measurement of the narrow HAZ is only
possible using the instrumented indentation technique.

It is well known that the PB response of spot welds
depends on a variety of features such as its as-welded
microstructure, carbon content, dislocation density, and
grain size. Thus, the PB response of low-carbon steel will
be significantly different than a comparatively high-carbon
Q&P 980 steel. Although the metallurgical aspects of PB

and its general hardening mechanisms are widely accepted,
the micro- and macro-mechanical aspects of PB need further
understanding. How PB alters the load-bearing capacity of
the spot welds, work hardening behavior and the governing
mechanisms have not been addressed systematically. Hence,
this study, provides a detailed understanding of the changes
in local mechanical properties of the upper critical heat
affected zone (UCHAZ) of the Q&P 980 steel spot welds,
before and after the paint baking treatment. Characterization
of the local mechanical properties was done using micro-
indentation test and tensile testing of Gleeble-simulated
UCHAZ structures.

2. Materials and Methods

This study examines an industrially produced Zn-coated
1.2 mm thick Q&P 980 steel with a nominal chemical
composition of 0.23 wt.% C, 2.01 wt.% Mn, 1.05 wt.% Si,
and 0.22 wt.% Cr+Mo+Ti+Nb. The carbon equivalent of
the material is 0.65 and was calculated according to the
formula proposed by Yurioka et al.*” The microstructure
of the as-received steel consists of a combination of ferrite
(F), martensite (M), tempered martensite (TM), and retained
austenite (RA), as shown in Fig. 1. Quantified microstruc-
ture of the base metal is reported elsewhere.”

Resistance spot welding was carried out using a medium-
frequency direct current (MFDC) robot with a C-type gun
and a Rexroth Bosh weld controller. A dome-shaped Cu-Cr
electrode with a flat face diameter of 6 mm was used for
the welding. The welding schedules were chosen from AWS
D8.9%® and are shown in Table 1. Optimization of these
welding schedules and their effect on mechanical properties
was already reported in previous work.>*”

To simulate the PB heat-treatment, the welded samples
were heat-treated in a muffle furnace at a temperature of

Fig. 1.

ing the RA. (Online version in color.)
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(a) Base metal’s SEM micrograph showing F, M, and TM, (b) electron backscatter diffraction phase map show-

Table 1. Welding schedule used in this study.
Welding schedule
Electrode dNuggtet
force (kN)  Squeeze  Current  Welding Hold lameter
time (ms)  (kA)  time(ms) time(ms) (MM
4 167 9.0 267 167 6.67
© 2024 I1SI1J
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180°C for 27 minutes. The parameters for PB were cho-
sen through an extensive review of existing literature and
consultations with automobile companies. The mechanical
performance of the joints was evaluated by cross-tensile
testing (CTT) according to AWS D8.9,” using a crosshead
speed of 10 mm/min on a 100 kN MTS frame. To measure
the isolated tensile properties of the UCHAZ, the structure
of the UCHAZ was simulated by thermo-mechanical simu-
lation (Gleeble). The parameters used to create the UCHAZ
structure are shown in Fig. 2. The heating rate and cooling
rates are approximately 1 000°C/s, and 2 000°C/s, respec-
tively. Furthermore, a holding time of 0.7 s was used in this
study for Gleeble simulations. These parameters were evalu-
ated using T-tests, a statistical analysis method employed to
determine significant differences in data sets. To confirm the
effectiveness of the heat treatment in replicating the micro-
structure and mechanical characteristics of the UCHAZ
within the welded joint, the grain size and hardness of the
Gleeble-simulated samples were evaluated and compared
with those of the actual weld (AWS sample). PB treatments
were also carried out on Gleeble simulated samples using
the method described above. Tensile testing of the Gleeble
samples was done using a Shimadzu universal tensile frame
with a strain rate of 107 s™'. Digital image correlation
(DIC) apparatus (Vic 3D R9.1) was used to measure the
strain during the tensile test.

Metallographic samples were prepared using standard
methods. Samples were polished to a 1 ym diamond finish
followed by etching with Bechet-Beaujard reagent.”’ The
microstructure of the weld was characterized using an opti-
cal (Olympus BX51M) and a scanning electron microscopy
(Zeiss UltraPlus FE-SEM) analysis. A JEOL JSM 7000F
field emission SEM was used for the electron backscattered
diffraction (EBSD) technique. To post-process the EBSD
data, an Aztec crystal software was used.

Instrumented indentation testing was performed on a
Nanovea-M1 indentation tester. To estimate the yield
strength, a nearly flat tip indenter with a diameter of 50 ym
was used by following the procedure suggested by Midawi
et al.* The yield strength of the weld before and after paint
baking was calculated by Eq. (1) as suggested by Midawi
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Fig. 2. Temperature profile of Gleeble simulations. (Online ver-
sion in color.)
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where oy is the yield strength, F. is the force, and a is the
radius of the indenter. Hereafter, samples welded according
to the AWS schedule will be named, AWS, and AWS-PB
for those that have undergone the PB treatment. Gleeble-
simulated samples will be named G-AWS and G-AWS PB,
respectively.

3. Results and Discussions

Optical micrographs (OM) of cross-sections from the
AWS sample are shown in Fig. 3(a). Detailed base metal
microstructure analysis and its quantified microstructure
were given elsewhere.” Figures 3(b)-3(d) shows the micro-
structure of the UCHAZ, halo ring, and FB, respectively.
The microstructure of the UCHAZ and fusion zone (FZ) is
completely martensitic. The halo ring was 70-80 um wide,
and contained fewer sub-structures, as seen in Fig. 3(c).
The detailed investigation of the halo ring microstructure
may be found in previous work.” The FZ has a columnar
dendritic structure due to the low G/R ratio, where the G and
R are temperature gradient, and solidification rate, respec-
tively. When CTT was done, it was seen that PB improved
the load-bearing capacity of the spot welds by 34% and
absorbed energy (area under the load-displacement curve
up to the peak load) by 102%, as may be seen in Fig. 4(a).

PB increased the weld peak strength and energy absorp-
tion due to the cumulative effect of e-carbide formation and
the homogenization of microstructure after paint baking.
The characterization of &-carbide was documented in our
prior research.” The &-carbide has the ability to effectively
pins the movement of dislocations and hinder the propaga-
tion of cracks. PB noticeably reduced elemental segrega-
tion and eliminated the solidified liquation formed after the
welding.” Examination of the AWS-PB load-displacement
curve shows that it may be divided into distinct regions.
Region 1 displays a linear loading rate, Region 2 shows
a gradual decrease in loading rate, followed by a sud-
den increase in loading rate (Region 3), and final fracture
(Region 4). Of most interest, there is an increase in the slope
of the load-displacement curve (Region 3) above a load of ~
4.5 kN (Fig. 4(a)). To assess the loading behavior during the
CTT, the derivative of the load (L) to its displacement (D)
was plotted against the sample displacement in Fig. 4(b).

There are some similarities between the derivatives of
the CTT curve and the Kocks-Mecking work hardening
model®® (work hardening rate, e.g., derivative of the true
stress-strain curve, as a function of flow stress) in materi-
als during Mode 1 loading (tensile stress normal to the
plane of the crack), to show work hardening behavior.***"
Therefore, the derivatives of the load-displacement curve
(Fig. 4(b)) are used to probe into the loading behavior of
AWS and AWS-PB samples during CTT. The representative
loading behavior is highlighted by the derivative of the load-
displacement curve (filtered with a smoothening function to
highlight the overall trend in the data) and matches with the
identified regions from the load-displacement curve (Fig.
4(b)). The AWS sample solely exhibits the defined Region
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Fig. 3. Microstructure of the AWS sample: (a) cross-sectional micrograph, (b) UCHAZ, (c) halo ring, and (d) fusion

zone. (Online version in color.)
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Fig. 4. Mechanical properties of the spot welds before and after paint baking: (a) CTT, (b) derivative of the load-

displacement curve. (Online version in color.)

1 and 2, while the AWS-PB sample shows all four regions.
It should be noted that the load-displacement behavior
of the AWS-PB sample exhibits a strong resemblance to
load-displacement curves documented in the literature. >
In Region 1, both the AWS and AWS-PB samples exhibit
extensive bending of the base material, which is widely
accepted in the literature.*” In Region 2 (Fig. 4(a)), the
two loading curves start deviating, implying the different
loading behavior of the samples, resulting from the differ-
ent microstructures. For both samples, starting in Region
2, the deformation localizes around the nugget (where the
PB-AWS microstructure is different, from the AWS weld).
At a displacement of 6 mm, the AWS sample fractures.
Previous research demonstrates that the fracture surface of
the AWS sample exhibits a brittle fracture behavior with
an intergranular fracture path,” aligning well with the load-
displacement curve illustrated in Fig. 4(a).

The AWS-PB weld exhibits similar loading behavior to
the AWS weld in Region 1, although the loading rate of the
AWS-PB weld is slightly lower than exhibited by the AWS
weld. However, the AWS-PB weld demonstrates distinct
behavior in Regions 2 and 3 (Fig. 4(a)). As discussed, the
differences in the microstructure surrounding the nugget in
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the AWS-PB sample resulted in different loading behavior
compared to the AWS weld. During testing of the AWS-PB
sample, the load increases gradually in Region 2 and enter-
ing Region 3, a change in the slope of the load-displacement
curve is seen (Fig. 4(a)). Despite a longer Region 2, Region
3 is shorter where the sample reaches the peak load, and
fractures entering Region 4. As can be seen in Fig. 4(b), the
loading rate decreased gradually in Region 2 until it reached
a plateau by the end of this region. Entering Region 3, the
loading rate (Fig. 4(b)) again initially increased, reached a
maximum and then decreased. The reduction in loading rate
continued until fracture in Region 4. To discuss this unique
loading behavior, the microstructure of the AWS-PB needs
to be investigated. For this purpose, an interrupted CTT
was done, as shown in Fig. 5(a). SEM-EBSD is used to
assess the microstructure of the interrupted sample (Figs.
5(b) and 5(c)).

It is important to emphasize that the interrupted sample
(Fig. 5(a)) behaves in the same manner as the AWS-PB
sample, further confirming the reproducibility of this load-
displacement curve. A blended crack in the sheet-sheet
interface can be seen in Fig. 5(b), which primarily confirms
the strain localization around the nugget area in Region

© 2024 1SIJ
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Fig. 5.

(a) load-displacement curve with four regions shows the interrupted CTT, EBSD maps show the crack tip and

the micro-cracks in the interrupted sample (b) IQ map and (c) IPF map. (Online version in color.)

3. The EBSD analysis also reveals the formation of small
microcracks near the sheet-sheet interface, confirming that
crack tip blunting occurred. By initiation of micro-cracks
and blunting of the sheet-sheet interface cracks, the loading
rate increases until the newly formed micro-cracks reach
the critical propagation energy and start expanding through
the microstructure, by which the loading rate will again
decrease up to the fracture. Therefore, the improved energy
absorption and fracture behavior of the AWS-PB sample
can be attributed to this crack tip blunting and formation
of micro-cracks, as they would have delayed crack propa-
gation. Additionally, our prior research” indicates that PB
resulted in decomposition of the martensite and the forma-
tion of e-carbide, which increases fracture toughness by
hindering dislocation movement. Moreover, PB alters the
micro-texture, resulting in a more pronounced texture with
most grains oriented <101> parallel to the rolling direction.
This texture was reported to be better able to inhibit crack
progress, raising the energy needed for crack propagation
and changing the crack path, leading to a higher loading rate
during CTT. This is well-discussed in our previous work.”

Even by understanding crack propagation behavior in
the AWS-PB weld, the connection between the increase in
loading rate in Region 3 (Fig. 3(b)) and changes to the dis-
location-obstacle interactions resulting from PB is unclear.
To understand the changes in mechanical behavior, local
mechanical properties needed to be assessed by focusing
on the UCHAZ (Region 3) microstructure. For this purpose,
the yield strength (YS) of the UCHAZ region was estimated
for AWS and AWS-PB samples using instrumented indenta-

© 2024 1SIJ
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Fig. 6. Instrumented indentation load-displacement curves for

Region 3 of AWS and AWS-PB samples. (Online version
in color.)

tion.”> The load-displacement behavior shown in Fig. 6 for
AWS and AWS-PB samples does not show any substantial
changes, where there is only a slight difference in the YS.
The YS of the AWS and AWS-PB samples are measured to
be 1248 and 1 189 MPa, respectively. The slight decrease
in YS observed in AWS-PB sample can be attributed to the
presence of softer microstructural features, such as decom-
posed martensite, in the UCHAZ. Therefore, it seems that
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PB does not improve the local mechanical properties, e.g.,
YS, contrary to the improvement seen in the macro-mechan-
ical performance (cross-tension strength). To understand
the effect of microstructural changes in UCHAZ (Region
3 microstructure) on local tensile properties, including the
work hardening behavior, the UCHAZ was recreated using
Gleeble and was mechanically tested.

The uniaxial tensile tests for Gleeble samples are pre-
sented in Fig. 7. The Gleeble samples are named G-AWS
and G-AWS PB for before and after PB, respectively. The
strain hardening rate (do/d¢) is determined by imposing the
Kocks-Mecking model on the experimental data. The tensile
sample geometry is shown in Fig. 7(a); a comprehensive
explanation of the uniaxial tensile test procedure can be
found elsewhere.”

The true stress-strain curves (Fig. 7(b)) show the same
broad behaviour of the cross-tension test (Fig. 4(a)), where
the G-AWS exhibited brittle behavior, showing sudden
fracture after yielding, and the G-AWS PB sample had
supported large plastic deformation (~11% elongation to
fracture). However, due to the localization of the strain at
the necked area, and the non-uniform plastic deformation
behavior, only the data before necking (uniform plastic
deformation region) was used to extract work hardening
curves (Fig. 7(c)). For the identification of the necking
strain, Considére criterion®® is used. The true stress at
fracture and fracture strain was calculated using the cross-
sectional area of the failed sample. As can be seen in Fig.
7(b), YS is 1278 and 1161 MPa for the G-AWS and
G-AWS PB, respectively, which does not show a significant
difference. These values align well with the yield strengths
obtained from the actual welds (AWS and AWS-PB
samples) by performing the micro-indentation (1 248 and
1 189 MPa, respectively). Hence, it can be assumed that the
Gleeble-simulated samples well-represented the microstruc-
ture of specific weld regions.

From examining the work-hardening behavior of the sam-
ples, the G-AWS sample fractured immediately after yield-

ing, and only the elastic to plastic transition is observable
with no distinct work-hardening stages (Fig. 7(c)). However,
the G-AWS PB sample, exhibited Stage II (athermal harden-
ing) and Stage III (dynamic recovery) work hardening after
yielding. Stage II is typically accompanied by the persistent
interaction of obstacles with dislocations and dislocation
multiplications, where the work hardening rate shows a
plateau (no further reduction in the work hardening rate).*
In Stage III, or dynamic recovery, dislocation substructures
form a stage where dislocation density decreases due to the
recovery processes, which is associated with a continuous
reduction in the work hardening rate, until the fracture.>
However, these two stages are not distinguishable in the
current data. Immediately after the elastic to plastic transi-
tion region, the work hardening rate continuously decreases
until the start of necking. Compared to the CTT behaviour,
it may be seen that the increase in loading rate in Region
3 (Fig. 4(b)) was not present in the work hardening curve
of G-AWB PB. Therefore, it can be concluded that PB
does not affect yield strengthening and work hardening
behavior (micro-mechanical behavior). However, it does
substantially improve the fracture and energy absorption
behavior (macro-mechanical performance).” It is important
to highlight that, increased elongation and work harden-
ing of UCHAZ enables strain localization to be continued
around the nugget before fracture, offering new areas of
strain hardening, leading to the increase in loading rate in
the CTS specimens.

The increase in loading rate seen in Region 3 of Fig. 4(b)
is not solely attributed to the changes in the work hardening
behaviour of the UCHAZ after PB. Another important factor
that needs to be considered regarding the work-hardening
behavior is the dislocation density. For post-deformation
hardening to occur as a result of PB, both the amount of free
carbon in the solid solution and the density of dislocation
need to be above a critical limit. However, in most of the
studies, the critical dislocation density required to activate
the SSA mechanism is absent while those papers primarily
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Fig. 7. (a) Gleeble simulated sample geometry for the tensile test, (b) true stress-strain behavior of the samples, and (c)

derivative of the stress-strain curve showing the strain hardening behavior. (Online version in color.)
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focus on the critical carbon content. It is also worth noting
that PB leads to the redistribution of solute in the matrix
and decreases elemental segregation, leading to a more
homogenous microstructure.”*® This implies that after PB
there will be a low GND density as they are generated from
microstructural inhomogeneites. Therefore, it is expected
that GNDs will not have a significant influence on the SSD
mechanism in the PB sample, although the carbon content
in the solid solution may reach the critical limit. However,
this needs a systematic study incorporating characterization
techniques and interrupted tests to examine the evolution
of dislocation density before and after PB as well as during
tensile deformation, which is the topic of an ongoing study.

4. Conclusion

The present study examines the effect of paint baking
on the macro and micro-mechanical behavior of resistance
spot welded Q&P 980 steel. The results revealed that PB
significantly enhanced the cross-tension strength (maximum
weld strength) and energy absorption of the spot welds,
with 34% in maximum weld strength and 102% in absorbed
energy. Four distinct regions were identified for CTT load-
displacement curves after the PB. It was found that Regions
2 and 3 involve the localization of deformation at the nugget
area where in Region 3, the loading rate (derivative of load-
displacement) surprisingly increased and then after reaching
a maximum, decreased up to the fracture in Region 4. It
was later shown that this unique loading behavior is due to
the crack tip blunting and initiation of new micro-cracks.
Uniaxial tensile behavior of the simulated microstructure of
Region 3 (UCHAZ) did not show any significant difference
in yield strengthening and work hardening behavior between
the G-AWS and G-AWS PB samples. It was found that
the G-AWS PB sample experienced Stage II and III work
hardening, where these two stages were not distinguishable.
However, the G-AWS sample only entered early Stage II
right after elastic to plastic transition, before experiencing a
premature fracture. Accordingly, it was concluded that the
local mechanical performance of spot weld is not affected
by paint baking, while the fracture and energy absorption
behavior was improved substantially.
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