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Abstract: A transformation-induced plasticity (TRIP) steel and a dual-phase (DP) steel were paired
together by employing gas metal arc welding (GMAW) and laser beam welding (LBW) processes.
The post-weld microstructure, the hardness profile, and the uniaxial tensile behavior of the welded
steels have been analyzed in detail. The experimental surface residual stress distribution across the
weldment was measured through the X-ray diffraction sin2Ψ technique. The results indicate that
although a harder microstructure composed of predominant martensite was observed along the
weldment, the uniaxial tensile behavior resulted in better elongation properties and a higher UTS in
the LBW specimen as compared to the GMAW specimen. The resultant residual stress distribution in
the heat-affected zone (HAZ) had an increase to a maximum value, followed by a steady decrease
up to the base metal following the trend: upper-critical UC-HAZ (maximum)→ inter-critical IC-
HAZ (moderated)→ subcritical SC-HAZ (lowered), which was particularly more evident on the
GMAW specimen. Overall, the resultant residual stresses along the weldment were lower on the LBW
specimen (172 MPa maximum) which clearly contrasts to the GMAW specimen (421 MPa maximum).
Finally, the tensile residual stresses in both the GMAW or LBW did not influence the overall tensile
properties of the weldments.

Keywords: residual stress; TRIP and DP steels; arc and laser welding; microstructure and hardness;
tensile properties

1. Introduction

A reduction in gas consumption and proper emission control are key advantages
in the automotive industry [1,2], particularly when employing advanced high-strength
steels (AHSSs) in the fabrication of contemporary automobiles. Nowadays, AHSSs play
an essential role in the autobody assembly due to their excellent combination of strength
and ductility. Among the first generation of AHSSs, the transformation-induced plasticity
(TRIP) steel and the dual-phase (DP) steel possess a suitable combination and varied
fractions of martensite, pearlite, bainite, ferrite, and retained austenite microstructures that
distinctly contribute to their outstanding mechanical behavior [3].

It is commonly known that a widely employed welding process in autobody construc-
tion is resistance spot welding (RSW) [4,5]; however, other welding processes are available
for specific purposes when joining AHSSs, for example, gas metal arc welding (GMAW)
can be properly applied to join components demanding high-load-bearing capacity [5–7]
and/or enhanced fatigue strength [8–12], such as the chassis, suspension parts, reinforce-
ment bars, pillars, etc. [6,13]. The advantages of the GMAW of AHSSs are realized when
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joining dissimilar steel grades or different steel sheet thickness [14]; indeed, the filler metal
can be properly selected in order to further control the fusion zone (FZ) chemistry and
the post-welding microstructure and, therefore, the overall mechanical performance of the
weldment [15,16]. On the other hand, if ductility and formability behavior are principal
requirements, i.e., tailored welded blanks of AHSSs, then laser beam welding (LBW) offers
reasonable advantages [17,18]. Particularly, the lower heat input of fiber laser welding
promotes a narrower FZ and heat-affected zone (HAZ); hence, the microstructure gradient
extension along the weldment is clearly reduced, thus resulting in an attractive combination
of strength and elongation [19–22]. In terms of the phase/microstructure development,
the rapid cooling rates encountered in LBW consistently generate a hard FZ due to the
formation of martensite in DP steel [23]. The softening in the subcritical HAZ (SC-HAZ)
due to the tempering of martensite in laser-welded DP steel is almost inexistent, thus
contrasting with the distinctly measurable softening in the arc-welded specimens [24]. By
comparing the mechanical behavior between arc- and laser-welded AHSSs, it has been
demonstrated that the uniaxial tensile strength and the uniform elongation in fiber laser
welds are generally higher than arc-welded specimens [25]. Furthermore, the formability
behavior clearly depends on the weld hardness, the weld width, and the geometry of the
specimen; in spite of that, it has been shown that the maximum formability (a limiting
dome-height test) in a Si-TRIP steel is obtained upon fiber-laser-welded specimens [26].

The analysis of the residual stress (RS) distribution is quite important for the me-
chanical behavior of weldments because it could be feasible to understand and/or predict
the possible failure when subjected to tension, fatigue, and/or formability. For instance,
experimental RS measurements across a weldment of AHSSs have been investigated in
resistance spot welds (RSW) [27]. The experimental RS profiles obtained alongside the
weldment in an RSW-TWIP steel indicated a strong dependence on the welding parameters,
and the highest RS values were located at the edge of the electrode-to-sheet contact area [28].
The effect of paint baking was evaluated in both resistance spot-welded DP980 and HF980
steels; a significant reduction in residual stress was found in the DP980 steel following
the paint-baking procedure, thus clearly improving the overall cross-tension strength [29].
A post-weld cold-working (PWCW) procedure was applied to a dissimilar stack up of
resistance spot-welded HC550/980DP steels; the PWCW induced compressive residual
stress in both the fusion zone and HAZ, thus suppressing the nucleation and propagation
of cracking and therefore improving the fatigue strength of the weldment [30].

It is worth mentioning that the experimental surface residual stress analysis through X-
ray diffraction of arc- or laser-welded AHSSs is limited. A low transformation temperature
welding (LTTW) consumable was utilized to arc weld DP980 steel plates; X-ray neutron
diffraction indicated a reduction in RS in both the fusion zone and heat-affected zone, as
compared to the ER70S-3 filler-metal-welded specimen [31]. Two overlapped DP600 steel
sheets of 1.25 mm gauge were joined by Nd:YAG laser welding; the lower values of the
experimental residual stresses were found in the BM followed by the HAZ and FZ (peak)
promoted by the high thermal gradient that decreases in a transverse direction with respect
to the weld path [32]. The higher residual stresses located in the HAZ of an arc-welded
TS590 high-strength steel as compared to arc-welded TS270 steel were attributed to the
higher yield strength in the former steel [33]. Two real automotive components, namely
the lateral link and eye bar, composed of SAE1010 and HSLA steels, respectively, were
gas metal arc welded and further heat-treated at 343 ◦C for 2 h in order to relieve the
state of residual stresses; interestingly, the fatigue strength was diminished because the
post-welding compressive stresses at the toe returned to zero after the treatment, thus
negatively affecting the fatigue performance of the weldment [34]. A 5 mm thick high-
strength (up to 550 MPa) steel plate was butt-joined by a hybrid fiber laser/GMAW system;
the maximum RS decreased when increasing the welding speed, whereas increasing the
wire feed rate slightly increased the RS [35]. A 6.3 mm in thickness and hot-rolled TWIP-Ti
steel was GTAW without filler metal; it was inferred that the high RS values (i.e., 586 MPa)
measured at the FZ-HAZ interface was not accurate due to a high deviation of the peak
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calculation. Indeed, the RS variation was attributed to the texture effect, the presence of
different phases, namely austenite and ferrite, local segregation, Mn evaporation, and the
mismatch of properties [36]. A dissimilar combination of AHSS sheets were gas tungsten
arc welded; the larger residual stresses found near the weld seam at the 1.0 mm in thickness
TRIP steel side again were associated to its higher yield strength (651 MPa) as compared
to the 1.5 mm in thickness TWIP steel side (YS = 337 MPa) [37]. Interestingly, a direct
comparison of the residual stress distribution along the weldment joining dissimilar AHSS
through arc welding and laser welding processes has not been documented so far.

In addition, the abovementioned contributions did not accurately correlate the mi-
crostructure gradient across the weldment, including the FZ, the subzones of the HAZ, viz.
upper-critical (UC-HAZ), inter-critical (IC-HAZ), and subcritical (SC-HAZ), and the base
metal (BM), to the experimentally obtained surface residual stress. Therefore, in this work,
two dissimilar types of AHSSs (TRIP and DP steels) have been joined by means of GMAW
and LBW; hence, a comparison of the microstructure, hardness, tensile behavior, and the
experimental surface residual stress distribution along the various zones of the weldment
has been carried out. The novelty of this work lies on the proposed analysis regarding the
direct comparison between laser and arc welding of dissimilar TRIP-DP steel in terms of
the structure property, along with a detailed experimental surface residual stress analysis
across the weldment.

2. Materials and Experimental Details
2.1. Materials

TRIP and DP steels were employed in the form of 1.2 mm sheet thickness. The
experimentally obtained chemical composition through optical emission spectroscopy
(OES) Brucker Q4 TASMAN (Brucker, Zacatecas, Mexico) along with the carbon equivalent
calculated as per Yurioka’s equation [38] is listed in Table 1. The base metal microstructure
of TRIP steel is composed of a ferrite (α) matrix, a low fraction of martensite (α´) islands,
retained austenite phase (γ or RA), and reduced volume fraction of bainite (B) as illustrated
in Figure 1a–c and confirmed through X-ray diffraction (XRD) analysis. The average BM
hardness of TRIP steel was measured 247 ± 3 HV. The base metal microstructure of DP
steel consists of α´ hard islands finely aligned to the rolling direction and embedded within
a ductile α-matrix, accompanied with small amounts of B and RA (Figure 1b–d), having an
average hardness of 246 ± 4 HV. The engineering stress–strain properties for TRIP and DP
steel sheets are provided further ahead.

2.2. Welding Procedure

TRIP and DP steel sheets of 200 mm length by 100 mm width were butt-welded by
employing two different welding processes: laser beam welding (LBW) and gas metal
arc welding (GMAW). LBW blanks were obtained in an Ytterbium-Doped Fiber YLS-
6000 machine (IPG Photonics, Waterloo, ON, Canada) operated according to the selected
parameters listed in Table 2; no shielding gas and no filler metal were used. GMAW
samples were made by an Infra MM 300-E machine (Infra, Zacatecas, Mexico) operated
at 10.1 kVA/7.7 kW with non-pulsed short circuit metal transfer mode, using an ER70S-6
solid welding wire of 0.9 mm in diameter, with a travel and work angle of 90◦, and by
using direct current electrode positive. The parameters for both welding process GMAW
and LBW are provided in Table 2.

Table 1. Chemical composition (OES) of TRIP and DP steel (wt.%).

Material C Mn P Si Cu Ni Cr Mo Al CEy

TRIP 0.17 1.53 0.02 0.29 0.03 0.02 0.03 0.02 1.38 0.435
DP 0.14 1.75 0.01 0.17 0.05 0.02 0.30 0.10 0.02 0.450

ER70S-6 * 0.06–0.15 1.40–1.85 0.025 0.80–1.15 0.50 0.15 0.15 0.15 - -

* Chemical composition as per the AWS A5.18 standard (AWS—American Welding Society).
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Figure 1. TRIP steel: (a) base metal microstructure, (c) TRIP steel phase distribution; DP steel: (b) base
metal microstructure, (d) DP steel phase distribution.

Table 2. Selected welding parameters for GMAW and LBW.

GMAW-Parameter
Current

(A)
Voltage

(V) Shield Gas Gas Flow
(L/min)

Travel Speed
(m/min)

55 16.5 75% CO2 + 25% Ar 18 0.6

LBW-Parameter

Laser
Power
(kW)

Beam Spot
Size
(µm)

Focal Length
(mm)

Gas Flow
(L/min)

Travel Speed
(m/min)

4 600 200 – 12

All welds were made transverse to the rolling direction; previous experiments were
carried out in order to determine the selected process parameters [26]. An equipped
workstation was used for the welding operation by GMAW and LBW (Figure 2). All
sheets were fixed in copper-alloy jigs to achieve a heat sink condition in order to minimize
further distortion.

Metals 2022, 12, x FOR PEER REVIEW 5 of 19 
 

 

 
Figure 2. Experimental setup for (a) GMAW and (b) LBW. 

2.3. Characterization Techniques 
All samples were sectioned in the transverse direction and prepared by metallo-

graphic techniques using standard metallographic procedures followed by etching with 
2% Nital solution. 

Microhardness measurements were recorded along the weldment at the transverse 
cross-section of the samples using an HVM Shimadzu (Shimadzu, Zacatecas, Mexico) 
hardness tester with an applied load of 200 g and dwell time of 15 s and the indentations 
were spaced to each other 200 and 100 μm for GMAW and LBW welds, respectively. 

The welded specimens were cut perpendicular to the welding direction with the 
weld line positioned at the center of the gauge length. A DK-7725e Titanium™ (Titanium, 
Zacatecas, Mexico) wire electric discharge machine was employed for machining the fi-
nal shape and size of all tensile specimens based on ASTM E8/E8M standard. Uniaxial 
tensile tests was carried out in a Shimadzu AG1 (Shimadzu, Zacatecas, Mexico) universal 
testing machine. 

2.4. Residual Stress Measurement 
The interplanar spacing d within the crystal lattice can be calculated through the 

Bragg´s law equation: 𝑛𝜆 = 2𝑑 sin 𝜃 (1) 

where θ is the diffraction angle, n and λ are the diffraction order and the wavelength, 
respectively. If a polycrystalline metal is deformed elastically, the interplanar spacing 
(strain) within the grains changes to a new value corresponding to the magnitude of the 
applied stress. X-ray diffraction can be used as a method for strain measurement by 
tracking the changes in the interplanar spacing d, which can be further related to the 
elastic strain (ε) according to: 𝜀 = 𝑑௡ − 𝑑଴𝑑଴  (2) 

where dn is the spacing of the planes under stress and d0 is the spacing of the same planes 
in the absence of stress. The strain is then related to stress (σ) by: 𝜎௬ = 𝐸𝜀௬ (3) 

where E is the elastic modulus. If the material is isotropic, the strains are related by: 𝜀௫ =  𝜀௭ =  𝜈𝜀௬ (4) 

where ν is the Poisson ratio for the material. By combining Equations (2–4): 

Figure 2. Experimental setup for (a) GMAW and (b) LBW.



Metals 2022, 12, 880 5 of 16

2.3. Characterization Techniques

All samples were sectioned in the transverse direction and prepared by metallographic
techniques using standard metallographic procedures followed by etching with 2% Ni-
tal solution.

Microhardness measurements were recorded along the weldment at the transverse
cross-section of the samples using an HVM Shimadzu (Shimadzu, Zacatecas, Mexico)
hardness tester with an applied load of 200 g and dwell time of 15 s and the indentations
were spaced to each other 200 and 100 µm for GMAW and LBW welds, respectively.

The welded specimens were cut perpendicular to the welding direction with the
weld line positioned at the center of the gauge length. A DK-7725e Titanium™ (Titanium,
Zacatecas, Mexico) wire electric discharge machine was employed for machining the
final shape and size of all tensile specimens based on ASTM E8/E8M standard. Uniaxial
tensile tests was carried out in a Shimadzu AG1 (Shimadzu, Zacatecas, Mexico) universal
testing machine.

2.4. Residual Stress Measurement

The interplanar spacing d within the crystal lattice can be calculated through the
Bragg´s law equation:

nλ = 2dsinθ (1)

where θ is the diffraction angle, n and λ are the diffraction order and the wavelength,
respectively. If a polycrystalline metal is deformed elastically, the interplanar spacing
(strain) within the grains changes to a new value corresponding to the magnitude of the
applied stress. X-ray diffraction can be used as a method for strain measurement by tracking
the changes in the interplanar spacing d, which can be further related to the elastic strain (ε)
according to:

ε =
dn − d0

d0
(2)

where dn is the spacing of the planes under stress and d0 is the spacing of the same planes
in the absence of stress. The strain is then related to stress (σ) by:

σy = Eεy (3)

where E is the elastic modulus. If the material is isotropic, the strains are related by:

εx = εz = νεy (4)

where ν is the Poisson ratio for the material. By combining Equations (2)–(4):

σy = −E
ν

(
dn − d0

d0

)
(5)

where σy is the required stress [39].
The sin2ψ technique can be used to determine the residual stresses existing in a

surface layer of polycrystalline materials by assuming plane-stress state. A number of
XRD measurements are made at different psi (ψ) tilt angles, the interplanar spacing (at 2θ
peak position) is measured and plotted against the sin2ψ, and the slope of the plot gives σ0,
according to [40]:

dφψ =

[(
1 + ν

E

)
·sin2(ψ)−

(
2ν

E

)]
·σ·d0 + d0 (6)

Residual surface stresses were experimentally measured by X-ray diffraction through
the sin2ψ method at different locations across the weldment (i.e., the measurement line
covered: FZ, HAZ, and BM) in both steels of the dissimilar steel sheet combination, as
schematically illustrated in Figure 3.
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Figure 3. Schematic showing the residual stress measurement path across the weldment.

A Bruker Advanced D8 Eco™ diffractometer (Bruker, Zacatecas, Mexico) equipped
with Cu radiation adapted with a micro-diffraction pin of 1.0 mm size was employed.
The stress analysis was recorded from 115◦ ≤ 2θ ≤ 118◦ in order to evaluate α-Fe (310)
diffraction peak. A step size of 0.005◦ and 3 s of time per step were set up. With the purpose
of discriminating Fe Kα doublet fluorescence owing to the employment of Cu-kα radiation,
a compound silicon strip energy-discriminating-dispersive LYNXEYE XE-T™ detector
(Bruker, Zacatecas, México) was suitably calibrated. Residual stresses were calculated from
the experimental data (five different ψ angles starting at 0◦ up to 45◦) throughout the slope
of the least-square line method by supposing material constant values E = 181 GPa, and
Poisson ratio v = 0.32. The lattice spacing d0 in this experiment was measured at Ψ = 0
because elastic strains do not introduce more than 0.1% difference between the true d0
and d at any ψ [39]. Gravity peak positioning method for the quantitative XRD stress
evaluation was carried out (by using LEPTOSTM software, version 7.8 build 0-S, Bruker
AXS GmbH, Zacatecas, México), as this approach is categorized for providing best linear
regressions, thus resulting in high precision [40]. The accuracy of stress measurements lied
approximately within a range of ±21~35 MPa.

3. Results and Discussion
3.1. Microstructure and Hardness

Figure 4a shows the transverse cross-section macrostructure of the GMAW specimen,
indicating the location of the various regions within the weldment, i.e., the fusion zone
(FZ), the heat-affected zone (HAZ) that was subdivided as specific zones corresponding
to the upper-critical (UC-HAZ), inter-critical (IC-HAZ), and sub-critical (SC-HAZ), and
finally, the base metal (BM) has also been pointed out.

The FZ microstructure of the GMAW specimen is shown in Figure 4b,c. The area
marked with a yellow square within Figure 4b can be observed at higher magnification in
Figure 4c. Due to the mixture of the chemistry between the TRIP, DP, and filler metal, the
high heat input and the corresponding cooling rate and a high-volume fraction of ferrite,
side-plate ferrite, the reduced content of perlite, and a considerable fraction of bainite and
martensite are the main FZ constituents, as illustrated in detail in Figure 4c.

The net high heat input upon the GMAW process promoted a great extension of the
weldment zone and the microstructure gradient along the HAZ is described as follows. The
microstructure of the TRIP steel UC-HAZ is composed of coarse-grain and fine-grain zones
with predominant martensite and bainite with a reduced fraction of ferrite located at the
prior austenite grain boundary, and it is important to notice that the periphery of the prior
austenite grain boundary (an indication of the grain size) has been finely delimited by a
dashed line in selected grains in Figure 5a,b. The IC-HAZ which is a partially transformed
zone revealed the previous TRIP-BM microstructure along with the further products of
the transformation, such as martensite and bainite, as seen in Figure 5c. The SC-HAZ
shows the presence of ferrite, tempered martensite (TM), and traces of retained austenite,
as illustrated in the Figure 5d.
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In the same way as the TRIP steel, Figure 6a,b show both coarse- and fine-grain
regions in the UC-HAZ in the DP steel side; however, the predominant martensite is
further revealed. Again, the DP-IC-HAZ is composed of the BM microstructure and the
transformed microstructure of martensite and traces of bainite (Figure 6c). Meanwhile,
the precipitation of carbides due to the tempering of martensite is clearly evident in the
SC-HAZ of the DP side (Figure 6d).
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The macrostructure of the laser-welded TRIP-DP specimen observed in Figure 7a
illustrates a narrow weldment zone (FZ and HAZ) as compared to the GMAW specimen.
The high cooling rate developed in the LBW process evidently resulted in the formation of
a hard martensitic microstructure in the fusion zone, as shown in Figure 7b,c. Again, the
marked area within Figure 7b can be observed at higher magnification in Figure 7c.
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The microstructure development of the laser-welded TRIP-DP specimen for both HAZs
is observed in Figure 8. The TRIP-UC-HAZ revealed finer martensite grains (as compared
to the GMAW specimen), a narrow TRIP-IC-HAZ showing partial transformation, and the
SC-HAZ with the presence of ferrite and hardly observed tempered martensite (almost
inexistent). A similar trend is shown on the DP steel side: martensite in the UC-HAZ, a
partial transformation of microstructures in the IC-HAZ, and the barely observed TM in
the SC-HAZ.

Metals 2022, 12, x FOR PEER REVIEW 10 of 19 
 

 

 
Figure 8. Microstructure development along the HAZ of the dissimilar TRIP-DP LBW specimen: 
macrographs taken from the TRIP steel side covering (a) SC, IC, and UC, (b) IC, UC, and partial 
view of the FZ. Macrographs taken from the DP side covering (c) partial view of FZ and UC-HAZ, 
(d) UC, IC, and SC HAZ. 

The hardness profile distribution throughout the weldment for the GMAW and 
LBW are given in Figure 9a,b. The GMAW specimen FZ hardness averaged 284 ± 10 HV 
which corresponded well to the previously described microstructures; in addition, the 
peak hardness value (415 HV) was measured in the UC-HAZ on the DP steel side in 
which the predominant martensite and bainite were obtained. A transitional reduction in 
hardness is clearly seen in the IC-HAZ (particularly on the DP side). Softening in the 
SC-HAZ is revealed in both steels with a hardness drop (44 HV) in the DP steel (with 
respect to the BM) and a drop of hardness (35 HV) in the TRIP steel side (Figure 9a). 
Softening in the HAZ of the GMAW-TRIP steel has been previously reported, and it has 
been attributed to: (a) the precipitation and coarsening of carbides, (b) the precipitation of 
the supersaturated austenite phase, and (c) the partial recovery of the lath martensite 
[26]. On the other hand, the LBW specimen showed a sharper hardness profile, as ob-
served in Figure 9b, with a maximum hardness value logically encountered in the FZ 
averaging 461 ± 24 HV. A transitional drop in hardness in the HAZ is observed in both 
steels, whereas nonmeasurable softening was found on either steel side of the dissimilar 
joint. 

Figure 8. Microstructure development along the HAZ of the dissimilar TRIP-DP LBW specimen:
macrographs taken from the TRIP steel side covering (a) SC, IC, and UC, (b) IC, UC, and partial view
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The hardness profile distribution throughout the weldment for the GMAW and LBW
are given in Figure 9a,b. The GMAW specimen FZ hardness averaged 284 ± 10 HV which
corresponded well to the previously described microstructures; in addition, the peak
hardness value (415 HV) was measured in the UC-HAZ on the DP steel side in which the
predominant martensite and bainite were obtained. A transitional reduction in hardness
is clearly seen in the IC-HAZ (particularly on the DP side). Softening in the SC-HAZ is
revealed in both steels with a hardness drop (44 HV) in the DP steel (with respect to the
BM) and a drop of hardness (35 HV) in the TRIP steel side (Figure 9a). Softening in the
HAZ of the GMAW-TRIP steel has been previously reported, and it has been attributed to:
(a) the precipitation and coarsening of carbides, (b) the precipitation of the supersaturated
austenite phase, and (c) the partial recovery of the lath martensite [26]. On the other hand,
the LBW specimen showed a sharper hardness profile, as observed in Figure 9b, with
a maximum hardness value logically encountered in the FZ averaging 461 ± 24 HV. A
transitional drop in hardness in the HAZ is observed in both steels, whereas nonmeasurable
softening was found on either steel side of the dissimilar joint.
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3.2. Uniaxial Tensile Behavior

The engineering stress–strain curves of the welded specimens in Figure 10a show that
the uniform elongation and UTS for the LBW was 21% and 813 MPa, respectively, which
contrast well to the diminished values for the GMAW specimen (17% and 767 MPa). In
addition, the BM tensile properties incorporated as a benchmark in Figure 10a indicate that
the mechanical overall performance is being obviously affected in the welded specimens;
furthermore, the higher the input, the higher the extension of the weldment, therefore
lessening the final tensile properties in the GMAW specimen [26]. It is worth noting that the
stress–strain curve of the welded joints was approximately the average of the stress–strain
curve of both base materials; hence, this is an indication that all elements of the joints were
being strained until strain localization occurred.

The failure location for the GMAW and LBW specimens consistently resulted on the
TRIP steel side; however, it is worth to note that the failure was consistently located in
the SC-HAZ of the GMAW specimen as pointed out by the white arrows in Figure 10b.
Contrary to that, the LBW specimen failed at 12 mm away from the center of the FZ,
therefore confirming that the failure location corresponded to the TRIP-BM (Figure 10c).

3.3. Residual Stress Analysis

Figure 11 shows the residual stress (RS) profiles across the weldment of both (a) GMAW
and (b) LBW specimens. The negative stresses located in the FZ of the gas metal arc weld
dissimilar steel combination clearly contrast the positive stress distribution in the HAZ in
both steels, as observed in Figure 11a. The transverse stress (TS) along the HAZ in both
steels is generally higher as compared to the longitudinal stress (LS); further, the peak
stress value was found in the HAZ of the TRIP steel side (421 MPa). In contrast, the LS
distribution along the HAZ (UC, IC, SC) region is for the most part higher on the DP side,
whereas in the HAZ of the TRIP steel side, the LS resulted almost near to zero (Figure 11a).
Finally, it is important to mention that both types of residual stress (LS and TS) are higher
in the base metal of the TRIP steel side.
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Compressive residual stresses in the fusion FZ of high-strength steel arc weldments
have likewise been reported elsewhere [31,33,35]. It has been established that the resultant
RS distribution within the weld zone in arc welds largely depends on the careful selection
of the filler metal; the richer the chemistry of the filler metal (i.e., additions of Cr, Ni,
Mn, etc.), the higher the tendency to develop a harder martensitic microstructure that
could control the evolution of the tensile residual stresses in the FZ [31,41]. Martensite
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displacive transformation occurs at lower temperatures (~250 ◦C) as compared to bainite
(~400 ◦C), ferrite, and/or pearlite (~700 ◦C), and the RS generated are much smaller due
to the smaller range between the martensite finish and room temperature that further
minimizes thermal contractions. Phase transformation strains overtake the effect of thermal
contraction as the temperature decreases; as soon as the austenite phase is depleted, the
thermal contraction continues, thus producing the accumulation of stress. Therefore, the
displacive transformation leads to a greater reduction in stress and the possibility of turning
it into compressive stresses [42]. However, the FZ of the GMAW specimen in the dissimilar
TRIP-DP combination resulted in a combination of various phases, including martensite,
bainite, and ferrite (Figure 4), and the average FZ hardness was measured below 300 HV
(Figure 9a); therefore, it is seen that the resultant compressive stress in the FZ did not
solely depend on the transformation of the previously described phases but on the possible
additional factors, such as the weld joint restraint [43], the sheet thickness, the type of
joint [44], the weld reinforcement size [45], the effects of the dissimilar steel type (mismatch
properties) [46], among others. The former variables are being further investigated and
results will be communicated in future contributions.

On the other hand, there is a clear trend in the HAZ of the GMAW specimens associated
to the gradual increase in residual stresses to a maximum value, then followed by a
steady decrease up to the base metal (see Figure 11a); a similar trend has been reported
elsewhere [31,35,36]. Two evident RS values are revealed in the UC-HAZ of both steels.
For instance, the high RS value is located in the coarse-grain region (next to the fusion
line), whereas the maximum RS value is located just in the fine-grain region, and in both
mentioned regions, the hard lath martensite is the predominant phase as observed in
Figures 5a,b and 6a,b. On the contrary, there is a combination of soft and hard phases in
the IC-HAZ region due to partial recrystallization and further transformation into hard
martensite and bainite, and the mixture of the partial recrystallized structure and the
unaffected BM microstructure further lowered the RS values (Figures 5c and 6c). The
tempering of the martensite phase and the low annealing temperature occurring in the
SC-HAZ resulted in a further reduction in the RS values; indeed, carbide precipitation in
the martensite islands (Figure 6d) along with a severe hardness reduction (Figure 9) was
evident in the SC-HAZ of the DP steel which resulted in the lowest RS values as compared
to the TRIP side. It has been previously demonstrated [24,26] that softening due to the
tempering of martensite is quite more accentuated in DP steels in comparison with TRIP
steels; therefore, a larger RS reduction was seen in the DP side of the dissimilar GMAW
combination, as confirmed in Figure 11a.

It is important to mention that maximum tensile residual stresses have been consis-
tently reported to be located in the HAZ of AHSSs arc weldments [31,33,35,36]. The higher
tensile residual stress in the HAZ has been correlated to the thermal diffusivity distribution,
and therefore to the heat concentration in the HAZ adjacent to the FZ that promotes high
thermal stresses [36]. Furthermore, it has been consistently correlated that the maximum
values of the RS (i.e., located in the HAZ) to the bulk material yield strength (YS); in
some cases, the former reaches half of the YS [35,36] and, in other cases, is close to the
YS [33]. Thereby, it is shown here that there is a microstructure gradient along the HAZ that
promotes property variations, particularly on the localized yield strength. For example, it
has been demonstrated that the temperature-dependent yield strength of austenite, bainite,
and/or martensite are different and have particular variations that greatly influence the
residual stresses in the HAZ [47].

On the other hand, the residual stress profile of the LBW specimen resulted almost
in a flat shape, as depicted in Figure 11b. Tensile longitudinal stresses and compressive
transverse stresses are revealed in the narrow FZ; however, it is important to recall that
the width of the FZ is about 450 µm. The maximum RS value (172 MPa tensile) was
located in the HAZ of the DP steel side. The difficulties associated to the limited and
small size of the HAZ (250–300 µm) in the LBW specimen made it hard to differentiate
the corresponding experimental residual stresses of the various subzones (UC, IC, SC);
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therefore, the RS indicated in Figure 11b is, without any doubt, representative of all the
mentioned subzones. Once the RS measurement location is far away from the HAZ, the
residual stresses in the base metal in both steels again seemed to be mainly negative and
about zero. Correspondingly, the tensile longitudinal RS and the compressive transverse
RS have been reported in the FZ of a TRIP steel paired to a TWIP steel through Nd:YAG
laser welding, whereas elevated RS values were located in the HAZ of the TRIP steel side
and compressive stresses were consistently reported in the BM [37].

Generally speaking, the abovementioned residual stress state in the LBW specimen is
expectedly lower than that encountered in the GMAW specimen. The higher heat input in
the arc welding processes obviously induced higher distortion in the dissimilar TRIP-DP
steel sheet combination. Additionally, it has been documented that arc welding heat input
can be several times higher than the laser welding heat input, thus inducing higher residual
stress in the former [43,48]. Indeed, the employment of a filler metal and consequently
the volume addition of metal promotes a shrinkage effect in the arc welding process, thus
inducing high tensile stresses at the weldment (distinctly in the HAZ) that clearly contrast
the overall compressive stresses typically found upon laser weldments [49,50].

On the other hand, the maximum FZ hardness was found in the LBW specimen
(i.e., above 450 HV) having the presence of predominant lath martensite; the average RS
value was considerably lower in comparison to the HAZ, thus meaning that martensitic
transformation could further relax the residual stresses [32]. Finally, according to Figure 10,
the failure location in both welded specimens GMAW and LBW resulted in the SC-HAZ
and the BM, respectively, on the TRIP steel side; hence, it can be inferred here that the
resultant residual stress distribution had no clear influence on the uniaxial tensile behavior
in both the GMAW and LBW specimens. However, it is worth mentioning that further
investigation is needed in order to understand the effect of the RS distribution along the
weldment on the fatigue, impact, and/or formability behavior of arc and laser welding
of AHSSs.

4. Conclusions

A dissimilar steel-grade combination of the TRIP-DP was butt-joined by separately
employing two different welding processes: GMAW and LBW. The post-weld microstruc-
ture description of the different regions of the weldment has been provided along with the
corresponding hardness measurements, and the uniaxial tensile behavior and the residual
stress distribution across the weldment were analyzed; therefore, the following conclusions
are addressed.

1. A hard predominant martensite averaging 461± 24 HV in the FZ of the LBW specimen
contrasts well with the 284 ± 10 HV obtained in the FZ of the GMAW due to the
combination of ferrite, bainite, and martensite microstructures promoted by the mix
of chemistry between the filler metal and the base material in the latter.

2. The peak hardness value (415 HV) measured in the UC-HAZ of the DP steel side in the
GMAW specimen clearly contrasted with the peak value (322 HV) on the TRIP steel
side due to the presence of a reduced fraction of ferrite located at the prior austenite
grain boundary in the latter.

3. Although the mechanical behaviors of the base materials are clearly superior, the
improved uniaxial tensile weld properties in the LBW specimen (UTS = 813 MPa)
contrasted well to the GMAW weldment (UTS = 767 MPa), whereas the failure location
was found in the BM in the LBW specimen, and the location of failure was localized in
the SC-HAZ of the GMAW specimen. In both cases, the failure resulted on the TRIP
steel side.

4. In spite of the combination of ferrite, bainite, and martensite microstructures found in
the fusion zone of the GMAW specimen, the measured compressive residual stresses
cannot be solely attributed to the phase transformation but to other possible factors,
such as the material mismatch properties, the reinforcement size, the type of joint, the
sheet thickness, and the weld joint restraint.
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5. The gradual increasing of residual stresses to a maximum value was followed by
a steady decrease up to the base metal; the trend ensued: UC-HAZ (maximum)→
IC-HAZ (moderated)→ SC-HAZ (lowered). That trend was particularly evident in
the GMAW specimen.

6. The experimental surface residual stress distribution along the weldment measured
in the LBW specimen is clearly lower if comparing it to the GMAW specimen. The
maximum RS value (172 MPa tensile) was measured in the HAZ of the DP side which
clearly contrasts to the maximum value (421 MPa) measured in the HAZ of the TRIP
steel in the GMAW specimen.

7. The resultant tensile residual stress distribution in both the GMAW and LBW speci-
mens had no direct influence on the uniaxial tensile behavior of the welded specimens
due to the failure location in both cases occurring on the TRIP steel side, either in the
SC-HAZ in the case of the GMAW or in the BM in the LBW specimen.
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