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A B S T R A C T   

This study highlights the strengthening mechanisms observed during the metal joining of high-strength grade 
steels (Al-TRIP and Si-TRIP) by providing a concise investigation of microstructural features, mechanical strength 
evaluation, and employing Finite Element Method (FEM) analysis to understand the deformation behaviour in 
the joint. The base metals (BMs), Al-TRIP and Si-TRIP are cold-rolled sheets with thicknesses of 0.9 mm and 1.3 
mm, respectively. Al-TRIP contains 2.4 wt% Al, while Si-TRIP contains 1.5 wt% Si. The Al-/Si-TRIP joint was 
processed by laser welding at low energy input 24 J/mm. Electron backscattering diffraction and transmission 
electron microscopy extensively characterized the microstructural features in the fusion zone (FZ) and heat- 
affected zone (HAZ) to study strengthening mechanisms induced by welding. Uniaxial tensile tests examined 
joint mechanical strength, while microindentation hardness (HIT) measurements evaluated mechanical response 
in the weld zones. The FZ showed a fully martensitic structure, while the HAZs displayed refined grains. 
Ultrafine-grained structures with an average size of 1 μm were observed in the HAZs, resulting in higher HIT 
hardness values (~6.7 GPa) compared to the FZ (~6.3 GPa). Interestingly, the mechanical tensile properties of 
the joint were unaffected as failure occurred in the thinner Al-TRIP steel. Finite Element Method (FEM) analysis 
simulated the tensile testing, revealing localized plasticity in the thinner Al-TRIP and explaining the observed 
fracture.   

1. Introduction 

In recent years, the automotive industry has been focused on 
achieving two primary objectives: reducing greenhouse gas (GHG) 
emissions to create a cleaner environment and simultaneously 
enhancing the crashworthiness performance of lightweight vehicles [1, 
2]. To meet these goals, it is necessary to utilize bodywork steels with 
ultrahigh strength. Among the potential advanced high-strength steel 
grades for the automotive industry, transformation-induced plasticity 
(TRIP) steels with low-alloying elements have garnered attention due to 
their ability to offer both high energy absorption for crashworthiness 
and lightweight material properties. TRIP steel is commonly used in 

assembling car bodies, specifically the body-in-white [3]. Previous 
studies have reported that TRIP steel exhibits superior mechanical 
properties, including an ultimate tensile strength (UTS) range of 
500–1000 MPa, good formability with uniform elongation ranging from 
20% to 40%, and high dynamic energy absorption during 
high-strain-rate crash deformation [4,5]. 

De Cooman [6] emphasized that TRIP-aided steels demonstrate 
excellent deep drawability and stretch formability properties compara
ble to those of low carbon steels. Consequently, TRIP steels are 
well-suited for demanding automotive applications, often utilized in 
constructing B-pillars and absorption boxes [7]. Consequently, re
searchers have shown interest in studying the weldability of TRIP steels 
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for metal joining. According to the Steel Weldability Diagram, such as 
the Granville weldability graph, specific welding procedures must be 
employed to prevent cold cracks during the welding process [6]. The 
addition of silicon (Si) and aluminium (Al) to TRIP steels is known to 
have a significant impact on their mechanical properties and industrial 
feasibility. 

The application of laser welding in the study of TRIP (Trans
formation Induced Plasticity) steels has gained significant attention in 
recent research. Several investigations have explored the defects, 
microstructure, mechanical properties, and formability of laser-welded 
TRIP steels, focusing on different grades and alloy compositions. 

Xia et al. [8] conducted a study on laser-welded TRIP steels alloyed 
with Al and Si, focusing on the microstructure and mechanical proper
ties. They observed that the fusion zone (FZ) of Si-alloyed steel exhibited 
a greater reduction in the strength-ductility balance compared to the 
Al-alloyed steel in both quasi-static and dynamic tensile tests. Subse
quently, the same authors investigated the microstructure evolution, 
solidification mode, and solid-state transformation of Al-alloyed TRIP 
steel during laser welding [9]. Their findings indicated that the FZ 
microstructure primarily consisted of upper bainite and skeletal 
morphology ferrite, accounting for approximately 35% of the structure. 

In a related study, Guzman-Aguilera et al. [10] utilized different 
welding techniques, including laser beam welding (LBW) and two arc 
welding processes, namely gas tungsten arc welding (GTAW) and gas 
metal arc welding (GMAW), to explore the impact of net heat input on 
the microstructure, tensile properties, and formability of Si-alloyed TRIP 
steel. Their investigation revealed that the extent of softening and 
ductility was influenced by the specific welding technique employed. 
LBW demonstrated the most favourable outcomes, effectively reducing 
softening and minimizing the overall size of the FZ and the heat affected 
zone (HAZ). Han et al. [11] examined the weld characteristics of grade 
800 MPa TRIP steel welded using a CO2 laser. The weld exhibited a 
dual-phase microstructure of martensite-ferrite. Tensile testing revealed 
that the joint fractured in the base metal (BM), indicating the weld’s 
superior strength compared to the BM. Zhang et al. [12] studied the 
microstructure, tensile properties, and formability of laser-welded 1.2 
GPa grade hot-rolled TRIP steel with 1.7 wt% Si. The FZ exhibited full 
martensite, displaying higher hardness than the BM. The TRIP joint 
achieved a remarkable efficiency of 96.6% compared to the BM. Wang 
et al. [13] investigated the laser-welded joints of cold-rolled TRIP steel 
sheets with Al and Si contents of approximately 0.9 wt% and 1 wt%, 
respectively. The FZ exhibited a microstructure comprising lath 
martensite and lower bainite. Tensile testing demonstrated discontin
uous yielding behaviour similar to that of the BM, and joint failure 
occurred in the BM with identical ultimate tensile strength values. 
Nayak et al. [14] explored the microstructure evolution and hardness of 
alloyed TRIP steels during resistance spot welding, considering different 
alloy compositions. Furthermore, researchers have employed advanced 
laser welding techniques such as twin-spot laser welding [15]. Lang 
et al. [16] applied hybrid low-power laser-TIG arc welding for pro
cessing lap joints of TRIP steels. 

Many studies stated the assessment of laser welding of dissimilar 
welded joints between TRIP steel and different high-strength grade 
steels. Laser welding could achieve high-quality dissimilar welded joints 
applying wide range of parameters [17]. For instance, Wu et al. [18] 
processed dissimilar butt joints between TRIP780 steel and QP1180 steel 
sheets with different thicknesses by fiber laser welding to study the 
microstructure evolution, mechanical properties, and formability. 
Sharma and Molian [19] processed dissimilar joints between 1 mm thick 
TRIP sheet steel 780 MPa grade and cold-rolled sheets of 1.5 mm thick 
DP980 and 1 mm thick mild C-steel, separately, by laser welding. 
High-quality dissimilar joints, TRIP780/DP980 and TRIP780/C-steel, 
with excellent strength and hardness were obtained by laser welding. 

Mujica et al. [20] examined the feasibility of laser-welded joints 
between low-alloyed TRIP steel and high-Mn twinning-induced plas
ticity (TWIP) steel sheets. They observed a predominantly austenitic 

microstructure in the FZ, with small martensitic regions acting as crack 
initiation sites during tensile testing. 

In the automotive industry, laser tailor-welded blank assembly of 
multi-thickness steel sheets is commonly employed to reinforce A- and 
B-pillars and door rings, reducing weight and cost while improving crash 
performance [21,22]. Kohar et al. [23] proposed a constitutive model 
aimed at assessing the crashworthiness of spot-welded TRIP 800 steel. 
By simulating the thermo-mechanical behaviour, the model enables the 
prediction of energy absorption characteristics during axial crush 
loading, providing valuable insights into the material’s crash 
performance. 

In previous studies, considerable attention has been given to inves
tigating the effects of Si and Al additions in TRIP steels, primarily in 
relation to their microstructure, mechanical properties, and weldability. 
However, there remains a significant research gap regarding the un
derstanding of the strengthening mechanisms and mechanical behav
iour specifically in laser-welded TRIP steels with high Al and Si content. 

Addressing this research gap, our study takes a step forward by 
fabricating laser-welded joints using thin cold-rolled TRIP steel sheets 
with elevated Al and Si contents, employing a low energy input of 24 J/ 
mm. 

Cold-rolled thin sheets of TRIP steels have gained recognition as 
highly promising Ultra-High-Strength Steel (UHSS) materials within the 
automotive industry, serving to simultaneously enhance strength and 
reduce the weight of vehicles. In the manufacturing of the body-in-white 
(BIW), metal laser welding is commonly employed to join different 
sheets together. In this study, our objective was to investigate the effect 
of severe plastic deformation on the microstructural characteristics and 
subsequent deformation behavior of laser-joined Al-TRIP and Si-TRIP 
steels. By focusing on these laser-welded TRIP joints, we aimed to 
evaluate the influence of cold rolling on the underlying mechanisms 
responsible for strength enhancement and the overall performance of 
the joint. 

To comprehensively investigate the strengthening mechanisms in the 
FZ and HAZ, we employ a multi-faceted approach. Firstly, we employ 
advanced characterization techniques such as electron backscattered 
diffraction (EBSD) and transmission electron microscopy (TEM) to 
analyze and understand the microstructural aspects. Secondly, we 
evaluate the mechanical response through microindentation hardness 
(HIT) measurements, providing insights into the material’s local strength 
characteristics. 

In addition to the experimental investigation, we integrate the ob
tained mechanical results into a finite element model. This allows us to 
assess the influence of sheet thickness differences on the plasticity of the 
paired Al-TRIP and Si-TRIP materials, providing a comprehensive un
derstanding of the mechanical behaviour under various conditions. 

By combining these approaches, our study offers a novel and 
comprehensive analysis of the weld-induced microstructural features, 
strengthening mechanisms, and mechanical behaviour of laser-welded 
TRIP steels with high Al and Si content. Our findings contribute to 
advancing the understanding of these complex materials and pave the 
way for optimized welding strategies and enhanced performance in 
practical applications. 

2. Experimental procedures 

2.1. Materials 

In this study, the experimental materials, BMs, are TRIP steels 
bearing various alloying elements of Al and Si. The BMs sheets were 
delivered by ThyssenKrupp Steel Europe AG (TKSE), Germany, in the 
form of cold-rolled sheets with various thicknesses of 0.9 and 1.3 mm. 
The chemical compositions of the BMs are illustrated in Table 1. 
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2.2. Laser welding setup 

The butt joints between the BMs (Al-TRIP and Si-TRIP) were laser- 
welded using a continuous-wave disc laser machine (Trumpf-TruDisk 
16002) with a power output of 16 kW. The welding process was con
ducted with specific parameters set as follows: a focal length of 300 mm, 
a defocusing distance of − 5 mm to achieve a laser beam spot diameter of 
0.3 mm, a welding speed of 5 m/min, and a laser power of 2 kW. During 
welding, the laser beam was angled at 10◦ to the paired metals. The 
calculated energy input in the joint was 24 J m− 1. To ensure optimal 
welding conditions, the laser beam was offset by 0.15 mm towards the 
thicker sheet. A shielding gas of pure argon was employed, with a flow 
rate of 30 l min− 1, directed through a coaxial nozzle at an angle of 40◦ to 
the paired metals. A schematic diagram of the laser welding setup can be 
seen in Fig. 1. To prevent distortion and movement of the samples 
during laser welding, a special fixture was utilized to firmly clamp the 
paired metals onto the base plate. 

2.3. Microstructural characterization & mechanical tests 

The microstructural features of the FZ and HAZs adjacent to the BMs 
were extensively investigated using EBSD technique integrated into a 
field-emission gun scanning electron microscope (FEG-SEM) (Model: 
JEOL JSM-7900F). For the metallographic examination, the TRIP 
weldment was sectioned perpendicular to the welding direction, and the 
transverse cross-section underwent standard preparation techniques. 
This involved mechanical polishing using SiC papers, followed by 
further polishing down to 1 μm using a diamond suspension. The spec
imens were then chemically polished with a 0.05 μm colloidal suspen
sion of silica for approximately 10 min. EBSD mapping was performed 
with specific operational parameters, including an accelerating voltage 
of 15 kV, a working distance of 12 mm, and different fine step sizes of 
0.1 μm and 0.5 μm for high and low magnification maps, respectively. 

To investigate the nanoscale features of the microstructures, TEM 
was employed using a JEOL 2200FS instrument. Thin lamellas were 
prepared from the specimens using the focused ion beam (FIB) tech
nique to enable subsequent TEM analysis. The TEM operated at 200 kV, 
providing high-resolution imaging capabilities to examine the evolution 
and coexistence of various phases and precipitates. Selected area elec
tron diffraction (SAD) patterns were recorded and analysed to identify 
the corresponding phases and precipitates. 

The mechanical strength of the TRIP joint was assessed through 
uniaxial tensile testing conducted at a strain rate of 10− 3 s− 1. Tensile 
testing specimens were prepared from the weldments following the 
ASTM-E8 standard, with the following dimensions: a gage length of 70 
mm, a width of 12.5 mm, and a total length of 200 mm. Three samples 
were tested for each condition. Additionally, to provide a basis for 
comparison, the BMs were also subjected to tensile testing at the same 
strain rate. 

HIT measurements were performed on both the weldment and the 
BMs to examine the mechanical response of the different zones within 
the weld. An instrumented indentation tester (CSM Instruments, United 
States) equipped with a diamond Berkovich indenter was utilized for the 
HIT measurements. The HIT tests involved applying an indentation load 
and analysing the resulting penetration depth, as well as the loading- 
unloading curves, to characterize the mechanical behaviour of each 
weld zone [24]. The HIT tests were conducted by gradually ramping up 
the load until reaching a maximum of 3 N. 

2.4. Finite element modelling (FEM) 

The FEA methodology provided a valuable tool for understanding 
the structural response of the dissimilar welded joint, allowing for the 
investigation of stress and deformation patterns, and aiding in the 
interpretation of the experimental results. In order to investigate the 
stress and deformation distribution during uniaxial tensile testing of the 
dissimilar TRIP welded sample, a comprehensive FE model was devel
oped using the ANSYS 19 software package. The model accurately 
represented the geometry of the experimental sample, where the 0.9 mm 
thick Al-TRIP part was joined to the 1.3 mm thick Si-TRIP strip. 

The FEA model consisted of a three-dimensional representation of 
the tensile specimen, as depicted in Fig. 2. Each side of the model was 
divided into three distinct volumes, representing the BMs, HAZ), and FZ. 
To account for the material behaviour, bilinear rate-independent 
isotropic hardening was applied to both the Al-TRIP and Si-TRIP ma
terials, considering their limited plasticity and similar yield and ultimate 

Table 1 
Chemical compositions of BMs, Al-TRIP and Si-TRIP.  

Steel code Thick, mm C Mn Si Al Fe 

Al-TRIP 0.9 0.26 1.66 0.14 2.43 Bal. 
Si-TRIP 1.3 0.25 1.48 1.5 0.06 Bal.  

Fig. 1. Schematic representation of the laser welding process for TRIP steels, 
illustrating the welding setup. 

Fig. 2. Finite element model created to simulate the tensile test of the dis
similar laser-welded Al-TRIP/Si-TRIP joint. 
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strengths. The material properties for the HAZ and FZ volumes were 
estimated based on the available hardness test data. These properties 
were incorporated into the model to accurately capture the mechanical 
response of the respective zones. The six volumes within the model were 
connected through gluing interfaces to ensure proper interaction and 
continuity. 

Boundary conditions were applied to simulate the uniaxial tensile 
loading. The grip region of the Si-TRIP side was fully fixed in all di
rections to restrict its movement. On the other hand, the grip region of 
the Al-TRIP side was subjected to a uniaxial stretching load, represent
ing the tensile loading condition. A meshing process was performed on 
the model, resulting in a total of 33,755 solid 186 three-dimensional 
elements. This mesh discretization allowed for an accurate representa
tion of the specimen’s geometry and facilitated the analysis of stress and 
deformation distribution. The resulting stress and deformation distri
butions were analysed to gain insights into the mechanical behaviour 
and load transfer mechanisms within the dissimilar welded joint during 
uniaxial tensile testing. 

3. Results & discussion 

3.1. Microstructure characteristics revealed by EBSD examination 

TRIP steels with Al and Si additions are known for their complex 
multiphase microstructures. The thermomechanical processing of these 
steels typically results in a microstructure consisting of ferrite matrix, 
acicular martensite/bainite components, and approximately 10% 
retained austenite [25,26]. Our EBSD examination provided valuable 
insights into the microstructural characteristics of the experimental 
TRIP steels and highlighted the influence of cold deformation on their 
multiphase nature. The experimental BMs, Al-TRIP, and Si-TRIP un
derwent severe cold deformation to achieve thin sheets. The micro
structural features of the BMs are depicted in Fig. 3. The images obtained 
from the Image Quality (IQ) maps in Fig. 3(a) and (b) reveal heavily 
deformed microstructures characterized by elongated/stretched grains, 
forming a pancake-like grain structure. Additionally, certain zones 
colored black in the images could not be indexed by EBSD due to the 
extensive cold-rolling deformation, which induces highly localized 

deformation bands with a high density of dislocations. The presence of 
these dislocated structures impedes the indexing of phases by EBSD due 
to the significant stored strain energy [27]. The corresponding phase 
maps, shown in Fig. 3(c) and (d), display a unified phase colored in red, 
which can be identified as ferrite or martensite. It is well-documented 
that the α′-bct crystal structure of the martensite phase and the α-bcc 
crystal structure of ferrite can be indexed as bcc-cubic crystals in EBSD 
mapping [28]. However, distinguishing between martensite and ferrite 
based on morphology is possible. The ferrite grains, indicated by the 
letter "F" in Fig. 3(d), appear as wide elongated grains. The fine grains 
located at the boundaries of the ferrite grains may consist of other phase 
components, such as martensite, bainite, or retained austenite trans
formed into martensite during the cold-rolling deformation. 

For industrial purposes, the Al- and Si-TRIP steels underwent sig
nificant reductions in thickness during the cold rolling process, specif
ically around 75% and 60% reduction of true deformation strains, 
corresponding to 1.4 and 0.9, respectively. Fig. 3 provides clear evi
dence of the resulting microstructures, where the Al-TRIP steel exhibits a 
narrower width of the pancake-like structure compared to Si-TRIP steel, 
owing to the higher level of cold deformation. As a result, both Al-TRIP 
and Si-TRIP demonstrate superior mechanical strength while main
taining a slight elongation capability. The mechanical properties will be 
discussed in Section 3.3. 

Microstructure characteristics of laser-welded TRIP steels were 
investigated, and a comprehensive analysis is presented in Fig. 4. The IQ 
map in Fig. 4(a) reveals distinct differences in the grain structure 
morphology between FZ, BMs, and HAZs. Specifically, columnar grains 
are observed in the FZ, which can be attributed to the directional so
lidification of the molten pool towards the BMs [29]. Additionally, the 
IQ map shows a lighter grey-scale level in the FZ compared to the other 
zones, indicating a lower density of dislocations [30]. It is important to 
note that the BMs exhibit heavily deformed grains, as shown in Fig. 3. 
During laser welding, heat transfers unidirectionally from the 
weld-molten pool to the BMs, resulting in static recrystallization (SRX) 
in the HAZ regions of both Al-TRIP and Si-TRIP sides. This SRX process 
promotes the formation of ultrafine-grains in the HAZs, as highlighted 
by the yellow dashed lines. The corresponding misorientation bound
aries map in Fig. 4(b) demonstrates a high density of low-angle grain 

Fig. 3. EBSD maps of the microstructures of the BMs: (a) and (c) IQ map and the corresponding phase map of Al-TRIP, respectively, and (b) and (d) IQ map and the 
corresponding phase map of Si-TRIP, respectively. (ferrite α-bcc and martensite α′-bct indexed in red). (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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boundaries (LAGBs) (<15◦) in green color, present in both the FZ and 
the BMs. These LAGBs are known to form during the martensite trans
formation, occurring across lath boundaries within the martensite 
packets and between the sub-blocks [28,31]. In the phase map shown in 
Fig. 4(c), a single red-colored domain is observed for the FZ, HAZ, and 
BMs. Although lath martensite and ferrite phases possess different 
crystal structures (α′-bct and α-bcc, respectively), EBSD mapping indexes 
both phases as bcc-cubic crystals. However, a distinct morphological 
difference between martensite and ferrite is evident in Fig. 4(c). 
Furthermore, the high density of LAGBs in the FZ suggests the presence 
of lath martensite without the formation of retained austenite. This 
finding aligns with the study conducted by Kong et al. [32], where they 
reported a fully martensitic microstructure with a significant density of 
LAGBs in the weld zone during laser welding between boron steel and 
TRIP steel. Overall, the microstructure analysis of the laser-welded TRIP 
steels by EBSD provides valuable insights into the grain structure 
morphology, the presence of dislocations, the occurrence of SRX in the 
HAZs, and the formation of LAGBs. 

Fig. 5 displays an enlarged view of the microstructure within the 
highlighted region of Fig. 4(c) by the white rectangular, providing a 
detailed illustration of the microstructural characteristics observed 
within the FZ during the laser welding of TRIP steels. The Image Quality 
(IQ) map in Fig. 5(a) reveals the presence of a lath martensite structure 

within the FZ. This non-equilibrium phase arises from the thermal 
transformation of austenite to martensite, facilitated by the high tem
perature in the FZ reaching approximately 2000 ◦C, exceeding the 
melting points of the steels. The rapid solidification due to a fast cooling 
rate of approximately 100 ◦C/s further enhances the formation of the 
lath martensite phase [33]. A notable feature of the martensitic grain 
structure in laser-welded TRIP steels is the presence of columnar grains 
derived from the prior austenite grains (PAGs), as depicted in Fig. 5(b). 
The unidirectional heat flux towards the BMs during laser welding re
sults in the elongated columnar morphology of the PAGs primarily 
directed towards the BMs [34,35]. To estimate the PAG size, the 
equivalent circle diameter method was employed [29,34], and different 
size ranges of PAGs are represented by specific colors. In the map, PAGs 
within the yellow color range, measuring between 30.7 and 41 μm, 
constitute approximately 27.3% of the total grains. The average size of 
the lath martensite PAGs in the FZ of Al-TRIP and Si-TRIP at an Energy 
Input (EI) of 24 J/mm3 is approximately 30 μm. It is well established 
that the lath martensite structure exhibits a density of dislocations and 
low-angle grain boundaries (LAGBs) with angles less than 15◦, charac
teristic of the fine components [36]. The martensitic structure within the 
FZ, as shown in Fig. 5(a), displays a moderate density of LAGBs (~30%), 
represented by the green color. Fig. 5(c) presents the crystallographic 
orientations of the martensite components, depicted through the 

Fig. 4. EBSD analysis of the microstructure across the 
weld section of the laser-welded butt TRIP joint at an 
energy input of 24 J/mm3: (a) IQ map depicting grain 
structure morphology, (b) Grain-boundary misorien
tation map illustrating the distribution of low-angle 
grain boundaries (LAGBs in green), and (c) Phase 
map indicating the phase structure (ferrite α-bcc (F) 
and martensite α′-bct (M) indexed in red). (For 
interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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corresponding orientation map (inverse pole figure, IPF). It is observed 
that the columnar grains predominantly exhibit texture in 〈111〉 orien
tation (blue color) and 〈101〉 orientation (green color). 

Fig. 6 illustrates the microstructure of the HAZ located on the Si-TRIP 
side of the BMs. A notable characteristic of the HAZ’s grain structure is 
the presence of an ultrafine-grained structure, as depicted in Fig. 6(a). 
This grain refinement in the HAZ can be attributed to rapid recrystalli
zation. Previous studies have reported that the recrystallization of 

martensite occurs within the temperature range of 600–700 ◦C [37]. The 
corresponding misorientation boundary map is presented in Fig. 6(b). It 
is evident that the misorientations in the adjacent regions of the HAZ 
exhibit significant variations. Due to the heavy cold deformation expe
rienced by the BM, a substantial density of Low-Angle Grain Boundaries 
(LAGBs) amounting to 58% is observed. However, the density of mis
orientations along the recrystallized grains in the HAZ is comparatively 
lower than that in the BM. Fig. 6(c) displays the orientation map of the 
different grain structures within the adjacent zones. The fine-equiaxed 

Fig. 5. Microstructural characteristics of the weld zone in the Al-TRIP/Si-TRIP 
joint revealing the typical lath martensite structure: (a) EBSD-IQ map combined 
with the Misorientation map (green color representing LAGBs of 2–15◦), (b) 
Distribution of grain sizes in the prior austenite grains, and (c) EBSD-IPF map. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 6. Microstructure characterization of the HAZ adjacent to the Si-TRIP BM: 
(a) EBSD- IQ map showing the HAZ boundaries outlined by yellow dashed lines, 
(b) EBSD misorientation map highlighting low-angle boundaries (2–15◦) in 
green, and (c) EBSD-IPF map. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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grains in the HAZ exhibit a 〈111〉 crystallographic orientation, depicted 
in blue color. On the other hand, the elongated-pancaked grains in the 
BM predominantly display a 〈101〉 crystallographic orientation. 

The fine microstructure characteristics of the HAZ near the BM Si- 
TRIP in laser-welded TRIP joint are depicted at high magnification in 
Fig. 7, revealing important details. Fig. 7(a) displays equiaxed recrys
tallized fine-grains of martensite and ferrite in the HAZ. Notably, the 
grain structure of the HAZ exhibits a low density of low-angle grain 
boundaries (LAGBs), approximately 20%, indicating the occurrence of 
recovery and dislocation substructure annihilation during the rapid 
recrystallization process. 

Fig. 7(b) provides a closer look at the grains within the rectangular 
region highlighted in Fig. 7(a). Detailed observations reveal distinct 
characteristics of the ferrite grains "F" compared to the martensite grains 
"M". The ferrite grains exhibit a different grey level and morphology, 
while the martensite grains display a darker grey color, finer structure, 
and lath-like morphology within the region marked by the dashed yel
low lines. The rapid recrystallization mechanism in the martensite is 
facilitated by the high density of dislocations present in the lath 
martensite structure [38]. The corresponding EBSD-phase map, shown 
in Fig. 7(c), illustrates the presence of a small fraction of austenite 
(approximately 2%) in the HAZ, represented by the blue color. The 
austenite grains are of microscale size and primarily located at the 
boundaries of the fine martensitic grains. Previous research by Amir
thalingam et al. [39] investigated the phase fields and transformation 
temperatures of Si-TRIP steel using a pseudo binary phase diagram 
within a carbon content range of 0–1 wt%. At a carbon content of 0.25% 
in Si-TRIP, the austenite transformation temperature (Ac3) is approxi
mately 850 ◦C. Considering that the temperature in the molten weld 
pool, i.e., FZ, during laser welding can reach peaks of 2000 ◦C, the 
temperature in the HAZ can reasonably reach around 1000 ◦C due to 
heat transfer [40]. As a result, the HAZ undergoes reversion-austenitic 
transformation through fast heating and subsequent martensitic trans
formation during rapid cooling. This is supported by the presence of 
retained austenite (approximately 2%) in the HAZ microstructure, as 
shown in Fig. 7(c). The fast austenitic transformation of the deformed 
martensite and ferrite grains during rapid heating of the HAZ can be 
attributed to the high energy stored within the deformed structure and 
the presence of defects, which provide nucleation sites and promote fast 
diffusion [41–43]. It is well established that the ferrite-to-austenite 
transition is a diffusion-controlled transformation [44,45]. Therefore, 
it is reasonable to assume that the ferrite grains "F" observed in the HAZ 
microstructure (Fig. 7(b)) result from insufficient available time to fully 
complete the transformation from ferrite to austenite due to the rapid 
heating process. 

The grain size distribution of the newly recrystallized grains in the 
HAZ is presented in Fig. 7(d). The distribution reveals the presence of 
predominantly ultrafine grains, with diameters primarily less than 1 μm. 
Additionally, a small fraction, approximately 10%, of the grains exhibit 
sizes larger than 2 μm. These observations indicate that the deformed 
ferrite grains have undergone rapid recrystallization and growth, 
attributed to the fast recrystallization kinetics of ferrite [46]. Conse
quently, the HAZ exhibits a fine grain structure, with relatively small 
ferrite grains on the order of 3 μm, as illustrated in Fig. 7(b). 

Similarly, a fine grain structure is observed in the HAZ of Al-TRIP, as 
indicated by the dashed yellow lines in Fig. 8(a). Furthermore, a com
parison between Fig. 6(a) and 7(a) reveals a wider HAZ in Si-TRIP 
compared to Al-TRIP, suggesting a higher heat flux in the former. A 
quantitative estimation of the HAZ sizes, based on direct comparison, 
indicates that the HAZ size in Si-TRIP is approximately 250 μm, whereas 
in Al-TRIP it is around 160 μm. This difference can be attributed to the 
offset of the laser beam by 0.15 mm towards the thicker BM Si-TRIP, as 
stated in the welding setup (see Section 2.1). Fig. 8(b) provides a 
magnified view of the HAZ microstructure in the BM Al-TRIP. It reveals 
the presence of ultrafine grains of lath martensite and ferrite, with a 
moderate fraction of low-angle grain boundaries (LAGBs) highlighted in 

Fig. 7. Microstructural characterization of the HAZ near the BM Si-TRIP at high 
magnification: (a) EBSD-IQ map, (b) Enlarged view of the marked zone in (a), 
(c) EBSD-phase map, and (d) Grain size distribution analysis of the micro
structure in (a). (ferrite α-bcc and martensite α′-bct indexed in red, austenite 
γ-fcc indexed in blue)). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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green color. Furthermore, the corresponding phase map in Fig. 8(c) in
dicates the absence of retained austenite in the HAZ microstructure. 
Previous work by Amirthalingam et al. [39] illustrated the phase fields 
and transformation temperatures of Al-TRIP steel through a pseudo bi
nary phase diagram. At the carbon content of 0.25% C, corresponding to 
the composition of Al-TRIP, the austenite transformation temperature 
(Ac3) is approximately 1000 ◦C. Thus, it is reasonable to expect that the 
HAZ in Al-TRIP does not undergo austenitic transformation during fast 
heating, as confirmed by the phase map in Fig. 8(c), which does not 

reveal any retained austenite, unlike the HAZ in Si-TRIP (see Fig. 7(c)). 
Overall, the microstructure analysis of the HAZs in laser-welded TRIP 
steels joint provides valuable insights into the complex interplay of 
recrystallization, phase transformations, and the influence of fast heat
ing during the welding process. 

3.2. TEM microstructure analysis 

Fig. 9(a) presents a bright-field (BF) STEM image of the entire 
lamella extracted from the HAZ of Si-TRIP. The BF micrograph reveals 
the presence of fine polygonal ferrites (α-bcc) alongside a refined 
martensite lath structure. To investigate the specific regions of interest, 
high-magnification micrographs of the selected regions in Fig. 9(a) are 
shown in Fig. 9(b) and (d). 

Adjacent to the ferrite grain boundaries, the presence of martensite/ 
austenite (M/A) islands can be observed. To further analyze these re
gions, dark-field (DF) imaging techniques were employed. Fig. 9(c) 
displays the corresponding DF image, recorded using the (200) diffrac
tion spot from the selected area diffraction pattern based on the [110]RA 
zone axis. This DF image provides insights into the distribution of 
certain features, such as the M/A islands. 

In Fig. 9(e), a magnified view of a specific region, marked with green 
borders in Fig. 9(a), reveals the presence of numerous interwoven films 
of η-Fe2C precipitates. These precipitates are nanoscale size carbides 
plate-like particles, and their existence is further confirmed by the cor
responding DF image in Fig. 9(e). The inset of Fig. 9(f) presents the 
selected area diffraction (SAD) pattern associated with this region, 
providing additional confirmation of the presence of Fe2C precipitates. 

According to the research conducted by Lu et al. [47], these nano
scale plate-like η-Fe2C carbides exhibit specific dimensions, with a width 
of 1.52 ± 0.62 nm and a facet length of 3.1 ± 0.4 nm. The orientation 
relationship with the matrix [(113)ferrite//(121)Fe2C] further supports 
the identification of these precipitates as Fe2C [48,49]. The TEM anal
ysis provides valuable insights into the microstructural characteristics 
and the presence of nanoscale η-Fe2C precipitates within the HAZ of 
Si-TRIP. 

The TEM analysis of the HAZ of the BM Al-TRIP, Fig. 10, reveals 
certain similarities and differences when compared to the TEM analysis 
of the HAZ of the BM Si-TRIP HAZ, see Fig. 9. In both cases, the mi
crographs show a combination of polygonal ferrite grains and a fine 
martensite lath structure. However, the Al-TRIP HAZ zone exhibits a 
relatively larger polygonal ferrite grain compared to the Si-TRIP HAZ 
zone. 

The magnified views in Fig. 10(b) and (d) of the HAZ in Al-TRIP 
highlight the presence of finely divided retained austenite (RA) films 
located at the interlath regions. This is similar to the Si-TRIP HAZ zone, 
where the presence of a certain fraction of martensite/austenite (M/A) 
islands adjacent to the ferrite grain boundaries was identified. 

DF imaging was utilized in both cases to provide further information. 
The DF image in Fig. 10(c) of the HAZ in Al-TRIP, recorded using the 
(200) diffraction spot, reveals the distribution of the RA films. Similarly, 
the DF image in Fig. 9(c) of the HAZ in Si-TRIP shows the presence of 
fine Fe2C precipitates. 

Fig. 10(b,e) of the HAZ in Al-TRIP depict the presence of nanosized 
Fe2C precipitates within the ferrite laths, similar to Fig. 9(b,d) of the 
HAZ in Si-TRIP. The corresponding dark-field images, presented in 
Fig. 10(f) for Al-TRIP and Fig. 9(f) for Si-TRIP, provide additional 
visualization of these precipitates. 

The orientation relationship between the Fe2C precipitates and the 
ferrite matrix is consistent in both cases. In the HAZ in Si-TRIP, the 
precipitates were identified as Fe2C with an orientation relationship 
[(113)ferrite//(121)Fe2C]. Similarly, in the HAZ in Al-TRIP, the orienta
tion relationship was [(001)ferrite//(001)Fe2C] [50,51]. The TEM ana
lyses of both the HAZs in Si-TRIP and Al-TRIP reveal the presence of 
finely divided Fe2C precipitates and the distribution of retained 
austenite or martensite/austenite islands. These microstructural 

Fig. 8. EBSD maps of the HAZ of the BM Al-TRIP: (a) general view, IQ map at 
low magnification, (b) IQ map at high magnification, and (c) phase map of (b). 
(ferrite α-bcc and martensite α′-bct indexed in red). (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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features contribute to the understanding of the strengthening mecha
nisms and mechanical properties in the respective HAZs. 

In general, transition carbides (Fe2C) exhibit a certain level of 
coherence with the ferrite/martensite matrix, thereby contributing to 
strengthening through coherency mechanisms. This coherence between 
Fe2C and the matrix enhances hardness and improves the rate of work 
hardening [49,51]. 

3.3. Mechanical performance of the TRIP joint 

The tensile properties of laser-welded Al-TRIP/Si-TRIP joints and 
their corresponding BMs are presented in Fig. 11. During tensile testing, 
the applied force leads to stress and strain, which are influenced by the 
geometrical size effect, specifically the sheet thickness [52]. In this 
study, the BMs had different thicknesses, with Al-TRIP at 0.9 mm and 
Si-TRIP at 1.3 mm. Due to the smaller cross-sectional area, the thinner 
Al-TRIP sheet experiences a higher stress distribution during tensile 
loading, leading to strain localization primarily in the cross-section of 
the thinner material. As a result, the tensile properties of the 
Al-TRIP/Si-TRIP joint closely resemble those of the BM Al-TRIP. The 
shape and behaviour of the tensile flow curve for the joint align with 
those of the BM Al-TRIP, as shown in Fig. 11. It is important to note that 
the presence of hard structures, such as the FZ and HAZ, in the weld 
zones supports the overall plastic deformation of the thinner Al-TRIP 
and contributes to subsequent plasticity failure. 

Table 2 provides an overview of the mechanical properties of the Al- 
TRIP/Si-TRIP joint and the BMs. It is evident that the BM Al-TRIP ex
hibits higher mechanical strengths compared to Si-TRIP. For instance, 

the yield strength (YS) and tensile strength (TS) of Al-TRIP are measured 
at 1100 MPa and 1150 MPa, respectively, while Si-TRIP demonstrates 
values of 1035 MPa and 1110 MPa. This difference can be attributed to 
the solute-strengthening effect of both Al and Si in TRIP steels. However, 
Al provides a lesser solid solution-strengthening effect compared to Si 
[53]. With a higher Al content (2.4 wt %) in Al-TRIP and a lower Si 
content (1.5 wt %) in Si-TRIP, the solid solution strengthening effect is 
more pronounced in Al-TRIP. Furthermore, the plastic deformation ca
pacity of the Al-TRIP/Si-TRIP joint is noticeably limited under tensile 
deformation, exhibiting an elongation of approximately 2.5%. This 
limitation is attributed to the severe work-hardened structure of the BM 
Al-TRIP, which ultimately leads to joint fracture. Hence, the tensile 
properties and mechanical strengths of the Al-TRIP/Si-TRIP joint closely 
resemble those of the corresponding BM Al-TRIP. The presence of hard 
structures in the weld zones supports overall deformation behaviour, 
while the differing solute-strengthening effects of Al and Si influence the 
mechanical properties. Understanding these relationships provides 
valuable insights into the performance and limitations of laser-welded 
TRIP joints in practical applications. 

The HIT measurements provide valuable information about the me
chanical properties and local hardness variations within the different 
zones of the laser-welded TRIP joint. Fig. 12(a) shows the load- 
penetration depth (P-PD) curves obtained from microindentation tests 
conducted on the FZ, HAZs, and BMs. 

The FZ, indicated by the red solid line, exhibited high resistance to 
indentation with a low penetration depth of approximately 3.6 μm. This 
indicates a high hardness in the FZ, which can be attributed to the for
mation of a hard martensitic matrix during the rapid solidification 

Fig. 9. Microstructural characteristics of the HAZ in Si-TRIP by TEM analysis: (a) Bright-field STEM micrograph, (b,d, and e) magnified views of specific regions in 
(a). Additionally, corresponding dark-field images are shown, highlighting the presence of retained austenite (c) and nano carbides η-Fe2C (f). 
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process. The HAZ on the Al-TRIP side, represented by the red dashed 
line, displayed a slightly lower penetration depth of 3.4 μm, indicating a 
slightly higher hardness compared to the FZ. This can be attributed to 
the presence of an ultrafine-grained martensitic structure resulting from 
recrystallization in the heavily cold-deformed microstructure of the 
HAZ. On the other hand, the BMs exhibited higher penetration depths of 
4 μm for Al-TRIP and 4.4 μm for Si-TRIP, indicating lower hardness 

values compared to the FZ and HAZs. 
In Fig. 12(b), the HIT measurements and corresponding PD values are 

presented in the form of bar plots, providing a clear comparison of the 
hardness among the different zones. The FZ, represented by the shaded 
bar in light blue, showed a slightly lower HIT compared to the HAZs 
located on the BMs’ sides. This suggests that the FZ has a slightly lower 
hardness than the HAZs. The HIT values for the FZ, Al-TRIP HAZ, and Si- 
TRIP HAZ were measured at 6.3 GPa, 6.8 GPa, and 6.6 GPa, respectively. 
The higher HIT values observed in the HAZs can be attributed to exis
tence of the hard M/A islands and ferrite grain refinement achieved 
through recrystallization. Additionally, the presence of nanosized 
η-Fe2C carbides substantially enhances the precipitation strengthening 
mechanism within the HAZ, effectively impeding dislocation movement 
and resulting in enhanced mechanical properties such as hardness and 
yield strength [54,55]. In contrast, the BMs (Al-TRIP and Si-TRIP) 
exhibited significantly lower HIT values of 4.6 GPa and 4.3 GPa, 
respectively. This is mainly due to the presence of a softer ferritic phase 
in the BMs’ matrix, which results in a decrease in hardness. 

It is important to note that the hardness measurements obtained by 
HIT correlate with the microstructural features observed in the 

Fig. 10. Microstructural characteristics of HAZ in BM Al-TRIP through TEM analysis, (a) bright-field STEM micrograph, (b,d, and e) magnified views of specific 
regions, (c, and f) Corresponding dark-field images are provided, highlighting the presence of retained austenite (c) and nano carbides η-Fe2C (f). 

Fig. 11. Tensile flow curves of the laser-welded TRIP joint compared to the 
corresponding flow curves of the BMs. 

Table 2 
Mechanical properties of the Al-/Si-TRIP joint and the BMs.  

Steel code YS, MPa TS, MPa El., % 

BM Al-TRIP 1100 1150 2.2 
BM Si-TRIP 1035 1110 3 
Al-/Si-TRIP 1107 1155 2.4  
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corresponding zones. The hard martensitic matrix in the FZ contributes 
to its higher hardness, while the ultrafine-grained martensitic structure 
in the HAZs enhances their hardness compared to the FZ. The lower 
hardness values in the BMs can be attributed to the presence of a softer 
ferritic phase. These hardness variations within the weldment can in
fluence the overall mechanical properties and performance of the laser- 
welded TRIP joint. 

The results indicate that the hardness distribution in the weldment is 
not uniform, and the different zones exhibit distinct hardness charac
teristics. This information is crucial for understanding the local me
chanical behaviour and potential failure mechanisms within the joint. 
The observed differences in hardness can be attributed to variations in 
microstructural features, such as phase composition, grain size, and the 
presence of different phases (martensite, ferrite). These variations can 
significantly influence the joint’s mechanical properties, including 
strength, toughness, and deformation behaviour. 

3.4. Finite element analysis (FEA) 

The aim of FEA in the present work is to simulate and analyze the 
mechanical behavior and deformation response of the laser-joined Al- 
TRIP and Si-TRIP steels. FEA enables us to study the complex in
teractions between the joint geometry, material properties, and applied 
loading conditions. By conducting FEA, we can gain insights into the 
stress distribution, deformation mechanisms, and performance of the 
joints under various loading scenarios. The ultimate goal is to better 

understand the structural response and optimize the design of laser- 
welded TRIP joints in terms of strength and integrity. 

FEA provides valuable predictions of stress, strain, and deformation 
within the joints. It helps us assess the joint’s structural integrity, 
identify potential failure modes, and optimize the welding parameters to 
enhance the joint’s performance. The insights gained from FEA can 
guide the development and improvement of laser-welded TRIP joints in 
terms of strength, durability, and reliability. 

The strain localization observed in the laser-welded TRIP joint plays 
a significant role in understanding the joint’s mechanical behaviour and 
its potential failure mechanisms. Contours of von-mises strain on the 
front view of the tensile specimen after 50% elongation and at failure 
strain are shown in Fig. 13. The strain localization in the base region of 
the Al-TRIP side, along a 45◦ angle with respect to the tensile axis, in
dicates a region of concentrated deformation. The magnified view of 
Von-Mises strain contour in the middle of the specimen (Fig. 14(a)) 
shows that the FZ and HAZ experienced a much lower strain and 
remained mostly in the elastic region. This is in good agreement with the 
failure observed in the experimental specimen (sec. 3.2). This localized 
plastic deformation can lead to strain accumulation and potential stress 
concentration, which may affect the joint’s overall strength, ductility, 
and fracture resistance. The strain localization pattern aligns with the 
observed failure in the experimental specimen, reinforcing the relevance 
of these findings. In dissimilar welded joints, strain localization is often 
associated with differences in strain hardening capability and micro
structural inhomogeneities [56,57]. However, in this study, the hard
ening rates of the two alloys were found to be similar (Fig. 11). 
Consequently, the observed strain localization cannot be solely attrib
uted to dissimilar strain hardening behaviours or microstructural dif
ferences between the Al-TRIP and Si-TRIP materials. 

Instead, the difference in thickness between the two steels emerges as 
a plausible explanation for the observed strain localization. The 
dissimilarity in thickness leads to uneven stress distribution, resulting in 
localized strain concentrations in the thinner Al-TRIP side. This phe
nomenon indicates the influence of geometry on the mechanical 
response of the joint and emphasizes the importance of considering 
thickness variations in dissimilar welded joints. 

The FEM approach employed in this study provides further insight 
into the deformation behaviour and stress distribution within the joint. 
By accurately capturing the complex interactions between geometry, 
material properties, and loading conditions, FE analysis offers a 
powerful tool for investigating strain localization and optimizing joint 
design. Understanding and mitigating strain localization is crucial for 
ensuring the structural integrity and mechanical performance of laser- 
welded TRIP joints. Future research could focus on exploring strate
gies to minimize strain concentrations, such as optimizing joint design, 
adjusting welding parameters, or introducing interlayers with tailored 
mechanical properties. Additionally, investigating the effects of other 
factors, such as welding speed and heat input, on strain localization 
patterns would contribute to a more comprehensive understanding of 
the behaviour of laser-welded TRIP joints. These factors were not 
studied in the present manuscript. 

Fig. 14(b) clearly demonstrates that the stress levels are higher in the 
thinner Al-TRIP material, as expected. This is due to the smaller cross- 
sectional area of the Al-TRIP specimen, which results in a higher stress 
distribution. Additionally, stress concentration is observed in the Al- 
TRIP specimen adjacent to the weld, while significantly lower stress 
levels are generated in the Si-TRIP side. This difference in stress distri
bution can be attributed to the dissimilar material properties and ge
ometry of the joint. 

To further analyze the stress distribution, the stress profile along the 
center line of the tensile specimen at the failure strain is presented in 
Fig. 15. It can be seen that the von Mises stress increases from approx
imately 800 MPa in the Si-TRIP specimen to around 1200 MPa in the Al- 
TRIP side. This stress concentration phenomenon is commonly observed 
in joints where there is a significant mismatch in elastic properties 

Fig. 12. Microindentation hardness (HIT) measurements: (a) Load–penetration 
depth (P-PD) curves, and (b) HIT values (bar plot) and corresponding penetra
tion depth (DP) (line plot) of the different zones in the Al-/Si-TRIP joint, ob
tained from the P-PD plots in (a). 
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between the materials [58]. In the present work, the variation in 
cross-sectional area, resulting from the difference in thickness between 
the materials, contributes to the observed stress concentration. The 
abrupt increase in stress occurs specifically in the Al-TRIP specimen 
adjacent to the weld line. 

Interestingly, despite the sharp increase in stress near the weld line, 
the maximum value of the von Mises strain and failure occurrence are 
found at a distance from the weld line, as depicted in Figs. 13 and 14. 
This observation suggests that factors other than stress concentration 
contribute to the failure of the joint. One important factor is the hard
ness and strength of the HAZ and FZ. The HAZ and FZ exhibit higher 
hardness and strength compared to the BMs, as revealed in Fig. 12(b). 
These hard microstructures influence the deformation behaviour of the 
joint, causing strain localization and potentially leading to failure at 

locations away from the weld line. 
Additionally, the thermal softening of the BM under the welding 

process can also contribute to the observed behaviour [59]. Higher heat 
inputs in the welding process can result in localized softening of the BM, 
making it more susceptible to deformation and failure. This thermal 
softening effect, combined with the presence of harder microstructures 
in the HAZ and FZ, further influences the strain distribution and failure 
behaviour of the joint. 

The stress distribution and stress concentration patterns revealed by 
finite element modelling provide valuable information for understand
ing the mechanical response and potential failure mechanisms of the 
laser-welded TRIP joint. These findings highlight the importance of 
considering material properties, geometry, and welding parameters in 
joint design and optimization. Mitigating stress concentration can be 
achieved through various strategies such as adjusting welding parame
ters, optimizing joint geometry, or introducing intermediate layers with 
tailored mechanical properties. Furthermore, investigating the effects of 
different heat inputs and thermal cycles on stress distribution would 
provide deeper insights into the behaviour of laser-welded TRIP joints 
and aid in improving their mechanical performance and reliability. 

4. Conclusions 

A comprehensive investigation was conducted on the microstruc
tural evolution and associated strengthening mechanisms in thin laser- 
welded cold-rolled TRIP sheets with high Al and Si content, and a 
comparison was made with the behaviour of the BMs, Al-TRIP and Si- 
TRIP. The following key conclusions were drawn from the study:  

1. Microstructural analysis using EBSD mapping revealed that the FZ 
exhibited a fully transformed lath martensitic structure with elon
gated columnar prior austenite grains, averaging 30 μm in size.  

2. Ultrafine-grained structures, with diameters of 1 μm and 1.3 μm, 
were unexpectedly observed in the HAZs of Si-TRIP and Al-TRIP, 

Fig. 13. Distribution of Von-Mises strain on the front face of the tensile specimen at a) 50% of the failure strain and b) failure strain.  

Fig. 14. Distribution of (a) Von-Mises strain contour and (b) Von-Mises stress contour at the middle region of the tensile specimen at the point of failure strain.  

Fig. 15. Von-Mises stress distribution along the center line of the tensile 
specimen at the point of failure strain. 
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respectively. These ultrafine-grained structures were promoted by 
fast heating, which activated the recrystallization mechanism of the 
martensitic/ferritic grains.  

3. Further characterization using TEM provided detailed insights into 
the microstructural features and mechanisms occurring at the 
nanoscale level. Refined polygonal ferrites (α-bcc) together with ul
trafine martensite lath structure observed at HAZ. Moreover, exis
tence of a certain fraction of martensite/austenite (M/A) island and 
fine Fe2C precipitates are identified within ferrite grains.  

4. Surprisingly, the HIT values of the HAZs were found to be higher than 
those of the FZ and the BMs Al-TRIP and Si-TRIP. For example, the 
HIT values for the HAZs, FZ, BM Al-TRIP, and Si-TRIP were 6.8 GPa, 
6.3 GPa, 4.6 GPa, and 4.3 GPa, respectively. This increase in hard
ness can be attributed to the grain refinement mechanism occurring 
in the martensitic/ferritic grains within the HAZs together with ex
istence of the hard M/A islands. Additionally, formation of η-Fe2C 
carbides provides extra strengthening by coherency mechanisms and 
enhance the hardness.  

5. The tensile properties of the Al-/Si-TRIP joint were found to be 
comparable to those of the BM Al-TRIP. This similarity can be 
attributed to the higher strength observed in the weld zones, spe
cifically the FZ and HAZs, in comparison to BMs. As a result, the 
tensile failure of the joint transpired in the thinner BM, Al-TRIP steel.  

6. Finite element analysis of the dissimilar joint under tensile testing 
revealed that the thinner Al-TRIP side experienced significantly 
higher strain compared to the Si-TRIP side. Despite the stress con
centration observed at the interface of the two steels, the strain 
localized in the base region where the FZ and HAZs were not 
extensively involved. This behaviour can be attributed to the higher 
strength exhibited by the latter two regions. 

These findings contribute to a better understanding of the micro
structural characteristics, mechanical properties, and failure mecha
nisms in laser-welded TRIP joints. Hence, the results have implications 
for the design and optimization of such joints, considering the role of 
different regions, grain refinement mechanisms, and stress distribution. 
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