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A B S T R A C T

Transformation induced plasticity (TRIP) steel provides enormous potential for auto-body construction in the
automotive sector, owing to its enhanced mechanical behavior. In this work, Si-alloyed TRIP steel is joined by
employing laser beam welding (LBW) and by utilizing two arc welding processes: gas tungsten arc welding
(GTAW) and gas metal arc welding (GMAW) in order to assess the effect of the net heat input on the micro-
structure, the uniaxial tensile properties and the forming response. Results indicate that in spite of the Si content
in TRIP steel; precipitation and growth of carbides (tempering) are observed in both: the martensite islands and
the retained austenite phase, thus leading to the measurable softening at the sub-critical heat affected zone (SC-
HAZ) of the arc welded samples. Although the failure location was predominantly found at the sub-critical heat
affected zone of the GMAW samples, the maximum stress and elongation was basically controlled by the total
extension of the weldment including fusion zone and heat affected zone. While the limiting dome height upon
tension-tension (T-T) and tension-compression (T-C) depended primarily on the fusion zone hardness, weld
width and geometry of the sample; the fracture location was outside the weld for T-C, whereas the fracture
initiated at the weld in T-T samples. LBW specimens showed optimum forming performance.

1. Introduction

Transformation induced plasticity (TRIP) steel belongs to the family
of advanced high strength steels (AHSSs) and is composed of a ferrite
(α) matrix along with a fraction of retained austenite (γ or RA), dis-
persed islands of martensite (α´) and some additions of bainite (B) [1].
The relatively high content of Si (i.e. Si-TRIP alloying) and C favors the
presence of retained austenite, which in turn promotes an increased
hardening rate due to martensite transformation at elevated strains.
Such an exceptional structure-property connection is taken into con-
sideration for body-in-white designs where significant stretch forming
is required. Furthermore, Si-TRIP steel allows auto makers to meet
government regulations concerning both fuel efficiency and passenger
safety requirements; thus, making it suitable particularly for crash-
worthy behavior in automotive structural components as for example:
B-pillar, engine cradle, front and rear rails, among others [1].

In industrial practice, TRIP steel is mainly joined by resistance spot
welding (RSW) in the course of assembly [1–8], by laser beam welding
(LBW) mostly used in production of tailor-welded blanks [9–12], and

by gas metal arc welding (GMAW) in which strength and rigidity is
required [13–17]. High fusion zone (FZ) hardness is commonly
achieved because of the fast cooling rates encountered by the water-
cooling electrodes if employing RSW; however, the joint is prone to fail
at the nugget or FZ, in the form of interfacial or partial-interfacial
failure mode upon lap-shear tensile testing [2]. The above mentioned
failure modes in resistance spot welding of TRIP steel ca n be overcome
by employing post-weld heat treatment via a secondary electrode pulse
or in-process tempering [3]. On the other hand, penetration, porosity,
microstructure, and hardness can be controlled when using LBW in
order for the weldment to obtain acceptable mechanical response [9].
For example, a reduction in fusion zone hardness has been obtained
when employing twin-spot laser welding [18]. The extent of improve-
ment (once the controlling parameters are set up) has been observed for
tailor-welded blanks of dissimilar combinations of advanced high
strength steel or mild steel with TRIP steel; for example, excellent fa-
tigue life has been obtained when pairing TRIP steel to mild steel by
LBW [10]. Furthermore, the possibility of further controlling the FZ
hardness in order to minimize brittleness without losing strength can be
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efficiently accomplished by utilizing GMAW; which is attributed to a
wide range of filler metals and welding parameter variations available
upon this welding process. For instance, the metal inert gas (MIG)-
Brazing method with filler metal ERCuAl8 was successfully employed
for joining TRIP800 steel thus resulting in comparable strength, lower
heat input, reduced zinc evaporation and decreased spatter of the filler
metal [13]. Moreover, FZ failures with diminished ultimate tensile
strength (i.e. 73% of the weakest alloy) have encountered when at-
tempting to join transformation induced plasticity steel to Twinning-
Induced Plasticity steel with an ER307Si filler metal by GMAW process
[14].

However, TRIP steel has been hardly studied in the way of em-
ploying various welding processes particularly for rating the effect of
welding heat input on the resultant fusion zone and/or heat affected
zone (HAZ) microstructure, neither to systematically correlate micro-
structure to its mechanical behavior. For instance, high Si-content
TRIP800 steel was laser welded and arc welded by means of metal
active gas and tungsten inert gas processes, in the last two employing
alloyed filler metal [19]. Although the tensile results indicated that the
failure in laser welded sample was located at the base metal (BM) with
enhanced ultimate tensile strength (UTS) and an acceptable elongation,
the failure switched to the HAZ-BM interface for the arc welded spe-
cimens with diminished UTS and clearly reduced ductility [19]. How-
ever, in the later report no major details were provided in terms of
microstructure development in both fusion zone and heat affected zone.
In particular, the effect of softening (tempering) at the SC-HAZ on the
tensile properties and the forming characteristics of laser and arc
welded TRIP steel.

It is worthy to mention here that another member of the family of
AHSS called dual phase (DP) steel is prone to softening at the sub-cri-
tical heat affected zone due to tempering of the martensite islands,
which has been studied extensively [20–25]. Contrary to this view,
scarce communications have been released regarding to softening at the
sub-critical heat affected zone of TRIP steels in terms of laser or arc
welding processes [26,27]. Zhao et. al. [26] indicated that the reason
for softening was the depletion of retained austenite associated with a
difference in cooling rates, and to the existence of a large fraction of
ferrite but no major discussion was provided. Xia et al. [27] also re-
ported HAZ-softening in diode laser welded TRIP800 steel but no fur-
ther consideration was given.

This work aims on systematically analyze the influence of fusion
zone and sub-critical heat affected zone microstructure on the me-
chanical response (tensile) and the forming behavior of Si-TRIP steel
subjected to different net heat input such as those that involve laser and
arc welding.

2. Experimental procedure

2.1. Material

Cold rolled TRIP steel sheet with nominal chemical composition
(listed in Table 1), 800MPa of UTS and thickness of 1.0 mm was used in
this study. It is worthy to mention that this type of TRIP steel is also
called “Si-TRIP” or “Si-alloyed TRIP” as per the relatively high content
of Si [27].

The carbon equivalent as calculated by Yurioka´s equation [28] is
CEY = 0.527. Whereas the corresponding calculated transition tem-
peratures called critical temperatures: Ac1 and Ac3 are about 747 °C and
915 °C, respectively. Additionally, the martensite start temperature (Ms)

is 380 °C as reported elsewhere [3]. The initial microstructure or base
metal microstructure of Si-TRIP steel illustrated in Fig. 1a is composed
of a ferrite (α) matrix along with dispersed islands of martensite (α´),
retained austenite (γ or RA) with volume fractions of 12–14% and
10–12%, respectively, as per results obtained from metallographic
techniques and X–ray diffraction (XRD) analysis (Fig. 1b). In addition,
the presence of bainite (B) is also observed in Fig. 1a.

2.2. Welding procedure and heat input

Monolithic Si-TRIP steel sheets were butt-welded by employing
three different welding processes: fiber laser welding (LBW), gas
tungsten arc welding (GTAW) and gas metal arc welding (GMAW). It
has been previously established that heat input increases (from low to
high) for the above mentioned welding processes as follows:
LBW→GTAW→GMAW [29,30]. Whilst the laser welding process pro-
motes lower heat input; the two arc welding processes represent higher
heat input conditions.

LBW samples were made by an IPG Photonics Ytterbium Doped Fiber
YLS-6000machine operated at 4 kW with a welding speed of 12m/min,
a beam spot size of 600 µm and a focal length of 200mm. No shielding
gas was used during the welding process. GTAW sample was carried out
by means of a semiautomatic Miller Syncrowave™ 250 power source
operated at 17.6 kVA / 8.6 kW, employing a pure tungsten type elec-
trode of 1.6 mm in diameter, travel and work angle of 70° and 90°,
respectively, and by using direct current electrode negative. GMAW
blanks were obtained in an Infra™ MM 300-E machine 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. All welds were made transverse to the rolling direction with
zero gap, a series of trials were carried out in order to obtain appro-
priate welding parameters, all samples were free of any induced visible
defects (i.e. lack of fusion, burn-through, porosity, spatter, etc.). Before
the welding operation all sheets were fixed in copper-alloy jigs to
achieve a heat sink condition in order to minimize further distortion.
The optimized parameters for both arc welding processes are provided
in Table 2.

Calculations made for the heat input were obtained according to the
methodology suggested by Xia et al. [21] through the following equa-
tion:
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The net heat input (Qnet/vd) as indicated in Eq. (1) representing the
thickness normalized net absorbed energy per unit weld length. In this
case, ρ is the density of steel, c is the specific heat capacity of steel, rAc1
and rm are the isotherms positions corresponding to the TAc1 (Ac1
temperature) and Tm (melting temperature), T0 is the initial room
temperature. The corresponding values of Qnet/vd are listed in Table 3.

A physical meaning for the heat input can be properly approached
by employing a term called time constant (τ), representing the time to
heat a point at the SC-HAZ basically at the lower line of critical tem-
perature Ac1; hence, high heat input processes require more time to
reach the temperature [22].

By assuming that the temperature history during welding is of
parabolic shape [25]; and utilizing the method of Xia et al. [21],τ is
calculated by means of:
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where λ is the thermal conductivity.

Table 1
Chemical composition of the base metal (wt%).

C Mn Si Cu Ni Al Cr Mo P

.18 1.63 1.61 0.02 0.016 0.03 0.02 0.01 0.01
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2.3. Characterization methods

Samples for microstructure and hardness analysis were prepared
using standard metallographic procedures followed by etching with 2%
Nital solution. Microstructure observations made at the cross-section of
all specimens were carried out in an Olympus™ BX51M optical micro-
scope. A Zeiss Ultra Plus scanning electron microscope (SEM) was uti-
lized for detailed microstructure characterization. Micro X-ray diffrac-
tion (Micro-XRD) technique was conducted using Cu-Kα radiation on a
D8Advance Bruker™ diffractometer, continuous scan mode, in a coupled
two-theta-theta scan mode, with a pin of 0.3 mm.

Vickers microhardness measurements were performed along the
weldment starting at the fusion zone, extended through the heat

affected zone and the base metal using a Shimadzu™ HMV hardness
tester. The indentation spacing was 200 µm under a testing load of
200 g and dwell time of 15 s. Three sets of indentation lines were ob-
tained through thickness and those were spaced to each other 250 µm.
A Nanovea-M1™ instrumented indentation machine with a semi-flat tip
indenter was employed to assess hardness at the BM and SC-HAZ of the
welded specimens [31].

2.4. Uniaxial tensile testing

Base metal tensile specimens were sectioned parallel to the rolling
direction, whereas 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™ wire electric discharge machine
was employed for machining the final shape and size of all tensile
specimens based on ASTM E8/E8M standard. A static condition by
setting a crosshead velocity of 2mm/min was carried out in a
Shimadzu™ AG1 universal testing machine.

2.5. Limiting dome height test

Out-of-plane stretch forming setup with a hemispherical punch of
50mm in diameter was used to evaluate the limiting dome height of the
Si-TRIP steel base metal samples as well as the welded samples pre-
pared by different welding processes. A hydraulic press of 100 t capa-
city was used to attach the stretch forming setup. All the experimental
tooling (hemispherical punch, upper and lower die) arrangement is
shown elaborately in Fig. 2a. A circular drawbead of 72mm in diameter
was applied on the upper die to clamp the material at the flange region.
Utmost care was taken while placing the welded blanks on the lower die
as the weld line was always kept exactly at the center of the die opening
area. A constant blank holding force of 40 kN was applied and the

Fig. 1. a) SEM micrograph, and b) XRD pattern of Si-TRIP steel composed of a ferrite matrix (α), islands of martensite (α´), retained austenite phase (γ or RA) and bainite (B).

Table 2
Selected welding parameters for GTAW and GMAW.

Welding
Process

Current Voltage Shielding Gas Gas Flow Travel speed
(A) (V) (lt min−1) (mm s−1)

GTAW 88 28 Ar 13 9.6
GMAW 55 16.5 75% CO2 +

25% Ar
18 9.6

Table 3
Extension of the different zones of the weldment, net heat input, and time constant.

Sample Fusion zone Heat affected zone Q
vd
net τ

(mm) (mm) (J mm−2) (s)

LBW 0.5 0.2 6.1 0.01
GTAW 1.8 3.4 80.0 2.2
GMAW 2.6 4.8 92.3 2.9

Fig. 2. a) Stretch forming experimental setup with
two different sample geometries for achieving b)
tension-compression (T-C) and c) tension-tension (T-
T) strain path during the limiting dome height test.
Displayed dimensions are in mm.
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experiment was stopped when necking/fracture was observed in the
blank. Maximum dome height up to the visible necking/fracture is
termed as limiting dome height. The details of the experimental pro-
cedure can be found elsewhere [32–34].

Transverse welded blanks were prepared keeping the weld or-
ientation always perpendicular to the rolling direction of the sheet
metal as shown in Fig. 2. Two different geometry samples were de-
signed and subsequently trimmed out from base metal and welded
blanks to impart two extremely different strain paths in the specimen
during the limiting dome height test. The narrow width specimens as
depicted in Fig. 2b were prepared to allow the material flow in the
lateral direction during deformation. Hence, tension-compression (T-C)
strain path was induced into the narrow specimen while deforming
through the test setup. Correspondingly, the narrow width specimen
was referred as T-C specimen in this work. Similarly, another square
shaped sample with a width greater than the draw bead diameter was
prepared as shown in Fig. 2c. This square shaped geometry ensured that
the sample was subjected to the tension-tension (T-T) strain path due to
biaxial stretching of the specimen. Subsequently, the square specimen
was termed as T-T specimen. The T-C specimens were tested in dry
condition whereas the T-T specimens were tested in lubricated condi-
tion to achieve biaxial tensile strain path. The weld line was strictly
kept at the middle of all the T-C and T-T specimens as shown in Fig. 2b
and c, respectively. Each experiment was repeated twice for repeat-
ability of the data. The surface of the deforming blanks was etched with
circular grid patterns of 2.5mm in diameter (d0) through electro-
chemical etching process. After experiments, the deformed grids were
measured along major (d1) and minor (d2) axis through optical micro-
scope. The surface strains induced in the specimens were calculated in
the logarithmic scale through circular grid analysis (CGA) method [35]
using =ε d dln( / )i i 0 formula, here i=1,2 represents major and minor
strains respectively. The development of the surface strains or loga-
rithmic strains in various welded samples is discussed in Section 3.

3. Results and discussion

3.1. Microstructure and hardness

Cross-section macrographs showing the path of indentations and the
corresponding hardness profile as well as the hardness distribution
through thickness along the weldment for LBW, GTAW and GMAW
samples are illustrated in Fig. 3a-c. Optical micrographs obtained from
different regions such as fusion zone, and heat affected zone at specific
zones corresponding to: upper-critical (UC-HAZ), inter-critical (IC-HAZ)
and SC-HAZ, are shown in Figs. 4–6, for LBW, GTAW and GMAW, re-
spectively. In addition, Table 3 lists the size of the fusion zone and the
heat affected zone for all specimens.

A narrow and relatively hard FZ with formation of columnar grains
of martensite is observed in the laser welded sample. The high cooling
rates developed upon LBW process clearly resulted in formation of hard
martensite phase at the UC-HAZ as well. It is important to mention that
presence of lath martensite in both FZ and HAZ in laser welding of
transformation induced plasticity steel as a result of the high cooling
rates has been reported elsewhere [18,36]. The resultant weld width
(Table 3) strongly influenced on the elevated cooling rate that led to
formation of predominantly martensite with hardness of 520± 17 HV.

In spite of a high volume fraction of martensite in the FZ of the gas
tungsten arc welded sample; side-plate ferrite formation is additionally
distinguished at the grain boundaries of the solidified columnar struc-
ture as indicated with an arrow in Fig. 5a. The presence of ferrite ac-
counts for the reduction of the FZ hardness value of 471± 24 HV.
Coarse grains of martensite and grain boundary ferrite at the UC-HAZ of
the gas tungsten arc welded sample contrast well to fine grains of
martensite found at the UC-HAZ of the laser welded samples, (Figs. 4b
and 5b). The net heat input in GTAW process promoted a larger weld
zone (Table 3) thus resulting in a lower cooling rate, and hence,

formation of soft ferrite morphology in both fusion zone and upper-
critical heat affected zone.

On the other hand, due to dilution (mixing of chemical composition)
between the BM and the filler metal involved in GMAW sample; a high
volume fraction of acicular ferrite, side-plate ferrite, widmasttatten
ferrite, bainite and some content of martensite are clearly revealed at
the FZ as illustrated in Fig. 6a. Due to high heat input as well as the
mixed chemistry; the FZ hardness dropped to 291± 12 HV (Fig. 3c).
Furthermore, martensite, bainite and grain boundary ferrite is observed
in the UC-HAZ of gas metal arc welded samples.

Although the inter-critical heat affected zone is quite narrow in LBW
sample, it seems higher fraction of martensite, resulted from partial
transformation to austenite in heating cycle followed by rapid cooling.
On the other hand, no major differences in terms of microstructure at
the IC-HAZ were revealed for GMAW and GTAW specimens that were
basically composed of ferrite grains along with martensite, bainite, and
traces of retained austenite.

So far, the microstructure and hardness of fusion zone, upper-cri-
tical and inter-critical heat affected zones seemed predictable according
to the inherent heat input of the different welding processes employed.
However, it is interesting to note that a considerable drop in hardness
value (softening) was markedly measured at the sub-critical heat af-
fected zone of GMAW sample as pointed by the arrow in Fig. 3c.
Measurable softening at the SC-HAZ of Si-TRIP steel has been barely
reported and no major attention has been received. For instance, a drop
in hardness of approximately 75 HV in the SC-HAZ of arc welded TRIP
steel was attributed to the existence of a larger volume fraction of
ferrite, but in this regard no more details were delivered [26].

In order to further investigate the degree of softening at the sub-
critical heat affected zone of TRIP steel, instrumented micro-indenta-
tion profiles were obtained for both GTAW and GMAW specimens as
shown in Fig. 7. The inset illustrates the localization of the indentation
mark just within the SC-HAZ (labeled in both samples as “1”). Based on
instrumented indentation results; the displacement of the indenter in
both arc welded specimens is clearly larger in comparison to that of the
base metal, but markedly larger for the GMAW sample. Consequently, it
is further confirmed that GTAW specimen resulted in measurable soft-
ening as well; however, the deepest indentation path was observed for
the GMAW specimen. Hence, it is confirmed that softening at the sub-
critical heat affected zone of TRIP steel was clearly measurable when
subjected to arc welding due to tempering of martensite.

It is well established that the isothermal tempering of low-C mar-
tensite is developed in various overlapped stages namely: precipitation
of carbides, decomposition of retained austenite, coarsening of ce-
mentite and recovery of martensite [23,24,37]. Detailed analysis of the
sub-critical heat affected zone microstructure for all welded TRIP steel
specimens is shown in the SEM micro graphs in Fig. 8c-h (white dashed
square within left images is the magnified area of the image on the
right), the BM micrograph has also been included as benchmark of the
unaffected microstructure (Fig. 8a-b). As a result of the presence of
precipitated and growth carbides (presumable of cementite), it is clear
that martensite islands undergo tempering at the SC-HAZ of both arc
welded specimens (Fig. 8e-h); on the contrary, a very low fraction of
extremely fine precipitated carbides are barely observable within the
martensite islands in the LBW sample (Fig. 8c-d). The higher heat input
applied using the GMAW process resulted in coarser carbides which
were preferentially aligned at the prior austenite grain boundaries as
well as finer carbides located at the prior block and lathy substructure
of the martensite as observed in Fig. 8g-h. It is worth mentioning that in
spite of the relatively high content of Si in TRIP steel subjected to rapid
thermal cycles below the critical temperature Ac1, precipitation and
growth of carbides at the sub-critical heat affected zone was distinctly
found in both arc welding processes.

During tempering, the low solubility of Si within cementite has a
significant effect on the growth of carbides [37]. In the early stage of
tempering, the growth of cementite is kinetically constrained because
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Fig. 3. Cross-section weldment macrograph along with the
hardness indentation profile and the distribution of hardness
through thickness for: a) LBW, b) GTAW, and c) GMAW speci-
mens, respectively.

J.J. Guzman-Aguilera et al. Materials Science & Engineering A 718 (2018) 216–227

220



Fig. 4. Microstructure obtained from the LBW specimen at various locations: a) FZ, b) UC-HAZ, c) IC-HAZ and d) SC-HAZ.

Fig. 5. Microstructure obtained from the GTAW specimen at various locations: a) FZ, b) UC-HAZ, c) IC-HAZ and d) SC-HAZ.
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the diffusion of substitutional elements (i.e. Si) is negligible compared
to interstitial (C) [38,39]. It has been contended that additions of
substitutional Si atoms (∼ 2wt%) modify the tempering characteristics
of martensite as it acts as a barrier for cementite growth due to diffusion
of Si within the ferrite matrix and further enrichment of the interface
ferrite-cementite in the later stages of tempering [40,41]. In this regard,
two conditions influence on the retardation of cementite precipitation;
a) the overall driving force is drastically reduced because cementite
inherits Si from the parent phase and, b) the presence of dislocations
reduce the available carbon content for precipitation and growth
[38,42]. However, by increasing the peak tempering temperature (i.e.
700 °C); it has been found that Si has less effect in retarding the growth
of cementite as compared to Mn, and most of the Si is rejected from
cementite even for short period of time [43].

It is worthy to note that by increasing heat input through the var-
ious welding processes employed here (LBW→GTAW→ GMAW)

increases sub-critical heat affected zone softening (tempering, just be-
side the Ac1 line of critical temperature), due to exposure at high
temperature for longer times that further permitted the progression of
carbide precipitation and growth even in presence of substitutional Si
atoms. In earlier practice [22,25,44] the progression of tempering upon
welding has been properly modeled by the Johnson-Mehl-Avrami-Kol-
mogorov (JMAK) equation of transformation as follows:

= − −ϕ kt1 exp( )n (3)

where ϕ represents the fraction of transformation for martensite, k is a
fitting parameter representing the energy barrier to transformation, t is
the tempering time, and n is the fitting parameter representing the
fraction rate. For instance, by assuming a constant k and n and by
employing the values obtained for time constant from Table 3 and
implying that τ = t, then the progression of transformation resulted
higher for GMAW sample, followed by GTAW and finally LBW samples.

Furthermore, if k-value represents the energy barrier for further
transformation (nucleation, growth and saturation) and is temperature
dependent then can be expressed by Arrhenius expression as follows:

= ⎛
⎝

− ⎞
⎠

k k Q
RT

expo (4)

where ko is a fitting parameter, Q is the activation energy, R is the
universal gas constant and T is temperature. For instance, rich chem-
istry DP steels have been reported to have reduced k-value as compared
to lean chemistry DP steels [22]. Values for k taken from [43] for Fe-C-
Si steel are consistent with the previously mentioned. k-value is lower if
Si content within the alloy is increased thus reducing the fraction of
tempering transformation. However so far, no data is available for
precisely separate the effect of increasing Si content in TRIP steel on the
ϕ value for different heat input upon welding; hence, further work is
required in this regard. Such analysis is beyond this study and will be
communicated in future work.

It is worth mentioning that decomposition of retained austenite

Fig. 6. Microstructure obtained from the GMAW specimen at various locations: a) FZ, b) UC-HAZ, c) IC-HAZ and d) SC-HAZ.

Fig. 7. Instrumented indentation profiles obtained at the SC-HAZ of GTAW and GMAW
samples. BM profile has been incorporated for benchmark purpose.
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phase (γ or RA) through precipitation of very fine carbides is observed
at the sub-critical heat affected zone of GMAW-TRIP steel as shown in
the SEM image in Fig. 9a. The corresponding intensity peaks for γ are
clearly absent at the XRD pattern in Fig. 9b; thus, confirming that the
prior retained austenite phase was further decomposed upon tem-
pering.

It has been stated that in order for cementite to precipitate from its

parent retained austenite, an extraordinary long time for the parti-
tioning of Si must be experienced [41]; however, it is important to
mention that Si can be ineffective for carbide precipitation if the RA is
highly supersaturated with carbon [38]. Carbon-rich RA is an intrinsic
characteristic of TRIP-assisted steels because this is promoted by the
intercritical annealing and isothermal holding during the bainitic
transformation [45]; hence, carbon is available for further precipitation

Fig. 8. Detailed SEM microstructure for: a-b) BM, as well as the SC-HAZ microstructure of: c-d) LBW specimen, e-f) GTAW specimen, and g-h) GMAW specimen.
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from austenite during tempering. Consequently, precipitation of ce-
mentite from austenite is clearly developed in the Si-TRIP steel because
of two reasons; the amount of necessary heat is properly provided by
both arc welding processes, and the supersaturation of C within re-
tained austenite.

The presence of large fraction of ferrite as mentioned elsewhere
[26] can be properly attributed to the partial-recovery of the lath
substructure within the islands of martensite during tempering [23] as
depicted in Fig. 8h. The partial-recovery of the ferrite further confirmed
that carbide precipitation was favored by the reduction in dislocations
and the corresponding trapped carbon available for precipitation [38].

In summary, measurable softening occurring at the sub-critical heat
affected zone of high Si-alloyed transformation induced plasticity steel
resulted from a combination of various overlapped features: a) the
precipitation and coarsening of carbides within the prior islands of
martensite, b) the precipitation of supersaturated austenite phase and c)
the partial-recovery of the lath structure into the ferrite matrix.

3.2. Uni-axial tensile properties and failure location

The engineering stress-strain curves for base metal and welded
specimens are provided in Fig. 10a, the averaged tensile values are
accordingly listed in Table 4.

It is clear that by increasing the size of the fusion zone and heat
affected zone of the welded specimens (Table 3), the uniform elonga-
tion of the sample is undeniably reduced because of the extension of the
hard zone; therefore, the displacement within the gauge length of the
sample is further restricted. For example, while uniform elongation for
LBW was 26% with a FZ of 0.5mm; it dropped to 20% because the

extension of the fusion zone in the GMAW specimen sized 2.6 mm.
On the other hand, the average of ultimate tensile strength seems to

be quite consistent. Accordingly, UTS for all welded specimens were
ranging from 863 to 872MPa; whereas the UTS for the base metal
specimen was 856MPa. The average maximum tensile stress for welded
specimens is slightly higher as compared to the BM. Similar results have
been previously reported for butt welded TRIP steel [19].

While the failure location for LBW and GTAW specimens con-
sistently resulted at the base metal; it is to be noted that the location of
failure was predominantly found at the sub-critical heat affected zone
for GMAW samples as depicted by the arrows in Fig. 10b. Although the
location of failure can be properly attributed to the degree of tempering
occurring at the SC-HAZ of GMAW specimens as described in the pre-
vious section; the ultimate tensile strength seemed not influenced by
the precipitation and growth of carbides.

Fig. 9. a) Decomposition of retained austenite (γ or RA) and, b) XRD pattern taken at the SC-HAZ of GMAW specimen.

Fig. 10. a) Engineering stress-strain curves and b) fracture location, for BM, LBW, GTAW and GMAW specimens (“W” letter indicates to the location of the fusion zone).

Table 4
Experimentally obtained uni-axial tensile properties of base metal and welded specimens.

Sample YS UTS Uniform Elongation Total Elongation
(MPa) (MPa) (%) (%)

BM 559 856 30 37
LBW 562 872 26 31
GTAW 564 863 22 26
GMAW 598 872 20 22
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3.3. Formability analysis

3.3.1. Comparison of limiting dome height and fracture location
The limiting dome height was measured with a vernier height gauge

with a least count of 0.01mm. A considerable variation in the limiting
dome height was observed for both the T-C and T-T samples as shown in
Table 5.

An approximate limiting dome height reduction of 7.3%, 31.6% and
29.6% was recorded for Si-TRIP steel T-C samples prepared by LBW,
GTAW and GMAW processes, respectively, as compared to that of T-C
base metal samples. The reduction in the limiting dome height is due to
the presence of the comparatively harder weld zone as indicated in the
macrograph of the various welded specimens as shown in Fig. 3.
However, a massive dome height reduction of 51.7%, 78.4% and 62.2%
was recorded for Si-TRIP steel T-T samples prepared by LBW, GTAW
and GMAW processes respectively compare to that of T-T base samples.

Samples prepared by GTAW process exhibited minimum limiting dome
height for both of the T-C and T-T condition. The massive reduction in
liming dome height for T-T welded specimen was attributed to the
presence of harder weld regions and also the shift of the strain path
from the extreme biaxial condition to close to plane strain condition for
all the welded specimens. It was observed that, the harder weld region
was expanded more in longitudinal direction compare to the transverse
direction prevailing close to plane strain condition at the weld region.
Also, the reduction in the limiting dome height of the welded blanks not
only depends on the hardness of the weld but also the width of weld
region. For example among the welded samples, Si-TRIP welded steel
prepared by laser welding process has the highest weld hardness
(520± 17 HV) but its fusion zone width is 0.5mm (Table 3). On the
other hand, the weld prepared by gas tungsten arc welding process has
comparatively less hardness (471± 24 HV) but its span of the FZ is
around 1.8 mm. Hence, less deformation was allowed in the T-T sample
prepared by GTAW process compare to that of prepared by LBW process
till the fracture appears at the weld region. For this reason, limiting
dome height of the T-T sample of Si-TRIP steel prepared by GTAW
process is much less than the sample prepared by LBW process.

Again, the length of the weld region is less in T-C sample compare to
T-T sample. Hence, the effect of the weld is not predominant on the
formability of T-C sample. For this reason, the difference in limiting
dome height of the T-C samples prepared by LBW process and the base
material was very small. However, the limiting dome height was still
lesser than the base material, and the failure location was also nearer to
the middle of the specimen or pole. Altogether, the formability in terms
of limiting dome height of Si-TRIP steel prepared by LBW process is
comparatively better than that of prepared by other two welding pro-
cesses.

It was further observed that, the fracture location of the deformed
domes was varied significantly depending on the weld width resulting
from different welding processes. The fractured domes with highlighted
fracture location for T-C sample and T-T sample were shown in Fig. 11
and Fig. 12, respectively. The topmost point of the dome was termed as
the pole as identified in Fig. 11 and Fig. 12. The curvilinear distance of
the fracture location from the pole was measured and recorded in
Table 6.

For T-C base material of Si-TRIP steel, the fracture was observed
exactly at the pole due to the least cross sectional area of the sample at
that location. However, the fracture shifts from the pole for the welded

Table 5
Limiting dome height for different welded specimens travelling through different strain
path.

Sample Limiting dome height (mm) of Si-TRIP welded steel prepared by
different welding processes

BM LBW GTAW GMAW

T-C 7.24± 0.08 6.71± 0.12 4.95±0.10 5.10± 0.08
T-T 23.89± 0.24 11.52±0.31 5.17±0.04 9.03± 0.17

Fig. 11. Fractured tension-compression (T-C) specimens for base material and all the
welded Si-TRIP steel specimens with the magnified view of the corresponding fracture
locations.

Fig. 12. Fractured tension-tension (T-T) specimens
for base sample and all the welded Si-TRIP steel
samples with the magnified view of the corre-
sponding fracture locations.

Table 6
Curvilinear distance (in mm) of the fracture location measured from the pole of the de-
formed sample of Si-TRIP steel prepared by different welding methods.

Sample BM LBW GTAW GMAW

T-C 0 3.1 5.3 5
T-T 9.5 8 4.2 6.2
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T-C sample of Si-TRIP steel. This shifting depends upon the width of the
weld region. The fracture location is nearly same for both T-C samples
prepared by both arc welding processes. It is observed that, the failure
location is outside of the heat affected zone region for T-C sample
prepared by GTAW process.

On contrary, the failure location is inside the sub-critical heat af-
fected zone softening region for T-C sample prepared by gas metal arc
welding process. For T-T sample, the fracture on the base materials was
recorded parallel to the rolling direction. The fracture was always in-
itiated from the welded region and then propagated to the base mate-
rials for the welded T-T sample. The fracture was always recorded
across the weld as shown explicitly in the inset of the Fig. 12.

3.3.2. Strain distribution profiles
Major and minor logarithmic strains were measured across the weld

along the rolling direction for the deformed samples of the base ma-
terials and welded samples. Consequently, the strain distribution pro-
files are shown for both T-C sample (Fig. 13a) and T-T sample
(Fig. 13b). The strain distribution profiles are approximately symmetric
along the weld line. Hence, half symmetry strain distribution profiles
are shown in Fig. 13.

Maximum major and minimum minor strain was observed at the
pole of the T-C base material. Whereas for welded T-C samples, the
maximum major strain was observed at a certain distance from the pole.
The strain profiles of T-C samples prepared by both arc welding pro-
cesses are quite similar. The major strain for T-C sample prepared by
LBW process is higher than that of the T-C sample prepared by GTAW
and GMAW processes. All these strain profiles were analogous to the
limiting dome height test data and the failure location of the T-C
samples. It is further observed from Fig. 13b that, the major and minor
strain distribution profiles of the base material are very close to each
other. This confirms the biaxial tensile strain path was achieved during
the deformation of the base T-T samples. However, the difference be-
tween the major and minor strain profiles is more in case of T-T samples
prepared by LBW, GTAW and GMAW processes, and the maximum
minor strain is nearly 0.1 for all of them. Hence, the deformation mode
approached closer towards the plane strain condition in all the welded
samples.

Also, it is well established that the limiting strain is minimal at the
plane strain condition of a sheet material forming operation [46,47].
This explains the massive reduction in the formability of the welded
blank as confirmed from the limiting dome height test data. The lowest
overall major strain profile was recorded for T-T sample prepared by
the gas tungsten arc welding process.

4. Conclusions

In this work, the influence of the fusion zone and the sub-critical
heat affected zone microstructure on the mechanical response (tensile)
and the forming behavior of Si-TRIP steel subjected to different net heat
input such as those that involve laser and arc welding has been sys-
tematically analyzed, from which the following conclusions can be
addressed.

1. The measurable softening (tempering) occurring at the sub-critical
heat affected zone of arc welded Si-TRIP steel resulted from a
combination of various overlapped metallurgical processes: a) the
precipitation and coarsening of carbides within the prior islands of
martensite, b) the precipitation of supersaturated austenite phase
and c) the partial-recovery of the lath substructure of martensite.
The degree of softening (just beside the Ac1 line of critical tem-
perature) was depending upon the increased heat input through the
various welding processes employed here as follows: LBW (non-
measurable) →GTAW (measurable) →GMAW (clearly measurable).

2. Ductility upon uniaxial tensile testing was evidently influenced by
the total size of the fusion zone and the heat affected zone. It has
been observed that the uniform elongation was further reduced for
both arc welded specimens. However, the maximum strength
seemed not to be affected significantly by size of both the FZ and
HAZ. In contrast, all welded specimens actually registered slightly
higher values of UTS. The location of failure was observed in the BM
of both LBW and GTAW specimens; interestingly, the failure loca-
tion was predominantly encountered at the sub-critical heat affected
zone of the gas metal arc welded TRIP steel, clearly attributed to the
degree of softening.

3. Formability of Si-TRIP welded steel depends on the weld hardness,
weld width and geometry of the specimen. For T-C specimen the
fracture always took place outside of the weld width whereas the
fracture was initiated at the weld region in case of T-T specimen.
Strain path was changed from extreme biaxial condition towards
close to plane strain condition while deforming T-T welded spe-
cimen. Also the weld zone is harder comparatively to the base ma-
terial. Therefore a huge reduction of the limiting dome height for T-
T welded specimen were recorded, whereas the limiting dome
height reduction was comparatively minimal for T-C welded spe-
cimen compare to that of the corresponding base materials. Among
the welded blanks, the blank prepared by LBW process showed
maximum formability in terms of limiting dome height followed by
the other two welded blanks prepared by the GMAW and GTAW
processes for both of the sample geometry.

Fig. 13. Strain distribution profile for deformed specimen with different weld conditions for a) tension-compression (T-C) and b) tension-tension (T-T) strain path.
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