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Abstract In this paper, the effect of input heat and welding
environment on microstructure and mechanical properties of
friction stir spot welded TRIP steel sheets were investigated.
Six types of joints produced in both air and water environ-
ments and under rotational speeds of 900, 1350, and
1800 rpm. Then, the microstructure and mechanical properties
of them were studied. The thermal histories, strain, and strain
rate distributions of cases obtained by finite element model-
ing. According to the temperature and strain distribution and
microstructural observations, four different zones determined
in welding region: stir zone, thermomechanically affected
zone, and high and low temperature heat-affected zones. It is
obtained at in-air welds by increasing the rotational speed, the
strength of joints increase to a maximum value because of
higher strain rate and more recrystallization of prior austenite
grains. The strength then decreases due to high amount of heat
input and growth of recrystallized grains. Thermal history of
underwater welds showed lower peak temperature and rapid
cooling rate. Also, by increasing rotational speed in underwa-
ter joints, the strength and hardness increased because of mi-
crostructure refinement. The fracture surfaces of joints
showed a dimple pattern ductile fracture in all cases except
1800 rpm in-air joint that the fracture was less ductile which
agrees with lower tensile elongation of it.
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1 Introduction

There is an increasing interest concerning the application of
transformation-induced plasticity (TRIP) steels in automotive
industry because of their good combination of high strength
and formability due to the existence of retained austenite in
their microstructures, which transforms to the martensite
phase during deformation [1]. The microstructure of TRIP
steels is obtained by alloying, usually with C, Mn, Al, and
Si, and a two-stepped heat treatment, resulting in ferrite, bai-
nite, and retained austenite [2].

According to the application of TRIP steels in automotive
industry, there is an increasing demand to joining them.
Unfortunately, the fusion welding processes destroy the initial
microstructure, and therefore, decrease the related strength
and ductility [3].

Friction stir spot welding (FSSW) base on fundamentals of
FSW [4] as a new spot welding method can be used to join
overlapping workpieces and proposes to replace the resistance
spot welding. This method consists of only the plunge, dwell,
and retract stages of FSW [5]. Because of the solid-state nature
of the FSSW process, the peak temperature during the FSSW
thermal cycle is remarkably lower than the melting point of
metals, thereby, restricting the formation of the coarse grains
and the detrimental solidification defects. Therefore, the
higher strength and toughness would be yielded in the
FSSW joints.

There are numerous studies that have investigated the
FSSW of steels [6-8], but studies about FSSW of TRIP steels
are very limited [3, 9]. In one of them, Lomholt et al. [3]
investigated FSSW of TRIP690 steel and reported that
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FSSW is suitable to produce successful welds in this type of
TRIP steel. The best weld parameters obtained with 1500 rpm
rotational speed and 1 s dwell time, which was confirmed by
the highest shear tension strength and a distinctive hardness
profile.

It is reported [10] that FSW includes complex
interactions between a variety of simultaneous
thermomechanical processes which affect the heating
and cooling rates, deformation, recrystallization, and
the mechanical properties of the joint. Also, He et al.
[11] mentioned that the unsuitable selection of the FSW
parameters arrives to an unusually high gradient of tem-
perature, strain, and strain rate. Therefore, the obtained
microstructures typically show an intense variation in
the morphology and grain size. In the other study,
Heidarzadeh et al. [12] reported that by increasing input
heat during FSW, the mechanical properties of the joint
reduce because of grain growth. Because of these prob-
lems, the full potential of FSW/FSSW for improving the
mechanical properties by microstructural refinement can-
not be used. Therefore, in recent years, there is an in-
creasing interest to control of thermal history of FSWed
joints by controlling welding environment [13-16].
Rouhi et al. [13] investigated the effects of welding
environment on microstructure and mechanical proper-
ties of friction stir welded AZ91C magnesium alloy
joints. The results indicated that the tensile strength of
the underwater joint was higher than that of the normal
joint, confirming the feasibility of underwater FSW to
improve the joint properties. Also, Imam et al. [14]
studied the effect of online rapid cooling via liquid
CO, during FSW of medium carbon steel and reported
that refinement of stir zone increase by using rapid
cooling and so the mechanical properties of joint
improve.

On the other hand, because the measurement of the
thermomechanical parameters during FSW/FSSW is very
difficult, costly, and time consuming, very limited ex-
perimental studies exist on thermal history and strain in
FSW/FSSW [17-19], and many of the authors have
used simulation methods in this regard. He et al. [11]
have provided a comprehensive review of numerical
modeling of FSW/FSSW. Different models have been
developed for the investigations on the heat inputs, the
material flows, and the force variations in FSW/FSSW.
These models involve solving the equations of conser-
vation of energy, mass, and momentum for steady-state
conditions considering incompressible viscous flow.
Researchers have used Eulerian [20, 21], Lagrangian
[22], and Arbitrary Lagrangian-Eulerian (ALE) [23, 24]
descriptions to modeling of FSW/FSSW. Nandan et al.
[25] established a computational fluid dynamics (CFD)
model to systematically study 3D viscoplastic material
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flow and the physical nature of heat transfer in FSW.
Also, by the use of solid mechanic-based ALE model,
Zhang and Zhang [23] directly showed the movements
of the material particles and found the material flow
rules in FSW.

Heat generation is a very important parameter in
FSW/FSSW and has been widely discussed in published
literatures. Mishra et al. [26] have provided a compre-
hensive review on heat generation during FSW/FSSW.
Zhang and Zhang [20] have established a new Eulerian
model based on solid mechanics and studied the power
and the heat generations from pin side surface, pin tip
surface, and shoulder contact surface in different rotating
speeds. Results indicate that the ratio of the heat input
powers from the pin and the shoulder keeps constant in
different rotating speeds. Strain and strain rate are two
other important parameters which have been calculated
during FSW/FSSW using finite element modeling in pre-
vious investigations [20, 27]. In some studies, the re-
searchers have predicted recrystallized grain growth dur-
ing FSW/FSSW using finite element modeling. In one of
them, Zhang and Wu [27] have investigated the effect of
tool geometries on strain rate, temperature, and grain size
in FSW of AA6061-T6. They have calculated Zener-
Hollomon parameter which is a function of temperature
and strain rate and can predict the final sizes of recrys-
tallized grains. They have mentioned that the contribu-
tion from the temperatures is much more important than
the one from the deformations. Also, the results of their
study showed that by increasing the input heat, the final
grain size increased because of increasing Zener-
Hollomon parameter.

Considering the previous literature, most of the studies
have been done on aluminum alloys and the effect of
thermomechanical parameters, like temperature, strain, and
strain rate on microstructure of TRIP steel, has not been
investigated using finite element modeling. On the other
hand, the effect of FSW/FSSW environment on microstruc-
ture and mechanical properties of TRIP steel joints has not
been studied. Owing to this, in the present work, experi-
mental joining and finite element modeling were used to
investigate the effects of thermomechanical parameters.
Therefore, six types of joining were fabricated experimen-
tally under rotational speed of 900, 1350, and 1800 rpm
and environments of air and water. Then, 3D fully coupled
finite element model was used to obtain thermal history,
strain, and strain rate distribution in similar conditions of
experimental welding. Finally, using finite element results
(thermal history and strain), microstructure observation (op-
tical microscopy and scanning electron microscopy), and
measurement of mechanical properties (tensile strength
and microhardness), the effects of thermomechanical
parameters and welding environment investigated.
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2 Materials and methods
2.1 Experimental
2.1.1 Base metal

The chemical composition of TRIP steel contained 0.2 C, 1.68
Mn, 1.43 Si, 0.03 Cr, 0.01 Ni, 0.016 Al, and 0.009 S (wt.%).
The steel was prepared as a 5-kg ingot in an air induction
furnace. The cast ingot was forged and small blocks were
cut from forged stock. These blocks were soaked at 1200 °C
for 1 h, and hot rolled to a thickness of 4 mm. Hot rolled plates
were annealed at 900 °C for 1 h to reduce the hardness for
easier cold rolling. The hot-rolled air annealed steel plates
were cold rolled to achieve a final thickness of 1.2 mm.

The temperatures of Ac; and Acs were calculated using
Thermo-Calc database [28] and the amount of 705 and
836 °C were obtained, respectively. To obtain the microstruc-
ture of TRIP steel a two-step heat treatment was conducted.
The intercritical annealing was done at temperature 790 °C for
10 min. After intercritical annealing, steel quenched to tem-
perature of 350 °C and was hold for 12 min at this tempera-
ture. Finally, the steel was quenched by water to room
temperature.

2.1.2 FSSW

TRIP steel plates with the dimensions of 30 mm x 100
mm X 1.2 mm were prepared for lap shear tensile test and then
friction stir spot welded at tool rotational speeds of 900, 1350,
and 1800 rpm in both environment of air and water. Plunge
depth, dwell time, and plunge rate were fixed at 2 mm, 2 s, and
0.2 mm/s, respectively. The experiment conditions are given
in Table 1. A tool made of tungsten carbide (WC) with a 10-
mm shoulder diameter, a 5-mm pin diameter, and a 1.9-mm
pin length was used. Note, the WC tool exhibited no wear and
high dimension stability after each FSSW weld. Also, a spe-
cial fixture was designed and fabricated because of high forces
which imposed to workpiece during welding. FSSW was con-
ducted using a vertical milling machine. The fixture and ex-
perimental setup of welding are shown in Fig. 1.

To validate the results of finite element model, the thermal
history and temperature distribution of samples which welded
under rotational speed of 1350 rpm in both environments were
recorded using K-type thermocouple. The specimen used for
this test was made as single part by milling a plate with an
initial thickness equal to 2.4 mm. For this purpose, at first, the
specimen was prepared by milling and then was heat treated
by two-stage heat treatment to obtain TRIP steel microstruc-
ture. The use of a single part component instead of two sepa-
rated plates was chosen to avoid possible effects due to the
thermal contact resistance between the plates and to guarantee
proper and stable measurements of the temperatures during
the tests. This solution was used for the thermal tests only,
which means for a set of specimens that were not used for
the mechanical characterization. Four holes having a diameter
equal to 1 mm were executed on sample in the width direction
(two on one side and two on the other one) at a specific dis-
tance from the specimen center. The geometry of specimen
that was used for temperature recording during welding is
represented in Fig. 2.

2.1.3 Microstructure observation and mechanical tests

Optical microscopy (OM) and field emission scanning elec-
tron microscopy (FE-SEM) were used for microstructure ob-
servation. For the OM and SEM investigations, the transverse
cross sections of the joints were prepared according to the
standard grinding and polishing procedures. The samples for
investigation with SEM were etched in Nital 2 % for 2-3 s.
For OM, various etchant are possible. It was obtained that the
metabisulfite solution (Na,S,03-H,O0 10 g+H,0 100 ml) is
the best etchant solution and all of the four phases can be
determined using it. Using a metabisulfite solution as the etch-
ant reveals the retained austenite, ferrite, and bainite/
martensite phases in white, gray, and black contrast, respec-
tively [29].

Microhardness measurements were performed with a mi-
crohardness tester equipped with a Vickers indenter, applying
aload of 100 g. Hardness was measured along lines parallel to
the sheet surface at a distance of 0.5 mm from the surface of
the upper sheet.

Table 1  Experimental welding parameters

samples Rotational speed (rpm) Welding environment Plunge depth (mm) Dwell time (s) Plunge rate (mm/s) Tool material

1 900 Air 2 2 0.2 Tungsten carbide
2 1350

3 1800

4 900 Water

5 1350

6 1800
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Fig. 1 a FSSW fixture and b underwater welding setup

The lap-shear tensile tests were conducted at room temper-
ature on a computerized universal testing machine at a con-
stant crosshead speed of 5% 102 s~ ', Two packing slices were
adhesively joined to the weld specimen to ensure the axial
loading of the test specimen. For each condition, three tensile
tests were done and the average of obtained strengths was
selected as the final strength. Also, fracture surfaces were
investigated by FE-SEM micrograph.

2.2 Finite element model

In this work, the ABAQUS finite element modeling program
was utilized, which has been previously used for FSW/FSSW
simulations [11]. The geometry used in the simulations is
shown in Fig. 3. The mesh is dense at the center of the work-
piece to reduce hourglassing effect as depicted in Fig. 3. The
element size is approximately 0.1 mm in the region surround-
ing the tool. The workpieces have been modeled using
thermal-coupled element C3DSRT. This element type has 8-
node tri-linear displacement and temperature degree of free-
dom and reduced integration with hourglass control.
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Fig. 2 Details of the specimens prepared for the thermal analysis
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Fig. 3 a FSSW model geometry and mesh and b tool dimension

Since this work is not intended to study the mechanical
responses of the tool, it was modeled as analytical rigid sur-
faces with prescribed motion at a reference node. The rigid
body surfaces, however, carry thermal response, which are
assumed as isothermal. The tool has a shoulder and an
unthreaded pin as shown in Fig. 3. The diameters of the shoul-
der and the pin are 10 and 5 mm, respectively. The reference
node was defined for the rigid body that has translation, rota-
tion, and thermal degree of freedoms.

For simulating the FSSW, a 3D explicit fully coupled mod-
el was used. The describing equation of the heat transfer dur-
ing welding is introduced as follows [30]:

0 oT 0 oT oy oT
— k= +=(k=— ) += k. —
6x< 6x>+6x<y6y)+0x< 82>+q

=pC ot (1)
where x, y, and z describe the coordination in Cartesian system
and p, C, k, T, t, and q are density, specific heat, conductivity,
temperature, time, and generated heat, respectively.

In this study, it has been considered that the main source of
the generated heat during FSSW is the friction between the
tool and the sheets, and the plastic deformation of the speci-
mens near the tool, as well. The generated heat by the friction
(/) can be calculated using the following equation [30]:

q; = 2TuRNF (2)

where R, N, u, and F are the distance from the tool axis,
rotational speed, friction coefficient, and normal force, respec-
tively. The friction coefficient assumed to be constant. The
amount of 0.49 was reported in the previous studies for u
between similar materials [31]. In the simulation of tool pen-
etration into the material, a constant plunge rate was used.
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When the plunge rate is controlled, the plunging is done at a
constant rate and the normal force is variable. In this study, the
plunge depth was fixed at 0.25 mm/s (2 mm plunge depth in
8 s), and so, the normal force was variable during welding.

The heat generation by the plastic straining (g, ) assumed
as follows:

q,=nT¢ 3)

Here, 1, 7, and ¢ are the dissipated heat fraction due to defor-
mation (between 0 and 1), the shear stress, and strain rate,
respectively.

Some of the total heat generated at the shoulder/workpiece
interface is transported into the tool material during FSSW.
The ratio of the heat that enters the workpiece to the heat
transported into the tool can be deduced from this formula
[32]:

" )

where (kpC) ,, and (kpC) ; are obtained by multiplying the
thermal conductivity (k), density (p ), and specific heat capac-
ity (C) of workpiece and tool materials, respectively. In the
FSSW of similar TRIP steels, the temperature at the
tool/workpiece interface is generally concentrated in the range
of 8001100 °C [33]. Therefore, the thermo-physical proper-
ties of the tool [31] and the workpiece [33] at 950 °C are
substituted to Eq. 4, which leads to an f'value of 0.81.

The in-air and underwater FSSWs have the same initial
boundary conditions for the calculations of temperature fields:

T(x7y727f)|;:o = T()()C,y,Z,I) =25°C (5)

The convection boundary condition for all the surfaces of
workpiece is

oT

ka = h(T-Ty) (6)
Where k is the thermal conductivity and /4 is the convection
coefficient.

In most of the previous studies, the surfaces of workpiece
exposed to the atmosphere were allocated a convection coef-
ficient of 10-30 W/(m* °C) for thermal modeling of in-air
FSSW. Based on this, the convection coefficient is set to be
15 W/(m? °C) for the surfaces of the plates in this study.

Regarding the underwater FSSW, the heat dissipation con-
ditions for all sides of the workpiece are different from those
under air environment. For the top surface near welding tool,
the contact water is in the boiling state under the effect of
elevated temperature, leading to intense heat transfer between
the workpiece and the boiling water. While for the other sur-
faces exposed to the non-boiling water, the heat is dissipated
from the workpiece by natural convection of water. It is

reported that the convection coefficients of non-boiling and
boiling water are, respectively, about 850 and 3000 W/(m? °
C) [30].

By employing the Arbitrary Lagrangian-Eulerian (ALE)
formulation, large deformations can be simulated by
remeshing. In ALE formulation, the main point is to control
the distortion of the elements by improving the aspect ratio of
the distorted elements [34]. More details about ALE formula-
tion are available in Belytschko et al. [34]. The temperature-
dependent properties of studied steel were given in the au-
thors’ previous work which was done at simulation of
FSSW of TRIP steel [33].

3 Results and discussion
3.1 FEM validating

Figure 4 shows the temperature, strain and strain rate distribu-
tion at the case 1350 rpm which were obtained at the end of
dwell time (for temperature) and end of the cooling (for strain
and strain rate). In Fig. 5a, the thermal history of a point near
the tool pin in case in-air welded at 1350 rpm of rotational
speed has been validated with experimentally obtained result
for this point. Also, Fig. 5b shows the comparison between
numerical and experimental peak temperatures, in cases which
welded under rotational speed of 1350 rpm. The maximum
peak temperatures of the in-air welds are 912, 1040, and
1120°C, while those of the underwater joints are 760, 866,
and 995 °C. As shown from Fig. 5, finite element results are in
a good agreement with results that have been recorded by
thermocouples.

Also, according to the finite element results, the maximum
achieved strains in the in-air cases are 7.2, 8.4, and 9.9 when
the maximum strains imposed by welding process in under-
water joints are 6.1, 6.9, and 8.2. The strain rates were more
dependent to the rotational speed. The values of strain rate for
in-air cases were 8.9, 9.8, and 10.1, and for underwater cases,
the values were 8.7,9.7, and 10.2. In the preceding studies, the
stated range of the reported strain and strain rate are too wide.
From the other point of view, in the investigations with com-
parable condition of the present work, the data are reported in
the range of 1-10 for strain and 2—15 for strain rate [17-19].

Figure 6 represents the normal force history for case
1350 rpm during simulation. When the pin touches the surface
of the workpiece because of the material resistance against
strain, force starts to increase until the force reaches to a max-
imum at a value of 6 KN. As pin penetration continues, the
temperature increases due to the frictional heating and the
material plasticizes; its resistance decreases and there is a drop
in the force value. The tool axial displacement causes the
upward movement of the material, like a reverse extrusion.
‘When the shoulder touches this extruded material, force value

@ Springer
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increases again due to the “forging force” produced by the
shoulder. Immediately before the dwell period, where the tool
remains rotating but there is no axial displacement, the force
reaches another peak 12 KN. During dwell time, there is a
drop in force value because of the low resistance of the mate-
rial being deformed due to the frictional heating. Mazzaffero
et al. [9] have measured the amount of normal force during
FSSW of TRIP steel which was same to material of present
study. The finite element results of this study can be validated
with their results.

3.2 Microstructure and mechanical properties

Figure 7 shows the section view of in-air FSSWed sheets
under rotational speed of 1350 rpm which four zones can be
determined by various colors observation. As reported previ-
ously in the FSSW of TRIP steel joints [3, 9], the FSSWed

Distance (mm)

TRIP joint was classified as four zones, the stir zone (SZ),
thermomechanically affected zone (TMAZ), high temperature
heat-affected zone (HTHAZ), and low temperature heat-
affected zone (LTHAZ). Figure 8 shows the section views of
the finite element models, which indicate the distribution of
temperature and strain in all the cases. In this figure, the
welded zone in each case subdivided to four zones according
to temperature distribution and maximum strain; SZ, where
the temperature increases above Ac; (836°C) and the large
amount of strain and strain rate leads to the stirring of the
sheets; TMAZ, where the temperature is between Acs; and
Acy (705°C ) with mediocre or low strain; HTHAZ, where
the high temperature rises above Ac; but stays under Ac; and
there is no deformation and LTHAZ, where the temperature is
less than Ac;. The minimum temperature at LTHAZ assumed
to be 300 °C which no considerable transformation occurred in
lower temperatures.
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Fig. 5 a Thermal history for point from SZ of 1350 in-air weld which
compared with thermal history of similar point in FE model and b
comparison between numerical and experimental peak temperatures, in
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cases which welded under rotational speed of 1350 rpm. The data were
obtained at the end of dwell time and distances of 3.5, 5, 5.5, and 6.5 mm
from the pin center
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Figure 9 represents the FE-SEM micrographs of base metal
and subdivided welding zones.

As is clear from Fig. 9a, the ferrite grains are the major
phase of base metal (BM). Austenite and martensite grains
were determined by smooth and rough appearance, respec-
tively. Retained austenite grains appear in two morphologies:
blocks and films. Bainite is clearly seen as the regions with
lamellar structure consisting of bainitic ferrite and retained
austenite. Similar observations have been reported in previous
studies [35]. The microhardness of sample is shown in Fig. 10.
The base metal has an average microhardness of 250 VHN.

Figure 9b shows the microstructure of LTHAZ. 1t is diffi-
cult to identify a difference between base metal and this zone,
but focusing on both microstructure clarify that the morphol-
ogy of retained austenite in LTHAZ changed comparing base
metal by growing the bainitic ferrite as lamellar grains into
austenite grains (black ellipses in figure). By growing the
bainitic ferrite, carbon is amassed into the nearing austenite
lamellae, thus, enriching the retained austenite lamellae with
carbon [36, 37]. It is similar to bainitic isothermal transforma-
tion step of two-stage heat treatment of TRIP steel processing
which achieved about 350 °C in this case. It can be concluded
that the temperature was less than Ac; in LTHAZ. This

Sz TMAZ HTHAZ LTHAZ

Base Metal

Fig. 7 The section view of in-air weld that joined under rotational speed
of 1350 rpm

conclusion was confirmed by temperature recording previous-
ly. A temperature less than Ac; has been caused to tempering
of martensite which was in the base metal, and therefore,
decreased the microhardness of this zone comparing base met-
al well (Fig. 10) [38].

The micrograph of HTHAZ in Fig. 9¢ shows that amount
of martensite phase increased. Where TRIP steel is heated up
to temperatures between Ac; and Acs, austenite and ferrite are
in equilibrium. During cooling, some of austenite grains trans-
formed to martensite, and therefore, the microhardness of re-
gion increased to average amount of 400 VHN, which is
higher comparing base metal and LTHAZ. Figure 11 com-
pares the HTHAZ zones at cases 1350 rpm in both environ-
ments. HAZ of underwater joint include finer ferrite grains
because of the lower temperature and rapid cooling rate.
Also, the amount of martensite in underwater case is higher
comparing in-air joint. In fact, the prior austenite grain size in
underwater joint is smaller because of the lower peak temper-
ature but almost all of the austenite grains transform to mar-
tensite because of higher cooling rate. This observation ex-
plains the higher microhardness of HAZ in the underwater
cases.

From the Fig. 9d, it is obvious that the microstructure of
TMAZ are composed by ferrite, austenite, bainite, and mar-
tensite which indicates that the material was heated to peak
temperature between Acs and Ac, where new austenite grains
have formed. During cooling, some austenite grains trans-
forms into bainite and martensite. Also, the microstructure in
TMAZ seems to be lightly deformed as a result of moderate
deformation imposed by the process in this zone. According
to Fig. 10, the microhardness increased comparing previous
zones because of high amount of martensite.

Xu et al. [39] reported that recrystallized grains formed
during the FSW grow very rapidly during the weld cooling
cycle commonly known as the post annealing effect. In the
TMAZ and HAZ, the morphology of the grains significantly
changed from equiaxed to a finer elongated shape under rapid
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Fig. 8 The section views of finite element models that indicate temperature and strain distribution in all case at the end of dwell time

Fig. 9 FE-SEM micrographs of
sample welded in air and
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Fig. 10 Vickers microhardness
profiles of the six welded samples
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cooling. This result suggested that the online rapid cooling can
be thought of as a way to possibly eliminate the post annealing
effect. According to finite element results in Fig. 8, the total
sizes of deformed zones (SZ + TMAZ) are reduced in under-
water joints. In fact, a decrease in the input heat causes a
significant decrease in plastic deformation during underwater
welding.

The microstructure of SZ is shown in Fig. 9e. The major
phase in microstructure is martensite and the average micro-
hardness of 550 VHN confirms this observation. However,
some ferrite and widmanstatten ferrite grains can be seen.
During welding the temperature of SZ is rose above Ac; and
microstructure completely changes to austenite. Because of
high temperature and intense strain and strain rate imposed
by the process the occurring of discontinues dynamic recrys-
tallization (DDRX) of austenite is possible.

Figure 13 plots the time-temperature history profiles of SZs
of all joints. As the tool rotates, the temperatures of SZs of in-
air joints are gradually increased to the peak value and then

Fig. 11 Optical microstructure of
HTHAZ at samples FSSWed at
1350 rpm: ain-air and b
underwater (F ferrite, M
martensite)

2 3 4 5 6 7 8 9 10

distance from pin center (mm)

show a slow cooling rate. While for the underwater joints, the
peak temperatures are all lower than the corresponding value
of the in-air joints. In addition, the thermal cycle exhibits
larger cooling rates.

Figure 12 compares the FE-SEM micrographs of the SZ of
cases 1350 rpm in both environments. According to this figure
microstructure of underwater joint includes martensite, bainite
and a considerable amount of widmanstatten ferrite and also
recrystallized ferrite grains that indicate the temperature was
slightly lower than Acs.

According to finite element outputs, in 900 rpm underwater
joint the stir zone has not formed because the maximum tem-
perature was just a little more than Ac;. Also, a very narrow
SZ has formed in 1350 rpm underwater joint. The peak tem-
perature in 1800 rpm underwater joint is sufficiently higher
than Acz and a considerable SZ formed.

It is clear from Fig. 8, the high-temperature distributing
areas in underwater joints are remarkably narrowed and the
amounts of strains are reduced in contrast to the in-air joints.
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Fig. 12 FE-SEM micrographs of
SZ at samples FSSWed at

1350 rpm: a in-air and b
underwater (F ferrite, WF
widmanstatten ferrite)

SEM HV: 10.0 kV
View field: 25.4 um Det: SE |
SEM MAG: 5.00 kx| Date(midly): 07119116 |

Figure 10 shows the hardness profiles over the various
zones in the six samples. Microhardness at SZs is higher with
respect to base alloy in all cases. The improvement was attrib-
uted to the combined effect of fine grain size and appearance
of martensite at SZs. Average microhardness of 490 VHN at
SZ was reported by mazzaferro et al. [9] for FSSWed TRIP
steel with similar composition of present study. The peak
hardness of welds obtained in air and water environment in
this study are 510 and 550 VHN, respectively. It is observed
that microhardness of sample joined under 900 rpm in air is
lower significantly from the two other samples because of low
heat generation and low cooling rate which caused soft micro-
structure. Also, the average hardness in the SZs of underwater
joints is about 40 VHN higher than the SZs of the in-air joints.
Such an enhancement in average hardness is directly related to
the formation of the fine grains and harder phases under rapid
cooling. These tendencies well follows the change of the mi-
crostructure distributions in both joints.

Fig. 13 Thermal histories of SZs
in all samples

Temperature (C)
[}
(=3
o

WD: 11.89 mm

——1800rpm-air
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SEM HV: 10.0 kV \ 'WD: 11.81 mm

Spm View field: 254 ym | Det: SE 5pm
SEM MAG: 5.00 kx| Date(midly): 07119116

(b)

Microhardness of TMAZ decreases comparing SZ because
of reduction in martensite fraction of microstructure.
Decreasing of microhardness is continued by transition to
HTHAZ but still the VHN is above comparing base metal.
According to Fig. 10 hardness of LTHAZ at in-air joints is
less than BM. As was said before, a temperature below Acy
may also induce tempering of the martensite, which is present
in the BM before welding; this will lead to decreased hardness
as well [38].

The strength of the weld emanates from the region where
the two sheets are joined, which is commonly known as the
bonding ligament width (Fig. 7). It was reported [3, 6] that not
only the bonding ligament width is responsible for the
strength, but also the type of microstructure developed in the
bonding ligament. The results of the lap shear tensile tests for
cases are given in Fig. 14. The results of in-air joints show an
increasing at 900 to 1350 rpm which is followed by a decreas-
ing at 1350 to 1800 rpm. By increasing the rotational speed,

dwelling

plunging cooling
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Fig. 14 Tensile strength of in-air and underwater joints

the strain rate and input heat increase and cause to more stir-
ring in the SZ. The Zener-Hollomon parameter (Z) can be
used to prediction of recrystallized prior austenite grain size
(d) as follows [40]:

7 = ¢ EXP <RQT> (5)

d=k (j) B (6)

Where €, Q, and T are strain rate (s~'), activation energy

(J/Mol), and absolute temperature (°K). R is the constant

and equal to 8.314 (ﬁ) Also, k and p are dependent on

material properties and their values for TRIP steels with

Fig. 15 FE-SEM micrographs of
tensile shear fracture surface
appearance of FSSWed TRIP
steel a 900 rpm, in-air; b

1350 rpm, in-air; ¢ 1800 rpm, in-
air; d 900 rpm, underwater; e
1350 rpm, underwater; and f
1800 rpm, underwater

similar chemical composition of TRIP steel studied in this
paper were reported in [41]. According to the finite
element results, the value of strain rate increases by
increasing the rotational speed. By increasing the strain
rate, the amount of Z parameter increases, and therefore,
the grain size of prior austenite decreases. It has been
reported that by decreasing the prior austenite grain
size, the packet size of lath martensite, which will be
formed from austenite, decreases, and therefore, the
strength of microstructure increases [42]. However,
when the rotational speed is too high (1800 rpm in this
study), the negative effect of temperature rising over-
comes to positive effect of strain rate and the Z param-
eter decreases, which causes to grain growth of prior
austenite. Therefore, the strength of microstructure re-
duced because of formation of lath martensite with large
packets. In joints welded in air, by increasing the rota-
tional speed, the strength is increased from 7.6 KN at
900 rpm to a maximum value of 9 KN at 1350 rpm and
then decreased to 8.4 KN at 1800 rpm. When the envi-
ronment of the welding is replaced by water, increasing
the rotational speed, increases the strain rate, but the
temperature rising is limited because of more and fast
heat transfer between material and water. According to
Fig. 14, the strengths of the underwater welds are
higher than the in-air welds at all rotational speeds.
Also, in underwater welds, the strength increases from
8.5 KN at 900 rpm to 10.5 KN at 1800 rpm. As a
result of limiting the heat input and also decreasing
the amount of time, the alloy stays above a certain
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temperature, grain growth is impeded, and this renders
the underwater welded joints stronger.

The fracture surfaces of the joints are illustrated in Fig. 15.
It can be seen from Fig. 15 that the fracture surface of the
900 rpm in-air weld shows a ductile fracture with uniform
dimple sizes while that of the 1350 rpm in-air weld displays
a deeper dimple pattern. In the case of the joint welded at
1800 rpm, the fracture surface is somewhat different from
other joints where it does not reveal a dimple pattern. For this
joint, the fracture is less ductile which agrees with lower ten-
sile elongation of it. On the other hand, the fracture surface of
the underwater joints exhibits only a dimple pattern which
predominantly shows ductile fracture. In addition, for the un-
derwater joints, the sizes of the dimples were uniform, and the
dimple size increased with increasing rotational speed.

4 Conclusions

* Finite element modeling with ALE description was used
to simulation FSSW of 0.2C + 1.43Si + 1.68Mn TRIP steel
sheets in air and water environments. Temperature, strain,
and strain rate were obtained and the results were validat-
ed by experimental results.

» Experimental joining was done at six samples and in the
same conditions of the finite element simulations (under
rotational speed of 900, 1350, and 1800 rpm at air and
water environments). Also, the microstructure and me-
chanical properties of joints were studied.

»  Section view of FSSWed sample showed that for different
zones formed in welding area: SZ, TMAZ, LTHAZ, and
HTHAZ. These subdivided zones were determined in fi-
nite element models using strain and temperature
distributions.

* The finite element results showed that by increasing the
rotational speed the values of temperature and strain in-
creased in both environments. Also, SZ+ TMAZ sizes
were smaller in underwater samples because of lower tem-
perature and strain.

* By increasing of the rotational speed at in-air joints, the
lap shear tensile strength of the joints increased up to a
maximum value of 9.1 KN in rotational speed of 1350 rpm
and then decreased. By increasing the rotational speed and
so strain rate, the amount of Zener-Hollomon parameter
increases, and therefore, the grain size of prior austenite
decreases. This decreases the packet size of lath martensite
and the strength is improved. However, when the rotation-
al speed is too high (1800 rpm in this study), the negative
effect of temperature rising overcomes to positive effect of
strain rate and the Z parameter decreases.

* In water environment, the strain rate is similar to in-air
welding, but the temperature is lower. Therefore, the Z
parameter decreases by increasing rotational speed

@ Springer

continuously and the final microstructure is finer. This
explains the higher strength of underwater joints.

* The fracture surfaces of joints showed a dimple pattern
ductile fracture in all cases except 1800 rpm in-air joint
that the fracture was less ductile which agrees with lower
tensile elongation of it.
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