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EFFECT OF HIGH-TEMPERATURE ANNEALING ON THE CROSS-TENSION PROPERTY
OF RESISTANCE SPOT WELDED MEDIUM-Mn STEEL

As one of the most promising 3™ generation advanced high strength steels (AHSS), medium Mn steels attract much atten-
tion because of their exceptional mechanical property and reasonable cost. However, their application in the modern automotive
industry is limited by poor weldability. In this study, 7Mn steel was welded by resistance spot welding (RSW), which was followed
by high-temperature annealing to increase the cross-tension property. With this effort, enhanced cross-tension strength (CTS) with
a partial interfacial fracture (PIF) mode was realized. During the annealing after RSW that produced martensite, austenitization
was realized and then evolved into martensite by the following air cooling. This process produced structure homogeneity across
the joint. With respect to the RSW joint, martensite remained the dominant structure after annealing while the diffusion of C and
Mn solutes was triggered. With the increase of annealing temperature, the diffusion was enhanced, and the grain boundary embrit-

tlement was reduced, leading to higher CTS.
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1. Introduction

Welding is an important approach to join steel sheets.
Resistance spot welding (RSW) possesses high welding speed
and suitability for robotization [1]. As a result, it is widely used
in body-in-white manufacture, e.g. 2,000-5,000 spot joints are
usually contained in a modern vehicle. However, the welding
can exert melting and rapid solidification that produces non-
equilibrium phases [2], which may erase the designed structure
of the steel sheet and deteriorate the corresponding mechanical
properties of the steel. Consequently, it is important to develop
an accessible approach to tailor the structure of the RSW joints
to improve their mechanical properties.

Advanced high strength steels (AHSS) are attracting more
and more attention attributing to the increasing requirements of
safety, vehicle performance, and energy economy in the auto-
motive industry. Compared with conventional steels, AHSS has
enhanced mechanical properties and higher formability [3,4].
Among the three generations of AHSS, the 1% generation AHSS
contains multiple phases with improving strength and working

hardening [5] while the 2" generation AHSS has outstanding
strength and elongation simultaneously [6]. However, they are
limited in processing accessibility and high cost. As a result,
the 3™ generation AHSS was developed, by which satisfying
trade-off between strength and ductility but the lower cost is fa-
cilitated [7,8]. Medium Mn steels, a typical 3™ generation AHSS,
are considered as the most promising candidate in the automotive
industry attributing to their exceptional property with reasonable
cost [9-12]. However, it is still a challenge to improve the weld-
ability of medium Mn steel because of the evident tendency for
the element Mn to segregate in the centerline of the nugget. The
increase of cross-tension strength (CTS), an essential parameter
to characterize the weldability of steel sheets [ 13], remains chal-
lenged in medium Mn steels. Park et al. have obtained a CTS
of 1.4 kN in the joints of medium Mn steel [14]. Compared
with other steels, this value is rather low and cannot meet the
requirement of automotive manufacturing [ 15]. In Wang’s study,
in situ post welding pulses were adopted and played the role of
annealing, by which the CTS was increased [16]. Li has created
anovel shim-assisted RSW method to increase the CTS as much
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as possible. Meanwhile, the nugget pull-out fracture rather than
interfacial fracture was obtained, suggesting the outstanding
ductility with this method [17].

In this study, high-temperature annealing at different tem-
peratures was applied to enhance the cross-tension property of
7Mn RSW joints, and the relation between the cross-tension
property and microstructure was demonstrated.

2. Materials and methods
2.1. Materials
Uncoated cold-rolled 7Mn steel sheets with a thickness of

1.4 mm were welded by resistance spot welding. The chemical
composition of the steel is listed in TABLE 1.

TABLE 1
Chemical composition of the 7Mn steel (wt.%)
C Mn Si Al S P Fe
0.13 6.98 0.22 0.03 0.005 | 0.006 Bal.

2.2. Resistance spot welding

7Mn steels were joined by resistance spot welding, which
was realized by a medium frequency direct current machine
(DM-150, Shanghai Medar) using an electrode with a face di-
ameter of 6 mm. Two 7Mn steel sheets with the dimensions of
150 x 50 x 1.4 mm?® were welded according to the RSW protocol
shown in Fig. 1. Two current pulses of 8.6 kA and 100 ms were
applied to the 7Mn sheet with an interval of 20 ms. The joints
were cooled down to room temperature and hold for 400 ms,
which was followed by a current of 3.4 kA and duration of 100
ms, respectively, to temper the joints. The specimens are then
cooled down to room temperature. The electrode force during
the welding and tempering was 5.5 kN, hindering the formation
of shrinkage porosities during the solidification process as much
as possible.
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Fig. 1. Schematic of the RSW protocol

2.3. Post-weld heat treatment

After RSW, post-weld annealing was applied to the joints
to improve the CTS. The RSW joints were heated to 800, 810,
820, and 830°C and annealed for 7 min, respectively. After that,
the specimens were cooled in the air for cross-tension test and
structure characterization.

2.4. Mechanical tests

The RSW specimens with PWHT were subjected to
a cross-tension test by using an electromechanical testing sys-
tem (Instron 5581) at a crosshead speed of 10 mm/min at room
temperature. With the aid of a built-in extensometer, the load and
displacement data were directly obtained from the testing system.
The cross-tension strength was obtained from the peak point in
the load-displacement curve. The microhardness of the RSW
nugget was measured by a Vickers microhardness tester (MH-5L)
with an indentation load of 500 gf for a hold time of 15 s.

2.5. Microstructure characterization

The fracture morphology and microstructure of RSW speci-
mens were observed by optical microscopy (OM, Imager A2m,
Zeiss) and scanning electron microscopy (SEM, VEGA 3 SBH-
Easy Probe, TESCAN). Metallographic images were obtained
by etching the specimens with a saturated picric acid solution.
The distribution of elements in the nugget was acquired by an
electron probe microanalyzer (EPMA, 8050G, SHIMADZU).
X-ray diffraction (XRD, Bruker D8 ADVANCE DAVINCI) was
used to identify the phase constitution of the RSW joint.

3. Results and discussion

To reveal the effect of annealing on the joint, metallo-
graphic images of the RSW joints after annealing at different
temperatures are exhibited in Fig. 2. It has been stated that a
RSW joint usually consists of nugget, heat-affected zone (HAZ),
and BM [18,19]. In the current study, however, these zones
are hardly to be distinguished by these metallographic images.
Moreover, the joints with different annealing heat treatments
display similar structure, as evidenced by Fig. 2(a)-(d). Com-
pared with optical microscopy, the microhardness distribution
is associated with the structure of a joint. Fig. 2(e) presents the
microhardness across the nugget. Despite the different annealing
temperatures, all specimens possess similar microhardness. This
is in agreement with the metallographic images. For the RSW
joints, the nugget, HAZ, and BM experience different thermal
histories and therefore possess various structural zones. Whereas
they are annealed simultaneously, similar phase transformation
occurs in the nugget, contributing to the similar structure and
microhardness.
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As a result, even the air cooling after annealing facilitates the
formation of martensite. Other RSW joints experience similar
cooling process and possess martensite as well.

It has been reported that the nugget structure is mainly
responsible for the cross-tension property of the RSW joints
[23]. Fig. 4 shows the details of the nugget structure of the
RSW joints annealed at different temperatures. Similar with
our previous studies [16,24], the nugget is mainly composed
of columnar grains attributing to the rapid heat transfer along
the thickness direction during the RSW process. It has been re-
ported that solute segregation can easily occur in a directionally
solidified alloy [25,26]. In this study, both C and Mn in 7Mn
steel are prone to segregating to the nugget centerline due to
their equilibrium segregation coefficient smaller than 1.0 [27],
which can deteriorate the bonding force between the upper and
bottom steel sheet. Such segregation has been demonstrated in
our recent results. During the following annealing after RSW,
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Fig. 2. Metallographic images and microhardness distribution of the @ 800°C
RSW nugget after annealing at (a) 800°C, (b) 810°C, (c) 820°C, and
(d) 830°C. The nugget after annealing cannot be clearly distinguished.
Based on our experience, the RSW process is stable, and the nugget
size of different specimens keeps similar. As a result, the nugget size
with RSW can be used to determine the boundary between the nugget
and HAZ of the joint with high-temperature annealing. To differ the
case after RSW, pre-nugget is used here to denote the nugget area after
annealing. (e) Vickers microhardness of the nugget along the thick-
ness direction. The microhardness indentations are marked by dashed

lines in (a) @ 810°C

o C . Centerline
Fig. 3 is the XRD pattern of the RSW joint with annealing

at 800°C. Generally, to identify the phase constitution after rapid e the ‘/_ ____________________
quenching, the lattice parameters should be calculated [20-22].
But for medium Mn steels, their phase transitions have been
well recognized. It has to note that the joint is mainly dominated
by martensite (PDF no. 44-1292) with some residual austenite
(PDF no. 52-0512). 7Mn steel contains relatively high alloying @ 820°C
elements, and its hardenability can be significantly enhanced.
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Fig. 4. The nugget structure of RSW welds with different annealing
Fig. 3. XRD pattern of the RSW joint with annealing at 800°C. It is  temperatures: (a)-(d) Metallographic images of the nugget. (al)-(d1)
composited of martensite with a little residual austenite Secondary electron images of the nugget
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austenite forms from martensite, which exerts an obvious effect
on the CTS of RSW joints.

Fig. 5 displays the cross-tension results of RSW 7Mn steel.
Fig. 5(a)-(d) are the load-displacement curves after high-temper-
ature annealing at 800, 810, 820, and 830°C, respectively. CTS
is estimated by the highest point in the load-displacement curve.
Under each condition, three specimens were tested to demon-
strate the reproducibility of the welding. The average CTS with
95% confidence interval at different annealing temperatures is
summarized in Fig. 5(e). With the annealing temperature increas-
ing from 800 to 830°C, higher CTS is obtained. Compared with
the RSW joint of 7Mn steel with CTS of 1.8 kN [16,24], the CTS
after high-temperature annealing stands at 3.0 kN, namely the
improvement of CTS is as high as 66.7%. It has to note that the
CTS with different annealing temperatures overlaps with each
other, and the analysis of variance (ANOVA) method suggests
the average CTS is not significantly different at 95% confidence
interval. However, this phenomenon cannot be attributed to the
errors in statistics because the overall increase of CTS is rather
limited with the annealing temperature increasing from 800°C
to 830°C. The increase of annealing temperature can enhance
the diffusion of C and Mn, which reduces the segregation along
the nugget centerline and leads to a higher CTS. As mentioned
above, severe segregation of C and Mn is deemed to occur in
the RSW 7Mn steel, causing the grain boundary embrittlement
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Fig. 5. Cross-tension results of the 7Mn RSW joints with high-temper-
ature annealing at different temperatures: (a)-(d) Load-displacement
curves of the specimens with annealing temperatures of 800, 810,
820, and 830°C. respectively. (¢) The mean CTS with 95% confidence
interval versus annealing temperature

and deteriorating the bonding force [12]. With the annealing at
austenitization zone, the transition from martensite to austenite
occurs, which is dominated by the diffusion of C and Mn [12,28].
In other words, the diffusion of C and Mn is accelerated, which
can reduce the segregation along the nugget centerline. Fig. 6
displays the EPMA mapping results along the centerline of the
nugget experiencing different annealing treatments. Our previ-
ous study has demonstrated the serious segregation of C and
Mn along the nugget centerline [29]. Although the segregation
of C and Mn along the lath boundaries cannot be completely
diminished, the segregation along the centerline nearly vanishes.
This can enhance the bonding force between the upper and
bottom steel sheets, causing a higher CTS. In other words, the
segregation of C and Mn is indeed reduced, which produces a
higher CTS with the increase of annealing temperature rather
than being caused by statical errors. It has to note that Mn
cannot completely dissolve in the martensite matrix, and thus
only limited increase of CTS is obtained in this work. The dif-
fusion is improved at higher annealing temperature, leading to
a higher CTS.

RS T i 3 28

Fig. 6. EPMA results of the RSW joints with annealing at different
temperatures: (a)-(d) The morphology near the centerline of the nug-
get with annealing at 800, 810, 820, and 830°C, respectively. (al)-(d1)
The distribution of C near the centerline of the nugget with annealing
at 800, 810, 820, and 830°C, respectively. (a2)-(d2) The distribution of
Mn near the centerline of the nugget with annealing at 800, 810, 820,
and 830°C, respectively

After the cross-tension test, the fractured joints were ob-
served by optical microscopy. The results are exhibited in Fig. 7.
It is noted that both the broken nugget and base metal (BM) are



Fig. 7. Fracture morphology of the 7Mn welds after the cross-tension
test: (a) and (b) are fractured sheets and joint after annealing at 800°C.
(c) and (d) are fractured sheets and joint after annealing at 810°C. (e)
and (f) are fractured sheets and joint after annealing at 820°C. (g) and
(h) are fractured sheets and joint after annealing at 830°C

observed in the fractured joint, suggesting the 7Mn joints fail
in a partial interfacial fracture (PIF) mode. Despite the increase
of annealing temperature and CTS, plastic deformation is less
involved during the cross-tension test.

The fracture morphology of the 7Mn joints after the cross-
tension test is further characterized by SEM, and the results
are displayed in Fig. 8. The overview of the fracture is listed
in Fig. 8(a)-(d). Clearly, part of the nugget stays with the BM
of the other steel sheet. This is in agreement with the optical
images shown in Fig. 7, which evidences the PIF mode. The
fracture details of each specimen are also explored by SEM.
Zone A reflects the structure of the BM. For all specimens, some
dimples are observed in zone A. During the cross-tension tests,
bending deformation occurs initially but the specimen finally
fails in a shear load [13]. The dimples in the BM suggest the
plastic deformation of RSW joints at the last stage of the cross-

1297

tension test in a shear load. Meanwhile, the intergranular fracture
is observed in the specimen with the annealing temperature of
800°C (Fig. 8(al)), implying a higher fraction of brittle defor-
mation under this condition. As indicated in Fig. 5, joints with
the annealing temperature of 800°C possess the lowest CTS and
displacement, which is ascribed to the brittle fracture.

Zones B and C reflect the structure details of the nugget.
Columnar grains are observed from the overview sight. This
is caused by the strong heat conduction along the thickness
direction [30]. As typically indicated in Fig. 8(c3) and (d3), the
intergranular fracture is detected. Despite the occasional dimples
(Fig. 8(d2)), intergranular fracture dominates the nugget, imply-
ing the brittle fracture is the main failure mechanism. During
the cross-tension test, cracks initiate at the faying interface of
the steel sheets and then propagate along the centerline of the
nugget. Since the embrittlement caused by the segregation of
C and Mn is reduced by the annealing, cracks deflect to the
thickness direction rather than along the centerline direction and
propagate in the BM. Compared with the nugget, only solid-state
transformation occurs in the BM on the annealing and following
air cooling. Under this condition, the segregation of C and Mn is
hindered, and plastic deformation becomes the dominant failure
mechanism, producing a higher CTS.

Fig. 8. SEM images showing the cross-tension fracture of RSW 7Mn
welds with different annealing temperatures: (a)-(d) The overview of
the fracture of 7Mn weld with annealing temperatures of 800, 810, 820,
and 830°C, respectively. Details of zones A, B, and C are displayed in
images (al)-(d3)

4. Conclusions

In this study, 7Mn steel sheets were joined by resistance spot
welding. By additional post-weld annealing, the cross-tension
property of the welds was enhanced. Based on the structure
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characterization and microhardness distribution, the following

conclusions are obtained.

(1) Relatively high alloying content is contained in 7Mn steel,
which facilitates the formation of martensite even by air
cooling.

(2) With the post-weld annealing at the temperature of 800,
810, 820, and 830°C, structure heterogeneity in the nugget,
HAZ and BM is diminished, producing martensite across
the joint. With the high-temperature annealing, the joints
fail in a partial interfacial fracture (PIF) mode.

(3) Although the room-temperature structure of the joint cannot
be changed by the high-temperature annealing, the segrega-
tion of C and Mn along the nugget centerline is reduced,
which enhances the bonding force of the steel sheet and
leads to higher CTS. The reduction of C and Mn segrega-
tion is enhanced with the annealing temperature increasing
from 800°C to 830°C, facilitating the monotonous increase
of CTS.
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