
TOPICAL COLLECTION: 2019 METALLURGICAL PROCESSES WORKSHOP FOR YOUNG SCHOLARS

A Novel Shim-Assisted Resistance Spot Welding
Process to Improve Weldability of Medium-Mn
Transformation-Induced Plasticity Steel

SHUOSHUO LI, SHANGLU YANG, QI LU, HAIWEN LUO, and WU TAO

Medium-Mn transformation-induced plasticity steels have great potential to significantly reduce
vehicle weight and improve fuel economy due to their outstanding combination of high strength
and excellent ductility. One bottleneck to the application is their poor weldability resulting from
their high Mn contents. In this paper, three resistance spot welding set-ups, including no shim,
an interstitial-free steel shim at the faying interface (shim-in) and shims against the electrodes
(shim-out), were incorporated to investigate the weldability of Fe-7Mn-0.14C medium-Mn steel.
Tensile-shear, cross-tension, and microhardness tests were used to evaluate the mechanical
properties of the welds. Experimental results demonstrated that the failure mode of the welds
transitioned from the interfacial fracture in the case of no shim to the desired nugget pull-out
fracture in the shim-out set-up, resulting in dramatical improvements in both peak loads and
their corresponding extensions during the tensile-shear and cross-tension tests. In contrast, the
shim-in set-up made no improvement. What can contribute to such improvement was then
discussed on the basis of observed morphologies and microstructures of welds.
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I. INTRODUCTION

THE application of advanced high strength steels
(AHSS) to automotive industries can significantly
reduce vehicle weight and improve fuel economy.
Compared to the 1st generation and the 2nd generation
AHSS, the 3rd generation (Gen.3) AHSS have a better
combination of high strength and superior ductility;
therefore, they receive an increasing interest from both
steel and automotive industries.[1] Medium-Mn TRIP
steels, which usually contain approximately 5 to
12 wt pct Mn, are considered one of the most promising
candidates of the Gen.3 AHSS. They have a dual-
phased microstructure of ferrite and retained austenite;
the latter is often in the range of 20 to 50 pct.[2] Both

strength and ductility could be improved due to the
so-called transformation-induced plasticity (TRIP)
effect, resulting from the transformation of the retained
austenite to martensite during the tensile deforma-
tion.[3–5] It has been reported that the product of
strength and ductility of many developed medium-Mn
steels can be more than 30,000 MPa pct.[6]

The weldability of medium-Mn TRIP steels has to be
assessed before they can be passed to commercial
applications. In particular, the mechanical properties
of welds play essential roles in crash performance. Some
efforts have been recently made to investigate the
microstructure and mechanical properties of welded
medium-Mn TRIP steels after using different welding
processes. For examples, a Fe-8Mn-0.06C (all are in
weight percentage, unless mentioned elsewhere) steel
was joined by gas tungsten arc welding, and the impact
toughness of full martensite structure in weld was
evaluated, which strongly depends on the sizes of the
martensitic block and packet.[7] Gas metal arc welding
was applied to Fe-6.5Mn-0.98C steel with the added
pulse current, which can enhance the plastic deforma-
tion capacity of weld joint.[8] Laser welding of
Fe-10.4Mn-0.15C steel produced a fusion zone (FZ) of
welds, which were mainly composed of martensite and
some interdendritic austenite, and no softening in the
heat-affected zone (HAZ).[9] In addition, the precipita-
tion of VC nanoparticles could lead to the increases of
both microhardness and tensile strength of the simulated
HAZ in the Fe-8.1Mn-0.98C steel.[10]

SHUOSHUO LI and HAIWEN LUO are with the School of
Metallurgical and Ecological Engineering, University of Science and
Technology Beijing, Beijing 100083, P.R. China. Contact e-mail:
luohaiwen@ustb.edu.cn SHANGLU YANG and WU TAO are with
the Shanghai Institute of Optics and Fine Mechanics, Chinese
Academy of Sciences, Shanghai 201800, P.R. China. Contact e-mail:
yang_unitech@126.com QI LU is with the China Science Lab, General
Motors Global Research & Development Center, Shanghai 200120,
China.

Manuscript submitted September 26, 2018.
Article published online December 6, 2018.

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 50B, FEBRUARY 2019—1

http://crossmark.crossref.org/dialog/?doi=10.1007/s11663-018-1463-9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11663-018-1463-9&amp;domain=pdf


However, we are still facing a great challenge in
designing a proper weld process to obtain the
good-quality welds with the satisfied properties for the
medium-Mn TRIP steels because the brittle and hard
phase is frequently formed during welding due to their
high Mn content, which leads to a high susceptibility to
cracking.[11] In the automotive industry, moreover,
resistance spot welding (RSW) is a primary and vital
sheet metal joining process due to the two advantages:
the high welding speed and the excellent suitability for
robotization.[12,13] There are about 3000 to 5000 spot
welds in a typical steel body-in-white.[14] During the
RSW process, the thermal process destroys the designed
microstructure of AHSS that has been formed during
the previous rolling and annealing processes, which may
deteriorate the mechanical properties of welds.[12] In
particular, the interfacial fracture (IF) of weld after the
RSW of AHSS is detrimental to the crashworthiness of
the vehicles and shall be avoided.[15] Peterson has used a
low carbon dilution sheet during the RSW of martensitic
steel sheets to change the IF fracture mode.[16] However,
there are few researches published about the RSW of
medium-Mn steels, to our best knowledge.

In this paper, different RSW processes were used to
weld a medium-Mn steel received from a commercial
supplier after a trial industrial production. Three resis-
tance spot welding set-ups, including no shim, an
interstitial-free steel shim at the faying interface
(shim-in) and shims against the electrodes (shim-out),
were implemented to evaluate the weldability of
medium-Mn steel. The effects of the interstitial-free
steel shims at different locations on the mechanical
performance were analyzed through the morphology
and microstructure of weld, microhardness measure-
ment, and tensile-shear tests.

II. EXPERIMENTAL PROCEDURES

The studied medium-Mn TRIP steel is a 1.4-mm-thick
Fe-7.14Mn-0.14C steel (7Mn steel) sheet with no coat-
ing, whose exact chemical composition and mechanical
properties are listed in Table I. In addition, the inter-
stitial-free (IF) steel shim was employed in some welding
set-ups for improved weldability, whose composition
and mechanical properties are also given in Table I. The
microstructure of received steel is the mixture of
lamellar ferrite, ultrafine austenite, and some cementite,
as shown in Figure 1. The conventional RSW set-up
having no shim, the welding set-up with a 0.8-mm-thick
uncoated IF steel shim at the faying interface (shim-in)
and the one with two IF shims against the electrodes

(shim-out) are shown in Figures 2(a), (b), and (c)
respectively. They were all implemented to assess the
weldability of the studied steel.
RSW experiments were performed using a medium-

frequency direct current (MFDC) resistance welding
machine, WT6000. The welding schedule in Figure 3
was employed for all the three welding set-ups.
16-mm-diameter domed electrodes with a 7.0-mm-di-
ameter flat tip end, made of Cu-0.2Zr (wt pct) alloy,
were used. Both the tensile-shear and cross-tension tests
were conducted to evaluate the mechanical behaviors of
spot welds according to ANSI/AWS/SAE/D8.9-97 stan-
dards. The dimensions of the tensile-shear and cross-ten-
sion specimens are shown in Figure 4 according to the
general motor (GM) manufacturing engineering stan-
dard. Both tensile-shear and cross-tension tests were
carried out at the crosshead speed of 2 mm/min using an
Instron 5982 testing machine. A minimum of three
replicates were tested for each condition. After failure,
the fracture surfaces were examined by a scanning
electron microscopy (SEM, ZEISS AURIGA). The
welds were sectioned, ground, polished, and etched in
4 pct nital for microstructure examinations under opti-
cal microscope (OM, AEISS Axio Imager Z2 m), SEM
with a mounted energy dispersive spectrometer (EDS).
The average size of nugget was measured from at least
three replications on the cross-sectional view of welds.
The elemental enrichment and distribution were exam-
ined using electron probe microanalyzer (EPMA).
Vickers microhardness was measured at the load of
500 g and a dwell time of 10 seconds.

Table I. Chemical Compositions and Mechanical Properties of the Studied 7Mn Steel and IF Steel Shim

Steel Grade

Composition (Wt Pct) Mechanical Properties

Mn C Si P S Fe UTS (MPa) YS (MPa) TE (Pct)

7Mn 7.14 0.14 0.23 0.056 — bal. 1100 1080 35–40
IF 0.099 0.001 0.004 0.079 0.0067 bal. 294 140 44.1

Fig. 1—Microstructures of the received 7Mn steel (BM, base metal).
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III. RESULTS

A. Morphology and Microstructure of Welds

The weld surface quality and shapes of nuggets
obtained in the three welding set-ups are shown in
Figure 5. Both splash and cracking were observed in the
no-shim set-up (Figure 5(a)). In contrast, the shim-in
set-up produced the largest expulsion on the surface, the
most porosities and the severest cracking (Figure 5(b)),
whilst the shim-out one led to the largest nugget and the
best surface quality. Figure 6 shows that both the
measured diameter and thickness of nugget in the
shim-out set-up are largest, and the diameter of shim-in
nugget is smallest, while the thickness of no-shim nugget
is smallest.
Figure 7 shows the microstructures and the distribu-

tion of Mn in both HAZ and FZ. It can be seen that the
Mn content of FZ in the case of shim-out set-up was
slightly lower than that of HAZ but it is lowest in the
shim-in set-up, the latter is clearly attributed to the
entire IF steel shim contributing to the dilution of Mn
content. It could be deduced that the C content in FZ of
the shim-out and shim-in set-up should be also reduced
due to the ultra-low C content of the IF steel shim,
which may cause the microstructural change in the
fusion zone. Figure 8 shows the microstructures of FZ
in the three set-ups. They are composed of mainly
martensite and a very small fraction of austenite.
Therefore, it appears that the microstructures of FZs
actually do not change with different C and Mn contents
in the three set-ups.

B. Mechanical Properties

Figure 9 shows that the Vickers microhardness pro-
files across the welds have the similar distribution in the
three set-ups. The microhardness in HAZs is similar in
all the three set-ups, and it is much higher than that in

Fig. 2—Illustrations of three welding set-ups employed in the study. (a) No shim, (b) shim-in, i.e., a 0.8-mm-thick uncoated IF steel shim at the
faying interface, (c) shim-out, i.e., two IF shims against the electrodes (F, electrode force; D, nugget; Tm, solidus temperature; Q, heat quantity;
R, electrical resistance; Rheat, heat resistance; d, material thickness; k, thermal conductivity. All of them will be discussed later).

Fig. 3—The resistance spot welding schedule used in the three
welding set-ups.

Fig. 4—The dimensions of specimens (mm) for the tensile-shear test
(a) and the cross-tension test (b), d = 18 mm.
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FZs; moreover, the microhardness in the FZ of shim-in
set-up is lowest. This is consistent with the microstruc-
tural observations in Figures 7 and 8, because the
hardness of HAZ is actually determined by the marten-
site formed in the medium Mn steel so that they are
similar in the three set-ups; whilst the hardness of FZ is
determined by the martensite formed with different
compositions, the latter depends on the mixing extent of
IF and medium Mn steel melt during welding. Obvi-
ously, the shim-in setup produced the complete melting
of the IF steel shim whose melt was then merging to the
7Mn steel melt, leading to the lowest contents of both C
and Mn due to the strongest dilution; subsequently, the
lowest microhardness in the FZ was achieved in this
welding set-up, as observed in Figure 9.

Fig. 5—The nuggets and weld surface obtained in the three welding set-ups. (a) No shim, (b) shim-in, (c) shim-out.

Fig. 6—The comparison of nugget diameters and thickness obtained
in the three welding set-ups.

Fig. 7—Microstructural and compositional examination across the welds. (a) Microstructures in the shim-out welding set-up, (b) mapping of Mn
distribution by EPMA in the shim-out set-up, (c) the average Mn contents in BM, FZ of three set-ups measured by EDS.
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Figure 10 shows the load-displacement curves during
the tensile-shear (TS) and cross-tension (CT) tests for
the three welding set-ups. Clearly, the conventional no
shim set-up produced the lowest values of both peak
loads and extensions in both the TS and CT tests, whilst
the shim-out set-up led to the best mechanical proper-
ties. In addition, the shim-in set-up produced lower TS
but higher CT peak load than the no-shim one. The
average values of both measured peak load and energy
absorption are shown in Figure 11 for comparison. In
the TS tests, the shim-out, no shim and shim-in set-ups
corresponded to the TS peak loads of 23, 16, and 12 kN
and the values of energy absorption as 39, 14, and 11 J,
i.e., the shim-out set-up produced the best TS mechan-
ical properties but the shim-in one the worst. In the CT
tests, the shim-out, no shim and shim-in setup corre-
sponded to the peak loads of 7, 2, and 3 kN and the

Fig. 8—The microstructures of fusion zones examined by optical microscopes (a to c) and SEM (d to f). (a and d) No shim, (b and e) shim-in, (c
and f) shim-out.

Fig. 9—The microhardness distributions in the welded zones along
diagonal direction.

Fig. 10—The load-displacement curves of spot welded 7Mn steel during the tensile-shear tests (a) and the cross-tension tests (b).

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 50B, FEBRUARY 2019—5



values of energy absorption as 56, 3, and 7 J, respec-
tively; in this case, the shim-out welding set-up again
produced the best mechanical properties but the no shim
one was the worst. Moreover, the ductility ratio, which
is defined as the ratio of the CT peak load to TS peak
load and an indication of the joint ductility,[11] is shown
in Figure 11(b). The comparison of ductility ratios
among the three set-ups not only confirmed that the

shim-out set-up indeed produced the best joint, but also
suggested that the shim-in set-up should lead to the
better joint ductility than the no shim one, which is
consistent with the results of CT tests. The latter shall be
attributed to lowest hardness in the FZ of shim-in set-up
(Figure 9), resulting from the lowest C and Mn contents
due to the merging of entire IF steel shim into the 7Mn
steel.

Fig. 11—The comparison of measured mechanical properties among the three welding set-ups. (a) The average values of peak load and energy
absorption, (b) the average values of ductility ratio.

Fig. 12—Interfacial fracture (IF) mode with the features of brittle, ductile and dendrite characteristics in the specimen subjected to the no shim
welding. (a) Overall view of the IF, where (b) to (d) locations are magnified and shown, (b) intergranular brittle fracture, (c) transgranular brittle
and dimple-like ductile fracture, (d) dendritic fracture.
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C. Fracture Modes

Figures 12 and 13 are the typical fracture morpholo-
gies after the TS tests. In the case of no shim set-up, the
interfacial fracture (IF) was observed, which actually
consisted of both the intergranular and transgranular
brittle fracture, the dimple-like ductile fracture, the
dendritic fracture and the voids due to shrinkage
(Figure 13), the latter had a considerable influence on
the failure strength of spot welds.[17,18] The fracture
modes and mechanical properties of welds in all the
three set-ups are summarized in Table II together with
nugget sizes. In the case of shim-out set-up, we observed
the pull-out fracture (PF), which is the mixture of both
the intergranular brittle and a considerable fraction of
transgranular ductile fracture. Since the latter can
consume much more deformation energy than the brittle
fracture,[19] the PF mode exhibits better mechanical
properties in general.

IV. DISCUSSION

In the three welding set-ups, there were actually
different kinds and amounts of steel sheets stacked
between the electrodes: just two 7Mn steel sheets in the
no shim set-up, two 7Mn steel sheets plus one IF steel
sheet in the shim-in one and two 7Mn steel sheets plus
two IF steel shims in the shim-out one, see Figure 2.
Since they produced the different nugget sizes and
tremendously different weld surface (expulsion, cracking
etc. in Figure 5), these should be related to the different
thermophysical properties of all the materials between
the electrodes in the three set-ups,[11] as also given in
Figure 2. Table III summarizes the electrical resistivity,
thermal conductivity, thermal expansion coefficients,
solidus temperatures and specific heat of both the 7Mn
and IF steels. Compared to the 7Mn steel, the IF steel
shim has lower electrical resistivity and higher heat
conductivity, which means that less heat shall be

Fig. 13—Pullout fracture (PF) having both the brittle and ductile fracture characteristics in the specimen subjected to the shim-out welding. (a)
Overall view of the PF, where ‘b’ location is magnified and shown in (b), and further magnified in (c), to show the mixture of both the
intergranular brittle and transgranular ductile fracture.

Table II. The Nugget Size, Fracture Mode and Mechanical Properties of Welds for the Three Welding Set-Ups

Set-Ups No Shim Shim-In Shim-Out
Nugget diameter/thickness (mm) 7.69/1.67 7.67/2.38 8.64/3.28

TS test
Fracture mode IF PF PIF & PF
Peak load (kN)/extension (mm) 16.0/1.5 12.3/1.3 22.8/2.7

CT test
Fracture mode IF PF PF
Peak load (kN)/extension (mm) 2.0/2.3 2.7/3.7 6.7/12.7

IF, interfacial fracture; PF, pull-out fracture; PIF, partial interfacial fracture; TS, tensile-shear; CT, cross-tension.

Table III. Thermophysical Properties of 7Mn and Interstitial-Free Steel
[20–22]

Steels
Electrical Resistivity

(10�8 X m)
Thermal Conductivity

(W/(m K))
Coefficient of Thermal Expan-

sion (10�6/�C)
Solidus Tempera-

ture (�C)
Specific Heat (J/

(kg K))

7Mn 34.5* 22.2[21] 15.6* 1456** 467[21]

Shim 10.2[20] 74.7[20] 12.1[20] 1529** 455[22]

*Data measured from our own experiments, **data calculated by the commercial Thermo-Calc software.
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generated in it and heat could dissipate faster from it to
the water-cooled electrode. Moreover, the specific heat
of both the IF and 7Mn steels is similar, which means
that the same heat input to them should lead to the
similar temperature rise.

In the shim-out set-up (Figure 2(c)), the temperature
on the weld surface should be lowest among the three
set-ups because the heat could dissipate faster from IF
steel shim to the water-cooled electrodes due to its
higher thermal conductivity and less heat is generated in
it due to its lower electricity; moreover, the solidus
temperature of IF steel is about 73 �C higher than that
of 7Mn steel. All these factors lead to the temperature
on the weld surface in the shim-out set-up being far
below the solidus temperature, i.e., the solid-state IF
steel shims with enough strength may exist during
welding, which prevented the liquid expulsion. In
addition, the IF steel shims outside 7Mn steel sheets
were more ductile because they were still ferrite after the
rapid cooling and can accommodate more strain
induced by the thermal stress; moreover, they acted as
extra thermal barrier, leading to lower cooling rate in
7Mn steel sheets and then reduced thermal stress. Both
may contribute to no cracking observed in the shim-out
set-up. In contrast, the 7Mn steel on the weld surface in
both no shim and shim-in set-ups just transformed to
the briite martensite during the rapid cooling; in these
cases, the stress on the martensite directly imposed by
electrodes together with thermal stress may easily cause
cracking on the weld surface, as observed in Figure 5.

Among the three set-ups, the shim-out set-up led to
the largest nugget size because the heat, including both
Q1 and Q2 in Figure 2(c), was largest and the stacked
sheets between the electrodes were thickest. Heat was
actually generated from two IF steel shims, two 7Mn
steel sheets and particularly the three interfaces as the
relatively high electrical resistance, including two IF/
7Mn steel interfaces and one 7Mn/7Mn steel interface.
In contrast, the heat generated in the shim-in set-up was
from two 7Mn steel sheets, one IF steel shim and two
IF/7Mn steel interfaces; the heat generated in the
no-shim set-up was just from two 7Mn steel sheets and
one 7Mn/7Mn interface, which was smallest among
them. In addition, the total thickness of the stacked steel
sheets between the electrodes is smallest in the no-shim
set-up and largest in the shim-out set-up, it is logical that
the thickness of nugget formed during welding is
smallest in the former case and largest in the latter, as
shown in Figure 6.

The mechanical performance of resistance spot welds
may depend on many factors, such as nugget size,
microstructure, base metal strength etc.[23] However, the
nugget size is the most important parameter governing
the mechanical properties of spot welds.[13] In our case,
the TS peak loads and extensions appeared to be
determined mainly by the nugget diameters, whilst the
CT peak loads and extensions were determined by the
nugget thickness (Table II). This is logical since the peak
load shall depend on how much volume of nugget can
bear the load along the loading direction. This is also
consistent with previous research results. For examples,
some models for estimating the TS and CT strength of

weld indicate that the peak load shall be in the square
proportional to the nugget diameter in the interfacial
fracture mode and in the direct proportional to nugget
diameter in the pullout fracture mode.[24–26]

It is worthy of mentioning that the shim-assisted
welding technology has been investigated before. For an
example, Peterson[27] inserted a low carbon steel shim at
the faying interface of 1330 MPa martensitic steel sheets,
i.e., the shim-in set-up in this study, which produced a
pull-out fraction and dramatically improved the peak
load by over 300 pct. However, the same welding set-up
did make any improvement in our case. This is probably
because the studied 7Mn steel contains amuch higherMn
content than the ordinary martensitic steel; thus, the
dilution of C andMn in the fusion zone by IF steel shim is
not enough to bring down the C and Mn contents for
avoiding martensitic transformation. This can be hinted
by the observed martensite microstructure in the FZ of
shim-in set-up, as shown in Figure 8.
Instead, we invented a newwelding setup, i.e., shim-out

set-up, which has been not presented before, to our best
knowledge. Compared to the no-shim set-up, this novel
welding set-up led to the increase of TS peak load by
50 pct (from 16 to 23 kN) and the increase of CT peak
load by three 3 times (from 2 to 7 kN). Such a dramatical
improvement is mainly attributed to the much larger
diameter and higher thickness of nuggets achieved in this
new set-up, which leads to the pull-out fracture.

V. CONCLUSIONS

In this paper, three resistance spot welding set-ups,
including no shim, an IF steel shim at the faying
interface (shim-in) and shims against the electrodes
(shim-out), were employed to investigate the weldability
of Fe-7Mn-0.14C medium-Mn steel. The effect of IF
steel shims at different locations on the mechanical
performance of weld was evaluated by the tensile-shear,
cross-tension and microhardness tests, and analyzed
through the morphologies and microstructures of welds.
The following conclusions can be drawn:

1. Both no shim and shim-in welding set-ups produced
the expulsion and cracking on the weld surface, whilst
the shim-out set-up led to no expulsion and good
surface quality because the IF steel shim can maintain
its solid state with a certain strength during welding
due to its higher solidus temperature and better ther-
mal conductivity than the medium Mn steel.

2. Compared to the no-shim set-up, our invented
shim-out welding set-up has significantly improved
the overall mechanical properties of RSW of med-
ium-Mn steel, including peak load, extension, energy
absorption and ductility ratio. In particular, this led
to the increase of TS peak load by 50 pct and the
increase of CT peak load by three times. Such a
dramatical improvement is mainly attributed to
much larger nugget achieved in this set-up, which
leads to the pull-out fracture.

3. Compared to the no-shim set-up, the shim-in welding
set-up did not improve the tensile-shear peak load

8—VOLUME 50B, FEBRUARY 2019 METALLURGICAL AND MATERIALS TRANSACTIONS B



and the energy absorption of the medium-Mn steel
welds, which is out of our expectation. This is likely
because the studied medium-Mn steel contains much
higher Mn content than the conventional low-alloyed
martensitic steel so that the microstructure in the FZ
is still the brittle martensitic phase.

4. The failure mode of the welds transformed from the
interfacial fracture in the no-shim welding set-up to
the desired nugget-pull-out fracture in the shim-out
set-up due to the much larger nugget formed in the
later case. This was because more heat was generated
due to higher resistivity and more material was in-
volved to melt during welding in the shim-out set-up
to feed the larger nugget.
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