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Abstract

For many decades, several classical formulas on carbon equivalent (CE) have been widely used for evaluating the weldability of steels.
Unfortunately, a single CE is impossible for various types of steels. In this study, the resistance spot weldability of medium-Mn steels
was investigated. In particular, the influences of paint baking processes at different temperatures on the mechanical properties,
fracture mode, and microstructure of weldment were studied. It was found that the paint baking above 170◦C can change the tensile-
shear failure of weldment from the undesired interfacial failure to the desired pull-out one, because the shrinkage of weldment
during welding was compensated by the thermal expansion during the baking, leading to the “cold welding” realized for solid joining.
Furthermore, a shrinkage-based criterion (�l) was established for evaluating the weldability of greater range of alloyed steels more
accurately and robustly than CE. The proposed criterion on measuring the weldability of high alloyed steels opens a promising path
forward for designing a new generation of advanced high strength steels requiring good weldability.

Keywords: weldability, medium–Mn Steel, resistance spot welding, failure mode, solidification shrinkage

Significance Statement:

We clarify the microstructural mechanism on the interfacial failure of weldment in high alloyed steels, which results from the
sufficiently large solidification shrinkage during welding. A baking treatment above 170◦C can remove these interspaces between
solidified dendrites by the thermal expansion; consequently, many dendrites near the centerline can be mechanically contacted
for achieving cold welding, resulting in significantly improved mechanical properties and pull-out failure of weldment. Finally, a
new shrinkage-based criterion was established by quantifying shrinkage based on chemistries so that the weldability of greater
range of alloyed steels can be assessed more accurately and robustly than the present concept of “carbon equivalent.”

Introduction
The development of advanced high strength steels (AHSSs) re-
ceives increasing attention from both steel and automotive in-
dustries since their application can reduce vehicle weight and in-
crease crashworthiness due to the combination of high strength
and good formability (1). However, there exists several challenges
on welding AHSSs, including the formation of liquid metal embrit-
tleness (2, 3), weld discontinuities and defects (4), porosities (5, 6),
slag (7), and highly pressurized zinc vapor induced spatter (8, 9).
All of them may cause the unexpected failure of welded joints.
Among the various welding techniques, resistance spot welding
(RSW) has been widely used in the automotive industry to as-
semble the vehicle due to its high flexibility and low cost. It is
known that some AHSSs are sensitive to the interfacial failure
(IF) due to their special alloying chemistries (10, 11), leading to
deteriorated weldability. A typical example is medium-Mn steels
(MMS) that usually contain 4–12 wt.% Mn content. Although they

are considered as the potential third generation AHSSs due to
the excellent combination of ultrahigh strength and high ductil-
ity (12–17), they often exhibit a poor weldability. This is presum-
ably due to their high values of carbon equivalent (CE), which
is the widely accepted concept in engineering practice for eval-
uating the weldability of alloyed steels (18). For examples, the IF
mode was frequently observed in the tensile-shear (TS) tests for
the spot-resistance-welded 5Mn (weight percentage unless stated
elsewhere) steel by Jia et al. (19), 7Mn steel by Li et al. (20), and 7 to
9Mn steel by Park et al. (21), who also found that the cross-tension
(CT) strength of weldment was inferior to that of conventional
TRIP steel with lower CE. In summary, the spot-welded MMSs are
frequently subjected to the IF rather than the desired pull-out
failure (PF).

To our knowledge, why the TS–IF frequently occurs in the weld-
ment of MMSs remains unclear. In general, the transition from
the IF to the PF mode requests the size of weld nugget greater
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than the critical value, which is usually realized by increasing the
welding current/duration (22, 23). However, it was found that even
a heat input during welding was sufficient to cause a serious ex-
pulsion but not yet able to produce the expected PF in the weld-
ment of 5Mn steel (19). In our previous research (13), the PF was
achieved in the 7Mn–0.14C steel weldment by using the intersti-
tial free steel shims to assist RSW, through which the CE of weld
nugget was decreased due to the melt of C-free steel shims merg-
ing to weldment. Nevertheless, the actual microstructural mech-
anism on the IF of MMS weldment has not yet been well under-
stood. Park et al. (21) first proposed that the boundary segregation
of high Mn content in 7 and 9Mn steels may promote the forma-
tion of brittle martensite, causing the IF of weldments. However,
they did not observe the remarkable segregation of Mn at prior
austenitic grain boundaries (24). By varying both the cooling time
after welding and the postheating pulses, Wang et al. (25, 26) man-
aged to change the IF mode to the partial interfacial failure (PIF) in
the CT test of spot welded 7Mn steel, which is because tempered
martensite has higher toughness to insist the crack propagation in
the nugget. However, why the cracking in a tempered martensite
could propagate first along and later perpendicular to the inter-
face was not explained at all. In addition, it was found that the
paint baking after RSW can significantly improve the CT strength
in the dissimilar MMS/dual phase (DP) steel weldment (24), hint-
ing that the low-temperature tempering of martensite may indeed
improve weldability. Nevertheless, the PF could be achieved dur-
ing the RSW of TRIP steel (27), DP steel (28), and martensitic steel
(29, 30) without tempering or baking, i.e. the tempering of marten-
site in nugget is not necessarily required for improving weldability.
Moreover, it was reported that the baking process had the positive
effect on the weldability of QP980 steel but no effect on DP980
steel (31). These contradictory results are apparently attributed to
the different compositions of studied steels. In summary, a deep
insight into the influence of baking on the weldability of different
steels is still in lack.

In this study, we report the actual microstructural mechanism
on the frequent IF failure in the spot-welded MMS and explain
why the paint baking after RSW can significantly improve weld-
ability via quantifying the influences of compositions on the vol-
ume change of studied steel during welding. Furthermore, a new
model was developed for evaluating the weldability of both low-
alloyed and high-alloyed steels, which can effectively predict the
transition of IF to PF mode for the steel grades covering a much
larger range of alloying contents than those assessed by the “CE,”
although the latter is still widely used for engineering practice
today.

Experimental Procedures
The chemical composition of studied MMS is 7.14Mn–0.14C–0.23Si
in weight percentage (termed 7Mn steel), received as the cold-
rolled 1.6-mm-thick sheets without coating. The received 7Mn
steel sheets were resistance spot welded according to the welding
configuration and parameters shown in Fig. S1, in which 16-mm-
diameter domed CuCrZr electrodes with a 6 mm face diameter
were used. The welding schedule was optimized and adjusted ac-
cording to the ISO 18278-2:2016 standard. Two steel sheets were
welded using a direct current resistance welding machine (OBARA
SIV37, FANUC 2000ic-210F, see Fig. S2). Some of welded specimens
were subjected to the paint baking at the temperatures ranged
from 80 to 250◦C for 20 min, termed “baked,” while those without
baking termed “nonbaked.” For comparison, another MMS sheets
having the nominal composition of 6.94Mn–0.25C–3.29Cr–0.38Si–

0.1(V + Nb) (termed 7Mn–3Cr) and the thickness of 1.5 mm were
also spot welded with the same method.

The mechanical behavior of spot welds was evaluated by the TS
tests at the crosshead speed of 2 mm/min using a SUNS UTM5105
testing machine according to BS EN ISO 14,323–2015 standard.
A minimum of three replicates were tested for each condition.
Microhardness was measured using a Vickers hardness tester
(BUEHLER 402MVD) at a load of 500 g and a dwell time of 10 s.
Nanohardness was examined by using nanoindentation tester
(Keysight technologie, G200) at a maximum indentation depth of
100 nm. Moreover, the thermal expansion (change in length) was
measured during the heating from 25 to 250◦C on the specimen
having the dimension of 1.5 × 1.5 × 50 mm by thermal dilatometer
(TA, DIL802, USA).

The microstructures were first examined under optical micro-
scope (OM, VHX-6000) after the regular mechanical polishing and
then the etching in 4% nital. Both the fracture surfaces and inter-
dendritic space were examined by a scanning electron microscopy
(SEM, JSM-6701F). The element analysis was conducted by energy
dispersive spectroscopy in SEM. The dendrite morphology was re-
vealed by etching in a saturated aqueous picric acid solution with
the addition of sodium alkylsulfonate (32). The foils for transmis-
sion electron microscopy (TEM) were first mechanically ground
to a thickness of 40μm and then electro-polished in a solution of
5% perchloric acid and 95% ethanol (vol.%) at around −25◦C using
twin-jet electropolishing device. TEM examination was performed
on the JEM-2200FS, JEOL.

The inner defects in MMS nugget were examined by high-
resolution X-ray nano-computed tomography (XCT), EasyTom 160
(RX solutions, France). The samples with 1 mm diameter and
0.9 mm height were cut from the centerline part of both baked
and nonbaked nuggets. They were scanned for 5.5 h at a voxel size
of 400 nm, using the X-ray tube voltage and the current settings
of 100 kV and 60μA, respectively. A high pixel CCD detector was
used to acquire radiographs. Image reconstruction was performed
using the XAct CT software (RX Solutions, France). Both the 3D
exhibition and the quantitative statistics on the inner defects like
porosity are acquired by post analysis.

Results
Influence of paint baking on mechanical
properties and fracture modes of MMS resistance
spot welds
Fig. 1a shows that the paint baking at 170◦C leads to the dramatic
increases in both the peak load and the displacement of TS tests
from 14.1 ± 0.4 to 25.7 ± 0.8 kN and 0.77 ± 0.01 to 1.33 ± 0.09 mm,
respectively, i.e. both the strength and ductility of 7Mn steel weld-
ment are almost doubled. Moreover, the peak load increases with
the baking temperature (see Fig. 1b), which is in company with
the linearly increasing thermal expansion (Fig. 1c), and the tran-
sition from IF to PF mode is at about 135◦C, see Fig. 1d. In contrast,
the nonbaked RSW nugget of 7Mn–3Cr steel exhibits the PF after
the TS test (Fig. 1d). Moreover, both microhardness and nanohard-
ness measurements reveal a low hardness zone and even some
possible micropores near the centerline of nonbaked nugget, see
Fig. S2.

The nonbaked 7Mn weld nugget exhibits the TS interfacial frac-
ture (Fig. 2a), in which the crack propagates along the interface
between the two welded steel sheets (Fig. 2b). The microstructure
near the cracking path is martensitic dendrite (Fig. 2c). The in-
terfacial fracture morphologies of nonbaked weld are shown in
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Fig. 1. Load–displacement curves of nonbaked 7Mn weldments in the TS tests compared with those baked at 170◦C (a) and different temperatures for
20 min (b); the peak load, failure mode, and the measured thermal expansion of 7Mn steel nugget vary with the baking temperature (c); and the actual
failure appearance for both the nonbaked 7Mn–3Cr and the 7Mn steel weldments that was baked at different temperatures (d).

Fig. 2d to f. Both the dendrites fractured along the cleavage planes
and the isolated dendrites having clear tips were observed, the lat-
ter indicates that these dendrites grew from both the upper and
the lower ends during solidification but did not impinge at the
middle, thus leading to no joining between them and the easy ini-
tiation and propagation of crack at the nugget centerline, i.e. the
IF mode in the nonbaked welds. In contrast, the 7Mn nugget baked
at 170◦C exhibits nearly the PF (Fig. 2g), in which the initial crack-
ing path in martensite was along the interface but later changed
to the perpendicular direction, i.e. along the growing direction of
dendrite (Fig. 2h to j). Fracture morphologies along the cracking
path in the baked nugget are shown in Fig. 2k and l. A mixture of
both cleavage planes and dimples was observed, but no isolated
dendrites with tips, suggesting much higher resistance to the in-
terfacial cracking in the baked weld than that in the nonbaked
one. Since the failure mode of either IF or PF could be affected
by the cooling rate (33), the weld discontinuities, inhomogeneities
and stress concentration (34), the formed discontinuities, and in-
homogeneities in the unbaked MMS (see Fig. 2d and e) might con-
tribute to the observed IF of MMS RSW weld.

Influence of paint baking on the microstructures
and micro-interspaces
The microstructures near the centerlines of both the nonbaked
and baked nuggets are martensitic laths, as shown in Fig. S4. It
seems that there are some nanosized precipitates in the baked
nugget (Fig. S4e), which however have the same atomic arrange-
ment and lattice structure to the surrounding matrix (see Fig. S4f);
thereof, they are not carbide having the mature crystal structure,
but the possible clusters formed as the immature predecessor
during the baking.

Fig. 3a to d shows that the dendrites in the nonbaked nugget
have grown perpendicularly to the sheet surface during solidifica-
tion. The full length of dendrites may be up to a half of the nugget
height, i.e. 1125μm in Fig. 3a, and many dendrites have the length
more than 390μm (Fig. 3b to d). Both the upper and lower den-
drites should grow and meet at the centerline of nugget (Fig. 3c),
forming an interface there. However, the micro-interspaces be-
tween the upper and lower dendrites were frequently observed
near the centerline interface of nonbaked nuggets, resulting from
the shrinkage during solidification, and they had the width in the
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Fig. 2. IF mode of the nonbaked 7Mn steel weldment nugget (a and b); (c) the optical microstructure of the region “c” in (b); (d to f) fracture
morphologies of regions “d,” “e,” and “f” in (a); (g and h) the PF of 7Mn steel weldment baked at 170◦C; (i) the magnification of “i” in (h); (j) the optical
microstructure of region “j” in (i); and (k and l) fracture morphologies of the regions “k” and “l” in (i).

range of 0.78 to 2.40μm, see Fig. 3e to g. In contrast, much fewer
and finer microvoids were found in the baked nugget (see Fig. 3f
to h). Fig. 3k and l shows the statistical results on the micro-
interspaces near the centerline of both the nonbaked and baked
nuggets, as examined by high-resolution XCT, clearly revealing
much more microvoids with the larger sizes in the nonbaked spec-
imen than those in the baked one. These are in excellent agree-
ment with the SEM results in Fig. 3e to j.

Discussion
Mechanism on the transition from IF to PF
The naked dendrites with the clear tips were frequently observed
on the interfacial fracture surface of nonbaked specimen (Fig. 2d
and e), because both the upper and lower dendrites grew toward
the centerline but many of them did not impinge each other dur-
ing solidification. This is because the high Mn content of studied
steel can cause the great thermal contraction during solidifica-

tion, which has been frequently found in Mn-alloyed steels (20,
35–37); consequently, many micro-interspaces having the size of
micrometers were formed between the upper and lower dendrites
(see Fig. 3e and f), leading to much reduced connection area be-
tween the two steel sheets and then the resultant IF. Although the
pressure force exerted by electrodes can reduce the solidification
shrinkage to some extent, it was not sufficient to press the two
dendrites to be impinged. Nevertheless, the employed baking at
170◦C appeared effective to eliminate these micro-interspaces so
that the fracture mode changed from the IF to the PF. Both the
upper and lower dendrites should expand toward the centerline
during the baking until they touched each other, leading to a solid
joining via so called “cold welding” mechanism, i.e. a solid joining
realized without the melt of metals at the interface (38). This is of-
ten achieved under a light load at ultrahigh-vacuum environment
with an atomically clean, flat, and ductile surface (39–41). For
example, both gold nanowires/nanorods and PbSe nanocrystals
can be cold welded well by the mechanical contact alone in the
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Fig. 3. Microstructure of nuggets before the tensile failure. (a) Cross-section of nonbaked nugget; (b to d) dendrite morphology of region “b to d” in (a);
(e to g) microstructures with interspaces at interface of upper dendrites and lower dendrites in (b); and (h to j) microstructures without interspace at
interface of upper and lower dendrites in baked nugget. 1, 2, 3, and 4: four dendrites at the centerlines of nuggets. The size distributions of interspaces
near the centerline of nuggets with the average values and standard deviations are shown in for the nonbaked (k) and baked (l) specimens, examined
by high-resolution XCT (also see Fig. S5 and online Videos S1 and S2 for 3D reconstruction images and animations).
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Fig. 4. The mechanism on transition from the IF to the PF of nugget due to the baking with the corresponding micro-interspaces evolving near the
centerline of the nugget. Schematics on micro-interspaces in the nonbaked nugget (a) originating from solidification shrinkage and the resultant IF (c);
the micro-interspaces minimized during the baking due to “cold welding” (b) and the resultant PF (d); and (e) the evolution of interdendritic
micro-interspace during the welding and the baking processes.

vacuum chamber of TEM (42–44); thin gold films could be welded
at remarkably low loads even under the ambient condition (41).
Moreover, the as-welded zone can be as strong as the original ma-
terial due to the complete connection at the interface (43). During
the baking process, all these requirements for the cold welding
could be satisfied. First, the closed micro-interspaces were under
an ultrahigh vacuum, in which the naked dendrites had an atom-
ically clean surface (Figs. 3d and e and 4a). Second, the baking led
to the decrease of microhardness (Fig. S3a) so that dendrites be-
came more ductile. Therefore, many naked dendrites in the upper
and lower regions thermally expanded toward the centerline of
nugget during the baking until they impinged each other, caus-
ing them cold welded (Fig. 4b). As a result, the bonding of two
steel sheets was significantly strengthen so that the crack prop-
agation along the interfacial path was hindered and changed to
the perpendicular direction, leading to the transition of failure
mode from the IF to the PF (Fig. 4c and d), and much more energy
consumed during fracture. Therefore, both the peak load and dis-
placement in the TS test increase dramatically after the baking at
170◦C, see Fig. 1a. Compared with the pull-out fractured samples,
there are much more interspaces in the interfacially fractured
samples, and those along the centerline of nugget can be con-
nected by deforming due to the tensile loading, leading to the IF.

The detailed mechanism is illustrated in Fig. 4e. First, the upper
and lower dendrites grew toward the centerline with no impinge-
ment during welding due to the solidification shrinkage, leading
to the micro-interspaces between them that cannot be fully com-
pensated by the squeezing force exerted by the electrodes. Second,
these micro-interspaces grew larger due to the further contrac-
tion of solid phases during the subsequent cooling; however, the
volume expansion accompanying the martensite transformation

at Ms temperature could reduce the size of micro-interspace to
some extent (45). Finally, the thermal expansion during the bak-
ing caused most of isolated dendrites subjected to the mechan-
ical contact so that the cold welding could be realized. This can
be supported by a simple mathematical calculation. The lengths
of solidifying dendrites are mainly in the range of 390 to 1125μm
(Fig. 3a to d) and the linear expansion of studied 7Mn steel mea-
sured at 170◦C is 0.229% (Fig. 1c); thus, the thermal expansion of
dendrite in the lengthwise direction during the baking was about
0.89 to 2.58μm, which is sufficient to compensate most of the in-
terspaces having the sizes of 0.78 to 2.4μm in Fig. 3e to g and
3.67 ± 1.61μm in Fig. 3k. This made the upper and lower den-
drites being contacted mechanically to achieve the cold welding.
A higher baking temperature than 170◦C caused more dendrites
cold welded due to greater expansion, resulting in the further in-
creases of both peak load and displacement in the TS test, see
Fig. 1b.

Influence of chemical composition and baking
temperature
When the weldment was baked at different temperatures, a crit-
ical temperature for the transition from IF to PF at 135◦C was ob-
served. This strongly suggests that only the baking above 135◦C
could afford the sufficient thermal expansion to eliminate the
most of micro-interspaces by making the isolated dendrites me-
chanically contacted for cold welding.

Such a proposed mechanism on the transition from IF to PF im-
plies a new method of evaluating the weldability of steels, particu-
larly for those containing high contents of alloying elements like
MMS, whose weldability is not possibly assessed by CE. Instead,
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we suggest that the weldability of high alloyed steels should be
evaluated according to the shrinkage of nugget during both so-
lidification and the cooling to the ambient temperature. By rea-
sonably assuming the cooling from 1550 to 25◦C during RSW at
1000◦C/s (10, 19) and the primary solidified γ /δ grain size of ap-
proximate 400μm according to Fig. 3, the values of linear contrac-
tion for the studied MMS and other AHSSs having similar alloying
chemistries except for Mn content have been calculated using the
commercial software JMatPro and shown in Fig. S6a. It is seen that
the solidification shrinkage of 7Mn steel is largest among them
apparently due to its highest Mn content. Even if the expansion
accompanying austenite-to-martensite transformation is consid-
ered, the 7Mn steel still experiences the largest total shrinkage
during welding. The calculated solidification shrinkages of differ-
ent steel grades decrease in the sequence of 7Mn, 5Mn to MS1400,
which corresponds very well to the IF of 7Mn, the PIF of 5Mn, and
the PF of DP980, MS1200, and MS1400 steel grades (see Fig. S6b).
Moreover, the observed PIF for 5Mn steel weld nugget suggests
that the �l of 5Mn is a threshold value for the transition from IF
to PF mode. This implies a new criterion on assessing weldability
of high-alloyed steels like MMS.

New shrinkage-based criterion (�l) for evaluating
weldability
Today, the weldability of steels is most widely evaluated by the
formulas of CE, proposed by the International Institute of Weld-

ing (IIW) (46) and American Welding Society (AWS) D1.1 (46), as
follows:

CEIIW = C + (Mn/6) + (Cr + Mo + V) /5

+ (Ni + Cu) /15 (wt.%) , (1)

CEAWSD1.1 = C + (Mn + Si) /6 + (Cr + Mo + V) /5

+ (Ni + Cu) /15 (wt.%) . (2)

However, these formulas are just the empirical formula derived
from the accumulated engineering experience and lack of the
clear physical background; thereof, it faces the increasing diffi-
culty in accurately assessing the weldability of high alloyed steels.
We calculated the CE values for a wide range of typical AHSSs
by Eq. 1 and plotted them together with the corresponding frac-
ture modes of RSW in Fig. 5a. When the total alloying contents
excluding C element are more than 2 wt.%, most of CE values are
greater than 0.4% and the IF mode starts to appear. However, both
PF and IF modes appear when CE values are in the range of 0.4%
to 0.6%, where the superior weldability of DP780/980, PHS22MnB5,
TRIP980, and CP1100 steel grades cannot be distinguished from
the inferior weldability of QP980 and TRIP800. Furthermore,
both a TWIP 980 and the 7Mn–3Cr steels exhibit superior weld-
ability with the PF mode although their CE values are very
high.

Fig. 5. CE (a) and �l (b) values of selected AHSSs and MMSs calculated by Eqs. 1 from Refs. (19, 27–31, 47–55) and 4, from Refs. (19, 27–31, 47–59)
respectively, together with the corresponding fracture mode of RSW nugget in TS test. Alloy content is the sum of weight percentages of all the
elements included in these equations except for C.
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To solve this problem, we propose a new criterion on the clear
physics, i.e. the shrinkage of weldment, which can be calculated
by the following procedures. First, the influence of each individual
alloying element with a usual range on the solidification shrink-
age of steel (�l) during welding was calculated using the commer-
cial software JMatPro 12.4. The calculations assume that the steel
melt is cooled from 1550◦C at the rate of 1000◦C/s during weld-
ing (17, 20) and the solidified grain size 400μm (see Fig. 3). The
calculated results are given in Fig. S7a to c. About 80 sets of data
points were calculated for the eight most common alloying ele-
ments that are included in the CE equations. These data were then
fitted by the following multiple linear regression to derive the re-
lationship between the weight percentage of alloying element i (xi)
and the resultant solidification shrinkage (�l) (60):

�l = α0 +
n∑

i = 1

αixi. (3)

The coefficients of α0 and αi were determined by the least
square fitting for each element and then summarized in Table S1
together with its best valid range, finally leading to the following
equation:

�l = 1.259 + 0.301xC + 0.0183xMn − 0.0359xCr

− 0.0153xNi − 0.00556xMo + 0.0354xSi

+ 0.0168xCu − 0.118xV. (4)

The values of correlation coefficient R2, significance F, and P
are summarized in Table S1, indicating that the multiple linear
regression analysis is valid and sufficiently accurate (60, 61), and
the discrepancy between the results calculated using Eq. 4 and
the commercial JMatPro is less than 3%, see Fig. S7d.

To examine the robustness of the proposed Eq. 4 on assessing
weldability, we plot all the calculated �l values together with the
TS fractured modes in Fig. 5b for the same weldments of steel
grades in Fig. 5a. The calculated �l value of 5Mn steel, 1.39%, is set
as the critical value due to its partial IF mode. Almost all the welds
of studied steels exhibit the IF mode when �l > 1.39% and the PF
when �l < 1.39% except for just a few exceptions, the latter may
result from other factors that can affect the solidification shrink-
age to some extent. For example, the thickness of steel sheets (46,
50) and the bare or coated surface (47) can also influence the cool-
ing rate after welding. Note that the �l value of 7Mn–3Cr steel is
1.35%, lower than both the critical value of 1.39% and the �l of
7Mn steel, primarily because the addition of 3% Cr could reduce
the solidifying shrinkage according to Eq. 4. This correctly predicts
that 7Mn–3Cr steel exhibits the PF mode with a good weldability
(see Fig. 1d) despite of its high CE value of 2.08%. This demon-
strates that our proposed �l criterion can be used to evaluate and
even predict the weldability of alloyed steels more accurately and
robustly than the classic CE concept.

Although the proposed Eq. 4 is just for quantifying the shrink-
age of weldment, the calculated result could represent the shrink-
age of heat affected zone (HAZ) to some extent too since the influ-
ences of these alloying elements on the shrinkages of both HAZ
and weldment are similar. Greater shrinkage always causes higher
internal stress generated after cooling. The classical CE approach
is actually to assess the tendency of hydrogen-induced cracking
in HAZ, which is directly related to stress level (10). In contrast,
our proposed �l criterion has the capability of quantifying the
tendency of cracking in both zones; therefore, it can be used to
evaluate the weldability of alloyed steels more accurately and ro-
bustly than the present CE concept.

Conclusion
In this paper, we investigated why the RSW nuggets in 7Mn and
7Mn–3Cr steels exhibited the IF and PF, respectively, when they
were subjected to the TS test, and the baking of 7Mn at no less
than 170◦C led to the TS fracture mode from the IF to the PF. The
following conclusions can be drawn.

(1) The RSW nugget of 7Mn steel, like many MMSs, exhibited
the typical IF during the TS test because the high Mn con-
tent led to sufficiently great solidification shrinkage dur-
ing welding. Consequently, many micro-interspaces were
formed between the upper and lower dendrites without im-
pingement; in contrast, the solidification shrinkage of 7Mn–
3Cr steel during welding was remarkably reduced due to the
addition of 3% Cr, resulting in PF in the TS test.

(2) The baking at no less than 170◦C can afford a sufficient ther-
mal dilatation so that most of unimpinged dendrites in 7Mn
steel were mechanically contacted for achieving the “cold
welding,” leading to the transition of TS fracture mode from
the IF to the PF with improved mechanical property.

(3) We establish a new model on calculating the total shrinkage
during welding merely from the chemical compositions, by
which the criterion �l > 1.39% predicts the IF mode of RSW
during the TS test otherwise the PF mode for �l < 1.39%.
The calculated results by both �l and CE approaches were
compared with the observed fracture modes, which indi-
cates that the former can assess the weldability of greater
range of AHSS more accurately and robustly than the lat-
ter, particularly for the high alloyed steels. Moreover, it is
expected that this model could be extended from RSW to
other welding processes, such as laser or arc welding, since
they all share the similar metallurgical phenomena like
heat input/transfer, melting, and solidification. Therefore,
it is promising to replace CE in all the relevant engineering
circumstances in future.
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