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An Fe-26.3Mn-6.8Al-5.5Cr-0.9Mo-1.0C alloy was employed to study spot weldability. A
series of Lobe curves was obtained under various welding conditions including electrode
force, weld current, weld time and hold time. The acceptable weld currents ranged from
3.5-6kA, which is narrower than those of HSLA and plain carbon steel. The effect of surface
treatment on the weldability of this alloy system was investigated. For an untreated specimen
with a-Al,O5 layer on the surface, the Lobe curve exhibits a narrower range than those of
surface acid-pickled specimens. In addition, for the surface untreated specimen, the plug size
was linearly proportional to the weld time. However, for the surface acid-pickled specimen,
the degree of dependence of plug size on the weld time decreased as the electrode force
increased. It was also observed that the indentation was proportional to the weld current for
this alloy system. The dependence of indentation on the weld time was influenced by both the

surface condition and the electrode force.

1. Introduction

The Fe—-Mn-Al-based alloy system has attracted a
great deal of research attention owing to its potential
as a substitute for conventional Fe-~Ni—Cr stainless
steel. The combination of manganese and carbon acts
as the austenitic stabilizer which extends and stabilizes
the gamma loop in iron and then retains the face-
centred cubic austenitic phase [1-3]. Recently, re-
search concerning the development of the Fe—Mn-Al
system has been carried out by our group, which
included the effect of carbon and chromium on high-
temperature oxidation behaviour, the oxidation-in-
duced phase transformation, and the nitriding kinetics
[4-11]. The results provide promising potential for
Fe-Mn-Al-based alloy to substitute the conventional
Fe—-Ni—Cr system. However, if the newly developed
Fe—-Mn—Al alloys are to be used in practical applica-
tion the weldability must be assessed. To date, there
has been little research on the weldability of
Fe-Mn-Al alloy. Chou and co-workers [12-14]
examined an Fe-29% Mn—8% Al-x% C (x = 0.5, 0.8,
1.1) alloys in which the gas tungsten arc (GTA) weld
metal by U-bend and tensile tests exhibited excellent
strength (>900 MPa) and ductility (>20%). They
also observed that the carbon content cast a strong
influence on the residual ferrite. The purpose of the
present work was to investigate further the effect of
surface treatment on the weldability of this alloy
system. The relations between the weld time, weld

current and plug size were studied and are
discussed.
0022-2461 © 1993 Chapman & Hall

2. Experimental procedure

The specimen was prepared from pure aluminium,
manganese, chromium and iron raw materials in an
induction furnace and cast into a 1500 kg mould. The
ingot was solution treated at 1150 °C for 4 h and then
hot rolled 20-30 times at 1150 °C to a final thickness
of 3.5 mm. The reduction percentage per hot roll pass
was about 20%. It was then cold rolled into a ! mm
thickness sheet, and bright annealing took place at
1175 °C for 30 min under a hydrogen reduction atmo-
sphere. A portion of the annealed cold-rolled plate
was cut into a 30 mm x 100 mm size for the spot-weld
specimen and designated Specimen A. Another an-
nealed sheet was acid pickled with 15% HNO; plus
1% HF aqueous solution to remove the surface scale,
and was cut into a 30 mm x 100 mm size, Specimen B.
The chemical composition for the alloy in this study is
listed in Table I.

Both Specimens A and B were first phase identified
by X-ray diffraction. All the specimens were spot
welded in an ND-50-46 spot-weld machine
(Dengensha, Japan) at 220 V, 60 Hz, maximum current
20000A with a truncated CF type clectrode tip as
shown in Fig. 1a. The controlling experimental para-
meters included electrode force, weld current, and
weld time. The spot-welded position and welded speci-
men size are shown in Fig. 1b, in which a single spot
test piece was applied according to the JIS Z3136
specification [15]. These spot-welded specimens were
peel-tested as shown in Fig. 2a [16]. The knife-edged
caliper was used to measure the button size as shown

6007



TABLE I The chemical composition (wt%) of alloy applied in this
study

Mn Al Cr Mo Si C Fe

26.3 6.8 5.5 0.9 04 1.0 Bal.
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Figure 1 (a) The shape of the electrode tip. (b) Shape and dimen-
sions of the test piece. W = 30 mm, L = 100 mm, 7 = 1.0 mm.
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Figure 2 (a) Diagrammatic representation of the process of the peel
test. (b) Schematic diagram of the measurement of nugget size.

in Fig. 2b. The plug size is the average diameter and
equal to (d + D)/2 [17], where d and D are the
measured lengths of the plug in the perpendicular
direction. The indentation was measured with a dial
gauge to obtain the height difference between the
joint, such as the centre of the dent, and the sheet
surface at a point of about one dent diameter distance
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from the centre of the dent, which is in accordance
with Grade CF of JIS Z3140 [18].

3. Results and discussion

The peel test is one of the most widely used methods to
describe the spot weldability. Early reports pointed
out that plain carbon steel spot welds with pull-out or
button-type fracture on peeling would exhibit satis-
factory mechanical properties [ 19, 20]. Owing to ease
of operation associated with available mechanical
evaluation, the peel test suffices to act as an appropri-
ate quality-control criterion. Sawhill [21] reported
that the peel test could be applied to automotive

(c)

Figure 3 The failure mode of Specimen B after the peel test.

(b) (d)

(a)
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Figure 4 (a) Optical micrograph showing the nugget of Specimen A
under 210 kgf electrode force, 15 cycles weld time, 4.6 kA weld
current and 30 cycles hold time. (b) Optical micrograph showing the
dendritic structure inside the welded nugget for Specimen B under
210 kgf electrode force, 5 cycles weld time, 3.83 kA weld current and
30 cycles hold time.



production and service performance of high-strength
steel. In this study, the peel test is employed as the
primary method to evaluate the weldability of this
newly developed high-strength Fe—Mn-Al alloy.

The normal fracture surface of a spot-welded plug
of Specimen B alloy is shown in Fig. 3. For a constant
weld current with increasing weld time, the failure
mode after the peel test will, in general, proceed from
interface failure to button failure, then to pull-out
failure and finally toward expulsive failure. Fig. 4a
represents the cross-sectional view of a nugget of
Specimen B under 210 kgf electrode force, 15 cycles
weld time, 4.6 kA weld current and 30 cycles hold
time. It should be pointed out that in Fig. 4a, the
diameter of flat area in the spot weld is slightly smalier
than 4.8 mm, the nominal contact diameter of the spot
weld. The discrepancy is caused by the electrode-tip
damage, which shrank due to successive welding. A
detailed microstructure of the dendritic structure is
shown in Fig. 4b. In the central portion of the weld
pool, a typical equi-axed dendritic structure was
found, as indicated in the central-to-left portion of
Fig. 4b. However, away from the central region, the
columnar dendritic structure was observed, as shown
in the right portion of Fig. 4b. Tiller and Rutter [22]
proposed a relationship between the solidification
pattern and the temperature gradient of the weld
metal. It is argued that in the central region of the
weld, the temperature gradient is low, so equiaxed
dendritic structure is formed. However, the temper-
ature gradient is increased in the outer portion of the
weld, and the columnar structure is thus favoured.

Fig. 5a and b represent the X-ray diffraction pat-
terns of Specimen A and B, respectively, before wel-
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Figure 5 X-ray diffraction patterns for (a) Specimen A and (b)
surface acid-pickled Specimen B, before spot welding.

ding. The major phase is fcc structure for both speci-
mens. The only difference between Fig. 5a and b is the
presence of a-Al,O, on Specimen A. As in our pre-
vious study [7, 9, 10], a layer of a-Al,O, existed on
Fe-Mn-Al-Cr alloy after high-temperature oxida-
tion. In some applications of the Fe-Mn—AI-Cr sys-
tem that do not require surface brightness, the alloy
with o-Al,O4 on the surface can provide anti-oxida-
tion resistance. In this study, o-Al,O; was formed
during the hot-rolling process for Specimen A. For
Specimen B, the alloy was acid pickled and the surface
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Figure 6 Lobe curves for (a) Specimen A and (b) Specimen B, under
different electrode forces with hold time 30 cycles. (——) 150 kgf,
(—-—) 210 kgf, (---) 290 kgf, ( x) 4.8 mm plug size.
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scale was then removed, so no layer of a-Ai,O, was
formed.

A series of Lobe curves was obtained with various
welding conditions including electrode force, weld
current, weld time and hold time. Fig. 6a and b show
the Lobe curves for Specimens A and B, respectively.
Expulsive failure will occur in the region beyond the
upper part of the Lobe curve, which is considered to
be unacceptable in practical welding. Likewise, inter-
facial failure takes place under the lower portion of the
Lobe curve and is also unacceptable. Only welds made
with appropriate currents and times lying within the
Lobe curve are considered acceptable. From Fig. 6, it
appears that the acceptable minimum weld current for
Specimen A is somewhat lower than that for Specimen
B. Specimen A contains an «-Al,O, layer on the
surface which would, in turn, increase the contact
resistance during welding. Consider the heat gener-
ated in the spot-welded region, i.e. Q@ = I Rt, where [,
t and R represent the weld current, weld time and
contact resistance, respectively. Higher contact resist-
ance, R, will introduce higher generating heat, so the
maximum acceptable weld current for Specimen A is
lower. From Fig. 6, it is also observed that the acid-
pickled Specimen B exhibits larger weldable region, as
compared to Specimen A. Also indicated in Fig. 6 are
the measured data corresponding to a 4.8 mm full-
sized weld. For Specimen A with higher contact resist-
ance, the full size weld curve is located near the centre
of the Lobe curve. However, for Specimen B with an
acid-pickled surface, the full-size weld curve shifts
towards the left side of the Lobe curve.

Fig. 7 indicates the welding Lobe diagram for high-
strength low-alloy steel and plain carbon steel based
on peel data in the literature [21], in which the
weldable currents for HSLA steel and plain carbon
steel ranges from 7-9 kA. However, the current ranges
for Fe-Al-Mn-Cr alloy in this study are around
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Figure 7 Welding lobe diagrams for an HSLA steel and two plain
carbon steels based on peel data (from [21]).
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3.5-6 kA, as indicated in Fig. 6. It is apparent that the
Fe-Al-Mn—Cr alloy can be welded at lower current,
which is beneficial from the viewpoint of practical
application.

The change of plug size under different surface
conditions, weld time, electrode force, and weld cur-
rent was also investigated. The relationship between
plug size and weld time at different weld currents
and surface conditions are shown in Figs 8 and 9. The
acceptable Lobe region is indicated in these figures by
solid lines. It appears that the plug size is proportional
to the weld time within the Lobe region. Below the
lower portion of Lobe curve, the plug size is, however,
insufficient to be considered as acceptable. Relatively
speaking, the dependence of plug size on weld time is
more significant for Specimen A than that for Speci-
men B, because the slopes in Figs 8 and 9 are larger for
Specimen A. For example, in the cases of Specimen B
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Figure 8 Plug size as a function of weld time at an electrode
force of 290 kgf. (O) Specimen A, 4.34 kA; (®) Specimen A, 3.4 kA,
(O3) Specimen B, 7.26 kA; (ld) Specimen B, 3.98 kKA.
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Figure 9 Plug size as a function of weld time at an electrode
force of 210 kgf. (O) Specimen A, 4.19 kA; (@) Specimen A, 3.4 kA;
() Specimen B, 6.21 kA; (i) Specimen B, 3.83 kA.



at 7.26 kA in Fig. 8 and 6.21 kA in Fig. 9, the plug size
is nearly independent of the weld time.

It should be pointed out that Specimens B welded
under the conditions of 7.26 kA, 290 kgf, and 6.21 kA,
210 kgf, exhibit expulsive failures, which are indicated
by dotted lines in Figs 8 and 9. Because the plug size is
measured with respect to the maximum average per-
pendicular direction of the specimen after the peel test,
the as-evaluated plug diameter tends to be larger than
that observed in the cross-sectional view as shown in
Fig. 4a. Within the Lobe curve, especially the right
portion region, the measured plug size may be larger
than the original electrode-tip diameter. Nevertheless,
the normal failure mode still prevails, and no splash is
observed.

According to the study of Tatsumoto [23] on spot
weldability of aluminium alloys, the relationship
between contact resistance and electrode force is
strongly dependent on the specimen surface condition.
For specimens with surface pickled by acid or ground
by SiC paper or brushed by steel fibre, the contact
resistance is decreased as the electrode force is in-
creased. However, for an untreated specimen, the
contact resistance, exhibiting a very high value, is
nearly independent of the electrode force. In this
study, it is interesting to note that curves of plug size
versus weld time for Specimen A exhibit identical
slopes under various electrode forces, as shown in
Figs 8 and 9. It appears that the effect of electrode
force on the dependence of plug size on weld time is
more substantial in Specimen B compared to Speci-
men A, which is consistent with the results of
Tatsumoto [23].

The weld behaviour in the Fe-Al-Mn-Cr alloy
system can be further appreciated in Fig. 10, in which
the plug size is related to the weld current at a
constant weld time of 10 cycles. It is observed that the
plug size increases in proportion to the weld current
and a nearly identical slope in the plug size-weld
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current dependence prevails under various weld
conditions for electrode forces and surface treatments,
except at constant weld time.

The relationships between indentation and weld
time under different electrode force, surface condition,
and weld current, are illustrated in Figs 11 and 12. The
acceptable weld is represented by solid lines and the
expulsive unacceptable weld by dots. In Fig. 11 it is
seen that curves of indentation versus weld time at
weld currents of 4.19 and 3.4 kA for Specimen A are
nearly parallel. However, for Specimen B, the slope of
indentation versus weld time curve is smaller than that
for Specimen A. On the basis of Figs 11 and 12, it is
apparent that the indentation increases with increas-
ing electrode force. Nevertheless, the dependence of
the indentation as a function of weld time is insignific-
ant for Specimen B at lower weld current, such as the

40t

20

Indentation (%)

10

0 5 10 15 20 25 30 35
Weld time {cycle)

o] i it

Figure 1] Indentation as a function of weld time at an electrode
force of 290 kgf. (O) Specimen A, 4.19 kA; (®) Specimen A, 3.4 kA;
(J) Specimen B, 6.21 kA; (i) Specimen B, 3.83 kA.
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Figure 10 Plug size as a function of weld current at a weld time
of 10 cycles. (®) Specimen A, 290 kgf; (®) Specimen A, 210 kgf;
(4) Specimen B, 290kgf, (M) Specimen B, 210kgf;
() Specimen B, 150 kgf.
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Figure 12 Indentation as a function of weld time at an electrode
force of 210 kgf. (O) Specimen A, 4.3 kA; (®) Specimen A, 3.4 kA;
() Specimen B, 7.26 kA; (ld) Specimen B, 3.98 kA.
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Figure 13 Indentation as a function of weld current at a weld time
of 10 cycles. (1) Specimen A, 290 kgf; (2) Specimen A, 210 kgf; (3)
Specimen B, 290 kgf: (4) Specimen B, 210 kgf; (5) Specimen B,
150 kgf.

cases of 3.83kA, 290 kgf in Fig. 11 and 3.98 kA,
210 kgf in Fig. 12.

A further investigation of the effect of weld current
on the indentation can be fulfilled on the basis of
Figs 11 and 12. Fig. 13 presents the relationship be-
tween indentation and weld current at a weld time of
10 cycles. For both Specimens A and B under different
electrode forces, the indentation increases as the weld
current is increased. In summary, it is interesting to
point out that the dependence of indentation on weld
time and weld current are similar to that of plug size
versus weld time and weld current, as indicated in
Figs 8-10. The different surface treatment tends to
affect the plug size and indentation dependence on
weld time, but not on weld current under the condi-
tions employed in this study.

4. Conclusions

1. The spot weldability of Fe-Mn-Al-Cr—C alloy
is generally good. The acceptable weld currents range
from 3.5-6 kA, which are lower than those of high-
strength low-alloy steel and plain carbon steel.

2. The untreated specimen with ¢-Al,O; on the
surface exhibits narrower Lobe range than that of the
acid-pickled specimen.

3. For the surface untreated specimen, the plug size
is linearly proportional to the weld time. However, for
the surface acid-pickled specimen, the dependence of
plug size on the weld time is decreased as the electrode
force is increased. For higher electrode force at
290 kgf, the plug is nearly independent of the weld
time for the surface acid-pickled specimen.
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4. The indentation is proportional to the weld cur-
rent for Fe-Mn-Al-Cr—C alloys. The relationship
between indentation and weld time depends on the
surface condition and electrode force. For the
untreated specimen, the indentation is linearly pro-
portional to weld time within the Lobe region. In
contrast, the dependence for the acid-pickled speci-
men is less significant compared to that of the un-
treated specimen.
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