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ABSTRACT

In this article, the RSW process (Resistance Spot Welding) on 6061-T8 aluminum alloy was studied. Spot
resistance welding of two-layer plates is difficult and has very low mechanical properties. That is why
this process is not practical for industrial applications. In this paper, a spot welding method was used
with a novel three-layer technique, which means that an aluminum sheet was located between two
sheets of steel and RSW was performed. The effects of RSW parameters including both current and
welding time were investigated on the diameter of nugget, the microstructure of heat-affected zone and
reaction layer, and mechanical properties. The results show that this method increases the tensile shear
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load compared with two-layer joining. Also, increasing of welding current, both tensile shear load and
weld nugget diameter increased first, and then reduced. The interfacial reaction layer and weld heat-

affected zone (HAZ) consisted of FeAls, FeAl, and Fe)Als.

Introduction

In various industries, the reduction of weight is desired in
order to save energy resources. From the materials' supply
point of view, aluminum alloys and steels are very important
metals in the lightweight automotive parts. Therefore, the
applying of different joining methods between steel and alu-
minum alloys is required. Recently, welding methods in solid-
state have been developed to achieve a joint, for example,
impact welding,!"!  diffusion welding,"”! friction stir
welding®®), and resistance spots welding (RSW) since the
RSW of aluminum alloys has been widely investigated.!*™®
Although the RSW process between steels and aluminum
alloys accompanies some difficulties, because both physical
and thermal properties of them are very different and brittle
intermetallic compounds such as FeAl; and Fe,Als are formed
at the welding interface.l”) The two-layer RSW is a common
method for the joining of metals such as aluminum alloys and
steels. Ling et al.!®! applied a method to join an aluminum
alloy 6061 to boron steel plate. They investigated the join
properties in different conditions. Zhang et al.”! used RWS
method for joining of dissimilar 6008-T66 aluminum to gal-
vanized HSLA steel; they found intermetallic compounds of
Fe Al 3 and Fe,Als were formed at the interface of aluminum
and steel in the two-layer welded join. In other investigation,
Qiu et al.'”) estimated AICrFe compound in a joint between
aluminum alloy and austenitic stainless steel. Another
research from Qiu et al,'"! RSW technique was tried to
weld steel to aluminum alloy with a rivet. Their results
showed that RSW with a rivet is an effective method for
joining steel and aluminum alloy.

However, the joints welded by the RSW show reasonable
performance, the joint size, and shape are limited by equip-
ment capacity and configuration.!'*!”

In this paper, a new method was performed to join 6061-
T8 aluminum to St 52 steel by three-layer resistance spot
welding. This technique reduces the thickness of used steel
in vehicles and causes weight loss with acceptable mechanical
properties.

The joining setup was designed optimally and effects of
RSW parameters, i.e., welding current and welding time on
the microstructure of HAZ and interfacial layer and also
macrostructure of nugget and mechanical properties of the
joint were analyzed and compared with two-layer joining.
Finally, the optimum conditions of joining were proposed in
order to improve the properties of the joint between alumi-
num and steel.

Materials and methods

In this study, plates of 6061-T8 aluminum alloy (1.50-mm-
thick) and St 52 steel (2.00-mm-thick) with length of 102 mm
and width of 25 mm were used for experiments. The chemical
compositions of materials are brought in Table 1. The 6061-
T8 aluminum alloy is used in aircraft fitting, marines fitting,
electrical fitting and connectors, valve parts, etc. Also, St 52 is
widely used in the manufacture of automotive parts, ships,
bridges, etc.

Figure 1 shows the schematic design of the three-layer
dissimilar RSW. Using a machine with a power of 500 KVA
and electrodes made by copper-chromium alloy, the RSW
testing was performed on specimens (see supplementary
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Table 1. Chemical composition of materials (%wt.).

Material Cr Cu Ti Mg v C P S Si Mn Fe Al
Al 6061-T8 0.04 0.3 0.15 1.0 - - - - 0.6 0.15 - Bal.
St 52 - - 0.03 - 0.05 0.22 0.025 .025 0.55 1.6 Bal. -
EOGES AS DIRECTION OF
5“5"“50‘\ R I ROLLING (PREFERRED)
T
T 1
X 1
R ) i ;
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2 -—f_ t — » St52Sheet
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Figure 1. Schematic diagram for three-layer dissimilar resistance spot welding.

Table 2. Resistance spot welding parameters for three-layer joining of 6061-T8
aluminum alloy and St 52 steel sheets.

Current

kA (50 Hz Electrode Squeeze Welding  Hold time Off time
Frequency) force kN time (ms) time (ms) (ms) (ms)
75 2 140 240 100 100

8 2 160 260 120 120
8.5 2 180 280 140 140

material Figs. 1 and 2). The welding parameters displayed in
Table 2 have been explained as the following:

- squeeze time: the time allotted for electrodes to make
contacts with the specimen and apply welding force,

- welding time: after squeeze time, the time allotted for
electrical source to make a short circuit under an applied
force,

- hold time: after welding time, the time allotted for elec-
trodes to remain under applied force before retracting,

- off time: the time allotted for electrodes to remain
retracted between each spot welding.

The metallographic samples were prepared and etched as
ASTM E3-11 and ASTM E407-7 standards for microstructure
studies of the weld zone and heat-affected zone. Phase ana-
lyses of the interfacial welded zone were conducted by EDS
(energy dispersive spectroscopy). The tensile tests were per-
formed as AWS C1.1/C1.1M standard.

(b)

()

Figure 2. (a) top view and (b) and (c) cross-section of the three-layer joint of Al 6061-T8/St 52 by RSW.



Results and discussion

Macro and microstructural analyses of Al 6061-t8/St 52
interface and HAZ

Figure 2 shows the top view and cross-section of the three-layer
joint of 6061-T8/St 52 with a welding current of 7.5 kA (also see
more pictures as supplementary material Figs. 3 and 4). There
are no defects or cracks in either joint surface or base metals.
Also, plastic deformation occurred in steel and aluminum.
Figure 3 illustrates the cross-section of weld nugget with
different areas. As this figure shows, aluminum layer thickness

Max thickness

Steel base metal

Al base metal
Al HAZ

Figure 3. Appearance of nugget cross-section in welded 6061-T8 Al to St 52 steel.

Reaction Layer
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reached a minimum in the center of nugget, melted alumi-
num reacted to steel, and the aluminum thickness increased
from the center of the nugget to base metal. Figure 4 shows
the formation of the reaction layer and heat-affected zone
(HAZ) between aluminum and steel at various magnifications.
As observed in these figures, there are the needle phases rich
in Al and Fe. These phases were not seen in base metals;
therefore, the complete reaction of steel and aluminum has
occurred at the Al/Steel interface during RSW welding. More
discussions will be done about intermetallic compounds in the
following.

Min thickness

Dioe - |

M2 e

Weld zone

" Al base metal
W e

o

(b

Figure 4. Optical microscopic image of 6061-T8 Al /St 52 joining, etched by HF4% solution, (a) Al base metal-X100, (b) Al base metal-X500, (c) Al HAZ-X100, (d) Al

HAZ-X500.
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Figure 5. (a) SEM image of 6061-T8 Al /St 52 joining, (b) EDS analyzes results of
reaction layer and Al HAZ along line A-B.

Figure 5(a) shows the joint including base metals, weld
zone and HAZ resulted from three-layer RSW under
a welding current of 7.5 kA. Figure 5(b) also illustrates the
results of EDS quantitative analyses along line AB. The EDS
pattern indicates that there are significant amounts of Fe and
Al and a little Mg and Si in the reaction layer and Al HAZ.
Therefore, it is very likely to form intermetallic compounds
between liquid Al and Fe during welding. The type of inter-
metallic compound varies in length of the interface due to the
dispersion of elements and temperature history.

To study further, the formation of the reaction layer was
investigated in the welding interface at 7.5 kA welding cur-
rent. Figure 6(a) indicates the microstructure interfacial area
in the welded joint. The EDS quantitative analyses of two
points M and N (Fig. 6(b,c)) indicate amounts of 60.43%wt.
Al, 37.83%wt. Fe and 57.08%wt. Al, 41.03%wt. Fe, respec-
tively. Based on Al-Fe equilibrium phase diagram and the

ratio of the Al-Fe intermetallic
compounds,”'”! the reaction products were identified in the
interfacial layer as FeAl; and Fe,Als."* ) The formation of
reaction products identifies that aluminum alloy and steel
were melted in the interfacial layer. In SEM images in Fig. 7
and optical microscopic in Fig. 4(b,c) also the needle phases
were seen in the Al HAZ that never seen in the base metal.
Therefore, as EDS quantitative analyses of Al HAZ in Fig. 5
(b), they are the intermetallic compounds rich in Al and Fe
including FeAl; and FeAl,. What was found very different in
the three-layer technique is the formation of intermetallic
compounds in HAZ in addition to forming them in the
interfacial layer. This zone has important effects on weld
properties related to the common two-layer.

The distribution of reaction products depends on the dis-
tribution of the welding temperature in the joint."® In the
RSW process, the highest amount of heat is generated in the
central area of nugget and cooled slowly related to peripheral
areas that have less heat. Therefore, the nugget central area
has high energy and reacts more than edges.

The thickness of the reaction layer (X) depends on the time
(t) which is determined by the Eq. (1):

stoichiometric

X = (2Kt)? (1)

In Eq. (1), K is the growth factor of the reaction layer that is
a function of absolute temperature (T) as Eq. (2):

K = Kpexp <;—$) (2)

In Eq. (2), Ko, Q, and R are constant coefficient, the growth
activation energy of reaction layer and gas constant,
respectively.''”!

Figure 8 plots the mean distance square of reaction layer
(X?) versus welding time in welding current 7.5 kA. The
thickness of the reaction layer increased with the increasing
of welding time; because of kinetic reasons, time accelerates
the reaction layer growth between both steel and aluminum.
As shown in Eq. (1), the slope of the line in Fig. 8 represents
the value of 2K; therefore the growth factor, K, in this situa-

tion is equal to 0.28 x 10—12m2/s‘ It should be noted that the
reaction layer thickness majorly affects the weld mechanical
properties that will be discussed in section 3.3.

Comparison of three-layer and two-layer RSW welding

The objective of this study, as mentioned in the introduc-
tion, was the application of a new method of RSW to join
6061-T8 Al alloy to St 52 steel. The tensile shear load of
three-layer was compared with two-layer joining and also
similar materials that were studied by Cui et al.*! in the
same conditions. Figure 9 evaluates the tensile load of St 52
steel to 6061-T8 aluminum joins that performed with the
two-layer and three-layer method, also two-layer joint 6061
Al alloy to Q235 steel at various welding currents and
welding time 240 ms. Figure 9 also reveals that the three-
layer method increases the tensile shear load significantly.
In the three-layer method, the reaction layer is formed on
both sides of the aluminum alloy sheet (see Fig. 5(a));
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(a)

Figure 7. SEM microstructure of Al HAZ in the welded joint, (a) X3000, (b) X5000.

therefore, a double bonding in the interface of steel-
aluminum helps to increase the strength of the weld.
Moreover, the existence of three metallic sheets increases
the electrical resistance between electrodes and causes

% -
SEM MAG:5.00kx |  SEMHV: 15.0 kv MIRA3 TESCAN|
WD: 12.95 mm Det: SE
Date(midy): 082118 | View field: 28.9 ym RAZI FOUNDATION

enhancement of welding temperature, development of heat-
affected zone (HAZ) and increasing of intermetallic com-
pounds accordingly. These factors cause that bonding in the
three-layer technique is formed with more strength.
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Figure 8. Mean distance square of reaction layer (X?) versus welding time in welding current 7.5 KA.
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Figure 9. Evaluation of three-layer and two-layer RSW at welding time 240 ms.

RSW parameters' effect on the properties of the joints

In RSW, the welding current is one of the most factors that
affects the heat produced by electrical resistance. The heat
generation follows from Joule’s law as Eq. (3)121.

Q= Rtotullzt (3)

In Eq. (3), I and ¢t are welding current and welding time,
respectively. Also, Ry is the sum of nine electrical resis-
tances including two electrodes, two steel plates, one alumi-
num plate and electrical contact resistances between the
electrode-steel sheet (two resistances) and the Al sheet—steel
sheet (two resistances) interfaces. The contact resistance plays

an important role during RSW. The effect of current on the
weld nugget diameter at various welding times has been illu-
strated in Fig. 10(a). As illustrated in this figure, with increas-
ing of welding current and welding time (except welding time
240 ms) the weld nugget diameter increased first, and then
reduced. This decreasing might be due to an increment of
temperature in the weld zone by the influence of time and
current enhancement; because of aluminum melting and con-
sequently lack of intermetallic compounds, electrical resis-
tance and heat generation will be reduced at aluminum-steel
interfaces.

Figure 10(b) shows the effect of welding current on the
weld tensile load at various welding times. The values of this
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Figure 10. Effect of welding current on (a) weld nugget diameter, (b) tensile shear load at various welding times.

figure are the average of three welded samples under the
same welding conditions. As seen in Fig. 10(b), at welding
time 240 ms, the tensile strength increased with increasing
of current, because according to Fig. 10(a), it was affected by
weld nugget size and intermetallic compound formation at
the reaction layer. This is seen for other welding times, i.e.
both 260 and 280 ms. Therefore as shown in Fig. 10(b), with
the welding current increasing, the tensile load enhanced
first and then reduced. The most tensile load was 6.17 kN
at 8 kA welding current. Also, the reaction layer thickness is
quite essential in the strength of the weld so that the growth
in thickness of the reaction layer increases diffusion bonding
interlayers and causes the nugget diameter and tensile load
to grow. This can be found by considering Figs. 8 and 10; in
Fig. 8 increasing of welding time increased the reaction layer
thickness in constant welding current 7.5 kA as well as
increased the nugget diameter and tensile load according
to Fig. 10(a,b) in the same welding current. In other
words, the welding time affects diffusion bonding and the
reaction layer thickness and consequently affects weld
properties.

For more investigation, variations of micro-hardness
values in the reaction layer and Al HAZ were shown in

450
400
350
= 300
= 250
200
150

Reaction Layer

pea vt re et et rrr et e bt er bbbttty

Fig. 11. According to this figure, the reaction layer and Al
HAZ have higher hardness than steel and aluminum base
metals, because these areas contain Fe and Al (see EDS pat-
tern Fig. 5) and presence of intermetallic compounds in reac-
tion layer and Al HAZ reveals the increasing of hardness
reason compared with base metals. The hardness of Al base
metal and steel base metal is in the range of 115 to 120 and
263 to 284 HV, respectively, that as Fig. 11 are less than the
hardness of the reaction layer and the Al HAZ.

Conclusions

In the current study, steel St 52 and 6061-T8 aluminum were
joined by the novel technique of the three-layer RSW process.
The results were presented by studying the interfacial reaction
layer, heat-affected zone and mechanical properties of the
weld at various conditions. The following results were
obtained from this study:

(1) Using the RSW process and three-layer welding tech-
nique, the joints were obtained with a higher tensile
shear load compared with two-layer joining. Also, the

100

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60

Distance, um

Figure 11. Micro-hardness profile of St 52/ 6061-T8 Al joint.
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Ack

RSW created a good quality appearance that com-
bines aluminum and steel properties.

With an increment of welding current, both the weld
diameter of nugget and tensile load increased first
and then reduced.

Welding time increasing enhanced both the diameter
of nugget and tensile load.

The reaction products were identified as FeAl; and
Fe,Als in the interfacial layer and as FeAl; and FeAl,
in the Al HAZ.

The thickness of the reaction layer reached to the
maximum value in the center of nugget while far
away from the center it became thinner and the
continuous reaction layer tended to form discontin-
uous distribution of reaction products.

The thickness of the reaction layer increased with an
increment of welding time.

The presence of intermetallic compounds in the reaction
layer enhanced hardness compared with the base metals.

()
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