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1. Introduction

  Three sheets spot welding is more complicated com-
pared to two sheets spot welding as nugget needs to be 
formed in all three sheets. Different types of similar and 
dissimilar combination of three sheets spot welding are 
currently applied in some complex structure of automo-
bile body such as front longitudinal rails, A, B, C- pil-
lars and the bulk head to inner ring1). The complication 
involved in three sheets spot welding is nugget growth 
in a thin sheet. If one of the external sheet is thinner 
than the other two sheets, the interface between thin and 
the middle sheet is located closer to the electrode. High 
cooling occurs by electrode water circulation in this in-
terface compared to thick-thick interface. If the heat in-

put is low, this might not be sufficient for nugget for-
mation in thin-thicker sheet interface. At high heat in-
put, nugget may form in thin-thick sheet interface but 
might cause expulsion in thick-thick sheet interface. 
The introduction of the coating layer, surface quality, 
and alignment make three sheets spot welding more 
complicated. Methods, like the use of different size 
electrodes in two sides of sheets, use of process tape of 
proper resistance2), forging force3) and use of shunting 
method4) have been studied by several authors. All the 
methods mentioned above, the purpose is to make heat 
balance between two interfaces of sheets and thereby 
helping nugget formation in the thinner sheet and also 
reduce the probability of expulsion in thick-thick sheet 
interface. However, these methods are not easily appli-
cable currently in all industries. Therefore, researchers 
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have to rely on varying the weld time, weld current, 
electrode force, pulsing system and material combinations. 
The present study focused on finding a mechanism to 
achieve improved weld quality (or larger nugget diame-
ter) in three sheets spot welding by observing and com-
paring the heat generation and nugget growth of two 
different combinations of three sheets stacking.

2. Materials 

  In this study, two combinations [(GA SGARC (0.7t) + 
Al-HPF (1.2t) + DP 590 (1.4t)) and (GA SGARC (0.7t) 
+ TRIP 780 (1.2t) + DP 590 (1.4t))] of three sheets of 
total thickness 3.30 mm was used for welding with 
keeping top and bottom sheet constant. In the following 
sections, the two combinations will abbreviated as Al- 
HPF combination and TRIP combination respectively, 
where the top sheet is GA SGARC and the bottom sheet 
is DP590. The GA SGARC having galvannealed  coat-
ing layer of thickness 11 µm. In the Al-HPF combina-
tions, the middle sheet was Al-HPF which having Al-Si 
coating layer of 32 µm thickness. The chemical compo-
sition of Al-HPF contains 0.23% carbon, 0.26% silicon, 
1.24% Mn, etc. However, for TRIP combinations, the 
middle sheet was cold-rolled TRIP 780.Its chemical 
com- position consists of 0.099% carbon, 1.35% sili-
con, 2.35% Mn, etc. The bottom sheet DP 590 was also 
cold rolled.

3. Welding Equipment and Procedure

  Pedestal type AC welding controller was used to per-
form the multiple sheets welding. The sheets dimension 
was 100 mm × 30 mm (length x width) and welding 
was performed according to the setup shown in Fig. 1. 
Electrode force of 3.5 kN, squeeze time 70 cycle, 
Single pulse of 21 cycles weld time and 15 cycles of 
hold time were set during welding. Dome radius type 
Cu-Cr electrode of 6.0 mm diameter was used for 
welding. Tensile shear tests (TST) were carried out in a 
universal tensile test machine of load capacity 100 kN 

by pulling a thin sheet apart from two high strength 
steels. The acceptable weld current range was determined 
based on attaining a minimum button diameter of 3.30 
mm in interface A (thin-thick sheet interface) after the 
tensile test. The dynamic resistance and expulsion cri-
teria were monitored by the dynamic resistance measur-
ing system. Expulsion conditions were confirmed by 
observing dynamic resistance during welding. For met-
allographic analysis, nugget growth and the bonding 
mechanism was monitored by stereomicroscope and op-
tical microscope Olympus BX51M. The microstructure 
of the welded parts were revealed by using picral etch-
ant (1% HCl, 3% picral and 96% ethanol). For high 
speed camera video, the experimental schedule used is 
1.75 kN electrode force, welding current 3.0 kA and 
weld time 21 cycles with half-cut electrode on both sides. 
All the value is chosen half of the actual welding except 
the weld time for better imaging of heat generation and 
melting. The frame rate of high speed camera is set 
2000 frame/second with a shutter speed 1/4000 sec.

4. Results and Discussion

4.1 Weld growth curve

  The weld quality of three sheets spots welding can be 
inspected by button diameter in interface “A” after the 
tensile test. In the purpose of gaining a good weldability 
nugget must be formed in thin sheet. The resistance 
spot welding usually consists of interfacial fracture, par-
tial interfacial fracture and button fracture. Button frac-
ture is defined based on gaining a minimum button di-
ameter of 3.30 mm in interface “A” after the tensile 
test. The welding current is varied from 5.0 kA to 10.5 
kA with 0.5 kA increment. Based on minimum button 
diameter in interface “A”, Al-HPF combinations having 
a weldable current range of 3.0 kA while TRIP combi-
nations are having 2.5kA (Fig. 2). At 6.0 kA Al-HPF 
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Fig. 1  Schematic of three sheets stack resistance spot 
welded tensile test specimen
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shows a partial interfacial fracture but TRIP combina-
tion shows a fully interfacial fracture. Both the Al-HPF 
and TRIP combination shows a satisfactory button 
(3.30 mm) formation initiation at 6.5 kA. the TRIP 
combinations possess a higher button diameter in all 
welding current after 6.0 kA, except the expulsion con-
ditions due to higher heat generation caused by joule 
heating at the same welding current. At expulsion con-
dition, button diameter cannot be compared as molten 
metal squeeze out of fusion zone. The TRIP combina-
tion shows expulsion (star mark) at 9.5 kA while the 
HPF combination shows expulsion at 10.0 kA.

4.2 Weld strength curve

  The minimum acceptable peak load value in the ten-
sile test is 2.79 kN. According to this, the Al-HPF com-
bination possesses a weldable current range of 1.5 kA 
and the TRIP combination, also having a weldable cur-
rent range of 1.5 kA (Fig. 3). For Al-HPF combination 
the weldable current range of 3.0 kA based on button 
diameter, is reduced to 1.5 kA based on weld strength. 
However, for TRIP combination, the weldable current 
range of 2.5 kA (based on button diameter) is reduced 
to 1.5 kA (based on weld strength). Al-HPF combina-
tion weldable current range is reduced by 1.5 kA, but 
the TRIP combination shows a reduction of 1.0 kA 
based on weld strength. The Higher reduction in weld-
able current range base on weld strength in Al-HPF 
combination is due to the lower button diameter in in-
terface “A”. Usually, lower button diameter provides 
lower tensile strength. At 6.0 kA, the Al-HPF combina-
tion shows higher tensile strength than the TRIP 
combination. Though both having interfacial fracture at 
6.0 kA but Al-HPF combination having a partial inter-
facial fracture of 3.00 mm. However, at this welding 

current TRIP combination having a fully interfacial 
fracture, which results in the high tensile load for Al-HPF 
combination at 6.0 kA. At higher current, the TRIP 
combinations possess higher button diameter thereby 
shows higher tensile strength

4.3 Heat generation and Nugget growth

  To investigate the reasons which phenomena influen-
ces TRIP combination higher button diameter in a thin 
sheet, the heat generation and nugget growth pattern is 
observed in a particular current(7.5 kA) in five cycles 
for both combinations. The evaluation shows, heat gen-
eration in the interfaces of sheets and also the sheets. 
Generally, the sheet/sheet interface provides superior 
resistance of electric current flow, which allows nugget 
to form in interface rather than in bulk materials. There 
is significant difference in heat generation in the inter-
face “A” and interface “B”. The interface “A” of Al-HPF 
and TRIP combination is closer to the electrode, there-
fore cooling is high in this interface. Moreover, due to 
electrode force, acute stress localization might occur be-
tween electrode to top sheet contact edge and also be-
tween top to middle sheet interface. This localized 
stress might cause the deformation of the top sheet. 
This high deformation will lead to a change in the con-
tact pressure and contact area in the faying interface. 
Higher stress in this interface might lead to lower con-
tact resistance, and heat generation will be less in the 
interface “A”1). The comparison between two combina-
tion heat generation at 7.5 kA, 1 cycle in the interfaces 
shows Al-HPF combination having high heat gen-
eration in the interfaces than TRIP combination5). The 
reason might be due to the higher interfacial contact re-
sistance due to the Al-HPF coating layer and con-
tamination of surfaces4). Carbon (like greases) is the 
main cause of contamination, which can be burned dur-
ing welding. Moreover, as the Al-Si coating layer hav-
ing high hardness, therefore, contact area is not uniform 
in the interfaces results in high contact resistance in this 
interface than the TRIP combination. For both combi-
nations, the heat generation is higher in interface “B” 
than interface “A”, and melting usually occurs in the in-
terface of high heat generation.
  It is reported that in three sheets spot welding, if all 
the sheets are similar combination, the melting will start 
in geometric center or either any of the interfaces. The 
location of melting depends on the distance to water 
cooled electrode and the thickness of sheets4). But for 
dissimilar material welding, the beginning of melting is 
more complicated. To investigate the initial melting lo-
cation, resistance spot welding was performed at 7.5 kA 
and 5 cycles. The melting is observed in interface “B” 
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for both combination, and nugget is formed between the 
middle and bottom sheet. The nugget size is more ex-
tensive for the TRIP combination than the one of the 
Al-HPF combination. in this interface. However, a dif-
ferent phenomenon is observed in the case of Al-HPF 
combination. At higher magnification, Al-HPF combi-
nation shows the presence of two nuggets (Fig. 4). The 
other nugget form close to the geometric center of the 
middle sheet of the Al-HPF combination. The solid-
ification direction of both nuggets and equiaxed grain in 
the merging point of two nuggets confirms the presence 
of two nuggets. It is believed that the heat generated in 
two interfaces of Al-HPF combination due to high con-
tact resistance conducted to the geometric center of the 
middle sheet. There is also the additional heat gen-
eration due to sheet own bulk resistance. The combined 
effect might initiate the melting in the geometric centre 
of the middle sheet of the Al-HPF combination. The 
concave heat flow pattern from both interfaces to the 
middle sheet suggests the occurrence of heat conduction 
from both interfaces to the middle. It is mentioned that 
melting in middle sheet is highly dependent on the mass 
of the middle sheet in three sheets spot welding. If the 
mass of the middle sheet is not sufficient enough, melt-
ing will occur here as it cannot absorb all heat con-
ducted from both interfaces6).
  The welds were made at 7.5 kA and 6 cycles to inves-
tigate the nugget growth direction, and its macro- struc-
tures are shown in Fig. 5. It can be seen that for Al-HPF 
combination the nugget growth rate is higher electrode 
direction (Fig. 5(a)). However, for the  TRIP combina-
tion, the nugget growth rate is higher in sheet direction 
(Fig. 5(b)). As for Al-HPF combination nugget growth 
rate is higher in electrode direction, it should give larger 
penetration and nugget diameter in thin sheet with 
welding schedule of 7.5 kA and 21 cycles. However, the 
weld growth curve suggest TRIP combination having a 

higher button diameter than the Al-HPF combination. 
Therefore, the TRIP combination should have a large  
nugget diameter in a thin sheet because nugget diameter 
is proportional to button diameter. So there is a contrast 
in nugget formation mechanism and nugget diameter.
  More detailed observation of the penetration on a thin 
sheet, the microstructure of thin sheet interface for both 
combinations are shown in Fig. 6.
The Al- HPF combination nugget having a penetration 
of 179 µm in the thin sheet, which is higher than TRIP 
combination (129 µm) based on optical microstructural 
confirmation of melting at the interface “A”. This could 
be a reasonable prediction by observing the nugget 
growth mechanism of two combinations during first 6 

welding cycles. The Al-HPF combination shows lower 
nugget diameter (3.00 mm) than the TRIP combination 
in thin sheet, which is different from predicted nugget 
growth rate pattern.
  To investigate this phenomenon, the high speed cam-
era incorporated into the captured images for gaining 
information on a heat generation pattern during the 
welding. The video was synchronized and snapshot was 
captured in cycles. The results are shown in Fig. 7. 
From the images, it can be seen that for Al-HPF combi-
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tion during early resistance spot welding time
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Fig. 5 Comparison of nugget growth at 7.5 kA and 6 cycle
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ison in full welding schedule; a) Al-HPF combi-
nation b) TRIP combination



Nazmul Huda, Dae-Geun Nam and Yeong-Do Park 

 Journal of Welding and Joining, Vol. 37, No. 6, 2019568

nation melting initiate at 7 cycles (Fig. 7). In the sub-
sequent cycles the Al-HPF shows the nugget growth in 
electrode direction and finally at 21 cycles shows good 
penetration in the thinner sheet. This is also observed in 
the full experimental welding schedule (7.5 kA, 21 cy-
cle). For TRIP combination the initial melting is much 
earlier at 4cycles. In the subsequent cycle, it shows nug-
get growth sheet direction. At end of welding (21 cycle) 
though there is little penetration in thinner sheet it is 
having higher nugget diameter in thinner sheet compare 
to Al-HPF combination. This phenomenon is also ob-
served in full experimental schedule.
  Another distinguishable phenomenon is observed in 
high-speed camera video and snapshots between these 
two combinations. There is a gradual increase in in-
dentation as the welding goes as nugget grows. The top 
electrode pushes the top thin sheet into the molten met-
al, growing from interface “B” during this gradual 
indentation. The TRIP combination finally subjected to 
higher indentation than the Al-HPF combination. To in-
vestigate the high indentation phenomena, the hardness 
of both combination middle sheets is measured since 
the materials of middle sheet is the only difference be-
tween these two combinations. The middle sheet of the 
Al-HPF combination has almost two times of hardness 
than the one of the TRIP combination, as shown in Fig. 
8. However, it is difficult to conclude the effect of hard-
ness on indentation at high temperature, which is close 
to the melting temperature of the steel sheet. It is more 
reasonable that the higher heat generation at early weld-
ing time in the TRIP combination than the Al-HPF 
combination contributes the more substantial amount of 

plastic deformation for the indentation.
  Moreover in SORPAS simulation, it was found the 
temperature profile of TRIP combination along inter-

face “A” and middle sheet center line is higher than the 
Al-HPF combination at a simulation schedule of 7.5 
kA, and 21 cycles (Fig. 9), which suggests heat gen-
eration is higher TRIP combination. This high heat gen-
eration might be due to the higher chemical composi-
tion of TRIP 780. Heat generation in sheets will be fol-
lowed by a change in the properties of sheets. Conse- 
quently, the strength of the steel sheets decreases, and 
larger indentation can occur, leading to an increase in 
the contact area between electrode to top sheet and top 
sheet to the middle sheet. Besides, there is an increase 
in dynamic resistance due to an increase in bulk resist-
ance as temperature rise7). This high temperature gen-
erates more melting in the fusion zone. Thereby nugget 
volume is a higher for the TRIP combination than Al- 
HPF combination as shown in Fig. 10(a). Both this low 
hardness as well as high nugget volume in TRIP combi-
nation cause a high indentation in the TRIP combination. 
It is reported that the mechanical properties, as well as 
nugget volume, has relevance to indentation. The in-
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Fig. 7 Comparison of nugget formation mechanism with welding time for HPF combination and TRIP combination (High 
speed camera still image)
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dentation increase with the increase of welding current 
and indentation has the primary relevance to nugget 
volume8). The indentation difference also observed in 
Fig. 10(b), which the data were given from SORPAS 
simulation. Here weld time is plotted as millisecond 
where 16.67 ms means 1 cycle. The electrode displace-
ment is taken between two nodal points. The two nodal 
points are taken at top-electrode to top sheet contact 

point and bottom-electrode to bottom sheet contact 
point. It is also reported that the electrode to sheet and 
sheet to sheet deformation influences the weld current 
density1). In SORPAS simulation the difference in cur-
rent density is investigated in interface “A”. The TRIP 
combination possesses a higher current density than the 
HPF combination, which is shown in Fig. 10(c). 
  Moreover, high indentation can influence the contact 
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area between electrode to the sheet. It is reported that a 
soft material will be indented by the electrode more 
than a hard material. This high indent will cause an in-
crease in the contact area between the sheet and 
electrode. As TRIP combination middle sheet TRIP 780 
having low hardness as well as possesses higher nugget 
volume during welding, will be subjected to higher in-
dentation than Al-HPF combination as Al-HPF combi-
nation middle sheet having high hardness and lower 
nugget volume during welding. So the current path width 
will be more extensive for the TRIP combination than 
the Al-HPF combination which will give higher nugget 
diameter in a thin sheet of trip combination though pen-
etration can be less in a thin sheet. The mechanism can 
be shown according to the following Fig. 11. Farson et.al 
monitored the nugget diameter with change of electrode 
displacement during the cooling stage of welding9) and 
found indentation increases the nugget diameter. Nilsen 
et. al mentioned the observation of gaining higher nugget 
diameter in a thin sheet in three sheets spot welding due 
higher indentation2). Jo et al. reported larger welding 
current process window for high electrode force com-
pare to low electrode force in resistance spot welding10). 
So it can be concluded that though too much indentation 
is defined as a bad quality in resistance spot welding, it 
can have significant effect to get good weldability in 
three sheets spot welding.

5. Conclusions

   1) Two different combinations (difference in the mid-
dle) of three sheets is used to find out the mechanism to 
get better nugget diameter in a thin sheet in three sheets 
spot welding. The difference in electro- mechanical 
properties of the middle sheet provides a significant ef-
fect of forming nugget in a thin sheet in three sheets 
spot welding.
  2) Due to higher contact resistance in the interfaces, 
the HPF combinations show higher heat generation in 
interfaces than the trip combinations. For TRIP, combi-
nation melting was observed in interface “B”, but for 
HPF, combination melting was observed in interface 

“B” as well as in the geometric center. The reason for 
melting in the geometric center might be due to the 
higher heat conduction from both interfaces to the geo-
metric center. 
  3) The TRIP combinations show nugget growth rate 
higher in sheet direction while the HPF shows in elec-
trode direction. However at the end of welding, the 
TRIP combinations show better nugget diameter in thin 
sheet though it has lower penetration than the HPF 
combination. 
  4) The TRIP combination shows better nugget diame-
ter in a thin sheet than HPF combination because of 
higher indentation resulting from low hardness and high 
nugget volume. Indentation can increase the nugget di-
ameter by increasing the current density and current 
path width.
  5) The material with proper bulk resistance and hard-
ness in a middle of three sheets spot welding can give 
better weldability.
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