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Abstract: The paper presents the results of resistance spot

welding of hot-dip galvanized microalloyed steel sheets

used in car body production. The spot welds were made

with various welding currents and welding time values,

but with a constant pressing force of welding electrodes.

The welding current and welding time are the dominant

characteristics in spot welding that a�ect the quality of

spot welds, as well as their dimensions and load-bearing

capacity. The load-bearing capacity of welded joints was

evaluated by tensile test according to STN05 1122 standard

and dimensions and inner defects were evaluated by met-

allographic analysis by light opticalmicroscope. Theweld-

ing parameters of investigated microalloyed steel sheets

were optimized for resistance spot welding on the pneu-

matic welding machine BPK 20.

Keywords: resistance spot welding; microalloyed steels;

load-bearing capacity; metallography

1 Introduction

Resistance spot welding (RSW) plays an important role

in the automotive industry because of its high e�ciency,

suitability and relatively low cost [1]. This joining method

is also used in the aerospace industry, medical devices

and electronics. The weld is made using a combination

of welding parameters, such as welding current, weld-

ing time as well as electrode pressure between two water-

cooled copper-based electrodes. Welding current is sup-

plied to the sheets via the two welding electrodes. High

joule heating is created at the faying surface. The joint

is completed by solidi�cation of the spot weld caused by
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cooling through the welding electrodes. The electrodes’

force is applied to clamp the workpiece, then electric cur-

rent is switched on to pass through the workpiece, fol-

lowed by post-weld cooling of the weld nugget [2–4].

A wide variety of metal sheets up to thickness of 3 mm

can be joined by the RSWmethod [5]. The present require-

ments for car weight reduction, have brought new types

of steels to automotive industry. Advanced high strength

steels (AHSS) have been introduced into vehicle designs in

an e�ort to increase the collision energy management and

passenger safety, while maintaining or reducing vehicle

weight, which in turn results in a better fuel economy [6–

8]. Although the use of AHSS in the automotive indus-

try is rapidly increasing, high strength low alloy (HSLA)

steel is still predominately used in structural applications

formanufacturing automotive parts. Someapplications re-

quire higher elongations than those feasible with HSLA or

superior strength compared to low carbon steel and other

conventional heat-treated automotive steels [9]. In addi-

tion, due to the lower alloy content, HSLA also has bet-

ter weldability compared to high alloy steel as well as pro-

vides excellent ductility with low strength. The research

into resistance spot welding of HSLA steel with AHSS steel

was published in [10, 11].

Hot-dip galvanized steel sheets are still preferred ma-

terial for car body constructions. Two types of coatings are

generally applied to steel sheets used in the automotive

industry, namely galvanize and galvanneal coatings. Gal-

vanize coatings contain essentially pure zinc with about

0.3 to 0.6 wt-% aluminium. A galvanneal coating is ob-

tained by additional heating of the zinc-coated steel at

450–590∘C immediately after the steel exits the molten

zinc bath [12, 13].

Due to the di�usion of iron and alloying with zinc,

the �nal coating contains around 90% zinc and 10% iron.

Moreover, due to the alloying of zinc in the coating with

di�used iron, there is no free zinc present in the galvan-

neal coating. HDGA coatings contain less aluminium than

HDGI coatings, about 0.15 to 0.4 wt-%. Using of surface-

treated steel sheets in automotive industry causes prob-

lems in the optimization of welding parameters. The pol-

lution of welding electrode tips changes the contact resis-
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Table 1: Chemical composition of observed materials (in wt-%).

Material Cmax Mnmax Simax Pmax

H260 LAD 0.1 0.6 0.5 0.025

H340 LAD 0.1 1.0 0.5 0.025

Material Smax Timax Nbmax Almin

H260 LAD 0.025 0.15 0.09 0.015

H340 LAD 0.025 0.15 0.09 0.015

tances, which have a negative in�uence on welds’ quality

as well as welding tips lifetime [14]. The quality and me-

chanical behaviour of resistance spot welds signi�cantly

a�ect the durability and crashworthiness of vehicle [15].

Generally, spot weld failures occur in two modes: inter-

facial and pullout [13, 14]. The interfacial mode failure

occurs through nugget, while the pullout failure mode

occurs by complete (or partial) nugget withdrawal from

one the joined sheet. The load-bearing capacity and en-

ergy absorption capability of those welds which fail un-

der the overload interfacial mode are lower than those

welds which fail under the overload pullout mode [15–17].

Thewelding parameters – current, time and pressing force

have a signi�cant in�uence on the quality of resistance

spot welded joints. The e�ect of RSWwelding time on me-

chanical properties of car body sheets was studied in [18].

However, because the weld nugget is invisible, the quality

of welding in the welding process is not easy to judge. The

traditional approach for evaluatingweld’s quality is by de-

structive testing. Some researchers have tried to use resis-

tance spotwelding surface image as an information source

to evaluate the quality of resistance spot welding [19]. The

core of the fractal theory is to start from a macro perspec-

tive, using related information of image in larger �eld of

vision to process images. Fractal geometry provides peo-

plewith the ideas andmethods of irregular geometry. Frac-

tal dimension can characterize some features of the im-

age obtained in nature [20], which are e�ective parameters

that can distinguish di�erent image regions and textures

roughness.

The research presents the results of the evaluation of

welding current in�uence on the quality of spot welds of

car body micro-alloyed steel sheets H260 LAD and H340

LAD.

2 Experimental methods

The hot-dip galvanized steel sheets H260 LAD EN 10292/

2000 and H340 LAD EN 10292/2000 with the thickness of

Table 2: Basic mechanical properties of observed materials.

Material Rp0.2 [MPa] Rm [MPa] A80 [%]

H260 LAD 260-330 350-430 26

H340 LAD 340-420 410-510 21

1.0 mmwere used for the experiments. The chemical com-

position and basic mechanical properties of these steel

sheets are shown in Table 1 and Table 2.

The heat required for these resistance welding pro-

cesses is produced by the resistance of the joinedmaterials

to an electric current. The amount of heat generated de-

pends upon three factors; the amperage, resistance of the

conductor and the duration of current [21]. These three fac-

tors a�ect the heat generated as expressed in the formula

Q = I
2
Rt (1)

where Q is the heat generated (J), I is the current (A), R

is the resistance of the work (Ω) and t is the duration of

current (s).

According to Joule law (1), the most important param-

eter a�ecting the amount of heat obtained is welding cur-

rent I. The welding current decreases with increasing re-

sistance and induction in constant secondary voltage. The

constant welding current a�ecting the weld joint is only

maintained by constant resistance and induction. Inade-

quate heat energy cannot be achieved by bonding. How-

ever, excess welding current causes void and crack for-

mations, partially spurt out of molten metal and so the

tensile-shear strength of joint decreases [10, 14, 22].

The samples with dimensions of 40 × 92 mm and

32 mm lapping according DIN 50 124 standard were used

for the experiments. The sample’s surfaceswere degreased

in concentrated CH3COCH3 (acetone) before welding to

eliminate the negative in�uence of impurities on the weld-

ing process and quality of spot welds.

Resistance spot welding of the samples was carried

out on a pneumatic spot welding machine BPK 20, pro-

duced byVTSELEKTROBratislava. Thewelding electrodes

CuCr per ON 42 3039.71 standard were used in the experi-

ments. The diameter of the working area of the electrode

tips was de = �5.0 mm. The parameters of resistance spot

welding (welding current I, welding time t and pressing

force of electrode Fzv) were determined in accordancewith

the recommendation of welding parameters by IIW - In-

ternational Institute of Welding and based on previous

research [5, 10]. All these parameters (Table 3) ensured

the formation of fusion welded joints. The resistance spot

welding cycle is shown in Fig. 1.
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Figure 1:Welding cycle (Fzv – pressing force of electrodes, t – weld-
ing time, I – welding current).

Figure 2: Dependency of load-bearing capacity of spot welds Fm on
welding current I.

Figure 3: Average values of load-bearing capacities of welded joints.

Figure 4: Failure of the spot welds after tensile test: a) H260 steel,
b) H340 steel.

Table 3:Welding parameters for steel sheets (A, B, C, D – H220
LAD), (E, F,G, H – H340 LAD).

Welding Samples

parameters A / E B / F C / G D / H

Fzv [kN] 2.6 2.6 2.6 2.6

t1 [per.] 10 10 10 10

t2 [per.] 9 9 9 9

t3 [per.] 12 12 12 12

t4 [per.] 8 8 8 8

t5 [per.] 12 12 12 12

I3 [kA] 4.0 4.6 5.0 5.7

I4 [kA] 6.0 6.6 7.0 7.6

The load-bearing capacities of the spot welded joints

were evaluated according to standard DIN 50 124. This

static tensile test was used for measuring the maximum

force Fmax until failure of the welds occurred. The test was

conducted on themetal strength testingmachine TIRAtest

2300 produced by VEB TIW Rauenstein, with the loading

speed of 8 mm/min.

The quality of welded joints was evaluated by metal-

lographic analysis on the light microscope Olympus TH 4-

200. The scratch patterns for metallographic analysis were

etched in 3% Nital solution.

3 Results and discussion

The dependency of load-bearing capacity of spot welds ex-

pressed as maximum shear force Fm on welding current I

is shown in Fig. 2. Increasing of the welding current led

to increasing of the maximum shear force in both type of

materials. The values of load-bearing capacity of welded

joints ranged from 7739N to 8823 N for H260 LAD steel and

from 8885 N to 10099 N for H340 LAD steel.

The average values of load-bearing capacity of resis-

tance spot welded joints obtained from static tensile test

are shown in Fig. 3.

Only the fusion welded joints occurred in all observed

samples with typical failure during static tensile test –

Fig. 4. The highest values of load-bearing capacity of H260

LAD steel sheets weremeasured on samples D, joinedwith

the welding current of 7.6 kA. The load-bearing capacity

of samples D increased by about 11% in comparison with

samples A, joined with the welding current of 6.0 kA. The

maximum values of load-bearing capacity of H340 LAD

sheets were measured in samples H, joined with the maxi-

mumwelding current of 7.6 kA as well. In comparisonwith

samples E, that was welded with the lowest value of weld-
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Figure 5:Macrostructures of the welds of H260 LAD steel: a) sample
A (I=6.0kA), b) sample B (I=6.6kA), c) samples C (I=7.0kA) and d)
sample D (I=7.6kA).

Figure 6:Microstructure of transition from the base metal to the
weld nugget in sample A.

Figure 7:Microstructure of weld metal in the middle of weld nugget
of sample B.

ing current of 6.0 kA, the load-bearing capacity increased

by about 13%.

The results of the static tensile test of welded joints of

H340 LAD sheets showed that an increase in the welding

current from 7.0 kA to 7.6 kA resulted in an increase in the

average maximum shear force of about 118 N. The results

of the welded joints of H260 LAD sheets showed that the

Figure 8: Cracks in the surface area of sample C.

Figure 9:Microstructure of the heat a�ected zone of sample C with
presence of brass.

same increase of welding current led to increasing of the

average maximum shear force of about 221 N.

Fig. 5 shows the macrostructures of welded joints of

samples A, B, C and D. The fusion welded joints with a

characteristic structure without any macroscopic defects

occurred.

The dimensions of spot welds correspond to the used

welding parameters and diameter of thewelding electrode

tips. Fig. 6 shows characteristic areas of a resistance spot

weld – base metal, heat a�ected zone and weld nugget.

The dendritic microstructure of the weld nugget of

sample B can be seen in Fig. 7.

Small cracks were observed in the microstructure of

sample C, near the area of the weld nugget. The depth of

the crack was approximately 50 µm and its length was

about 90 µm, as can be seen in Fig. 8. The weld nugget

dimensions of sample C are bigger than those in samples

A and B. The width of the weld nugget exceeds the width

of electrodes’ contact area. The brass layer was observed

near the contact area of the electrode and the weld sur-

face was con�rmed by EDX analysis (Fig. 9). This brass
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Figure 10:Microstructure of the weld with a cavity in the middle of
nugget of sample D.

Figure 11:Macrostructures of the welds of H340 LAD steel: a) sam-
ple E (I=6.0kA, b) sample F (I=6.6kA, c) samples G (I=7.0kA) and d)
sample H (I=7.6kA).

Figure 12:Microstructure of the weld nugget of sample E.

layer occurred on the surface of welding tips as well as on

the zinc surface of welded sheets and has a negative e�ect

on the contact resistance in the welding process. Because

of a high welding temperature (906∘C) and pressure, zinc

evaporates from thewelding area. On the other hand, if the

temperature is lower (about 420∘C), zinc melts and then

adheres to welding tips. When thin brass layer is formed,

it is forced out to the weld’s perimeter.

Figure 13:Weld nugget and heat a�ected zone of sample F.

The macrostructure of the weld made with welding

current of 7.6 kA is shown in Fig. 5d. There is an elliptic

cavity in the middle of the weld nugget (Fig. 10). No cracks

or other failures occurred in the joint. The highest value

of the welding current as well as the amount of generated

heat led to themost signi�cant grain coarsening andwidth

growth of the heat a�ected zone in the weld metal in com-

parison with other samples.

The transition of the weld nugget into the base mate-

rial of sample A are continual on both sides, as shown in

Fig. 6. The weld nugget is symmetrical without any defects

in the microstructure. There is a �ne-grained structure of

ferrite and unique occurrence of cluster pearlite around

the weld nugget.

The weld macrostructure of sample E can be seen in

Fig. 11a, with no macroscopic defects. Fig. 12 presents the

weld metal structure in the middle of the weld nugget of

sample E with hypoeutectoid ferrite and bainite.

The weld macrostructure of sample F with no macro-

scopic defects is shown in Fig. 11b. However, the mi-

crostructure analysis (Fig. 13) discovered a small crack

with length of about 0.1 mm at the interface between the

heat-a�ected zone and the weld nugget. The microstruc-

tures of the weld nugget and transition areas are like those

of sample E.

The weld of sample G consists of cavity (Fig. 11c) and

microcracks (Fig. 14), which is not acceptable frommacro-

scopic and microscopic view.

The macrostructure of sample H is documented in

Fig. 11d. There were no failures observed in the weld. The

microstructure is relatively of high quality. The width of

the weld nugget exceeds the width of electrodes’ contact

area.
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Figure 14: Cracks in heat a�ected zone of sample G.

4 Conclusions

The paper presents the results from the evaluation of the

in�uence of the welding current on the quality of re-

sistance spot welded joints of hot-dip galvanized micro-

alloyed steel sheets. Based on the obtained results, it can

be stated that:

– the increase in the welding current also increased

the load-bearing capacity in both types of material,

– the lowest values of load-bearing capacity were

measured in samples welded with welding cur-

rent of 6.0 kA and the highest values were mea-

sured in samples welded with welding current of

7.6 kA,macro and microscopic analyses showed that

spot welded joints with no defects were present on

samples welded with the welding current of 6.0 kA

for H260 sheets and 6.6 kA for H340 sheets.
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