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ABSTRACT

Nowadays, there are several important reasons for using high-strength sheets in the manufacturing of car bodies.
Car manufacturers choose the steel with good formability, fatigue resistance and ability to absorb impact energy.
Microalloyed steels and dual-phase steels are the materials which fulfil the above-mentioned criteria. The applica-
tion of high-strength sheets has led to the development of new materials joining techniques. Mechanical joining,
such as clinching, is the innovative technique to join these progressive materials. Materials of different thicknesses
can be joined by clinching. The paper focuses on the comparison of the properties of the joints made by clinch-
ing and resistance spot welding. The application of resistance spot welding is still the most used joining method
in car body production. These properties were investigated by tensile test and metallographic observation. The
HCT600X+ZF, HCT600X+Z and HX420LAD+Z steel sheets were used for the experiments. The results of tensile
test show that the values of load-bearing capacity of clinched joints reached from 3900 N to 5900 N and the resis-
tance spot welded joints reached the values of load-bearing capacity from 12000 N to 19500 N. In comparison to
the resistance spot welded joints, the clinched joints reached from 32 to 48% of load-bearing capacity.

Keywords: clinching, resistant spot welding, tensile test, metallography, HCT600X+ZF, HCT600X+Z,

HX420LAD+Z

INTRODUCTION

One of the most important issues in the au-
tomotive industry is the safe design, light weight
and enhanced of crash response of specific au-
to-body structures. These objectives lead to the
increasing adoption of high-strength steel sheets
for specific parts of auto-body members [1-3].

One of the best known high-strength steels
are the high-strength low-alloy (HSLA) steel and
the dual-phase (DP) steel. The DP steels have
excellent formability, impact energy absorption
properties and fatigue resistance in compari-
son with the conventional high-strength low al-
loy steels of similar mechanical properties. The
dual-phase steels offer a combination of high
strength and good formability because of their
microstructure in which the hard martensitic or
bainitic phase is dispersed in a ductile ferritic ma-
trix. This type of steel is characterized by a good
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ability to redistribute stress and improve mechan-
ical properties, including the yield strength. In the
last two decades, the dual-phase steels have been
used in the automotive industry to improve the
impact resistance of components and reduce the
total weight of the car body [4—6]. In addition to
these advantages, the dual-phase steels also have
good weldability, fatigue crack growth resis-
tance and high deformation hardening coefficient.
Due to their high energy absorption and fatigue
strength, dual-phase steels are suitable for the
production of structural and safety parts in the au-
tomotive industry, such as cross beams, longitu-
dinal beams and reinforcements [7,8]. The HSLA
steel is a well-known type of steel alloy that pro-
vides many benefits over regular steel alloys. In
general, the HSLA alloys are much stronger than
mild steels. The low-alloy steel has good machin-
ability and hardenability properties. The grain
refinement and precipitation hardening improve
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the strength of HSLA steels; therefore, they are
suitable for car body applications. The elements
such as Ti and Nb form precipitates that control
grain growth and cause precipitation strengthen-
ing [9,10]. Most HSLA steels are supplied in the
as-hot-rolled condition with ferritic-pearlitic mi-
crostructure. Pearlite is generally an undesirable
strengthening factor in structural steels, because
it reduces the impact toughness and requires
higher carbon contents. Moreover, yield strength
is largely unaffected by a higher pearlite con-
tent. The ferrite in the HSLA steels is typically
strengthened by grain refinement, precipitation
hardening, and, to a lesser extent, solid-solution
strengthening [11,12].

Resistance spot welding (RSW) is one of the
best known and most used methods of joining
high-strength steels. RSW has been commonly
used in the automobile industry. RSW is a tech-
nology that produces a weld without filler metal
by means of a high-intensity current, under simul-
taneous pressure application [13,14]. This process
is described as the heat generated by the welding
current used to reach the temperature required for
the welding of two or more materials, while the
resistance at the welding site is applied. One of
the advantages of this technology is high process
intensity. The strength of resistance spot welds
depends on the welding parameters and the type
of materials. The parameters of resistance spot
welding are the welding time, the welding current
and the pressing force of the electrodes [15-17].

In many cases, the material is surface treat-
ed, for example the material is galvanized with
zinc. Because of this, a different kind of mate-
rial joining technology has to be used to join the
sheets. For this reason, other joining processes
have been developed, such as mechanical join-
ing — clinching. In the last decade, clinching has
developed rapidly as a technology for joining the
metal sheets. Compared with the resistance spot
welding, there are many advantages of the me-
chanical clinching process, such as no spark and
lower running time. There is no thermal chemi-
cal reaction in the clinching process [18,19]. A
mechanical interlock is formed because of the
plastic deformation of the sheets. The principle
of clinching consists in interlocking the materials
to be joined together using a punch and a die. The
material at the joint is reinforced because of the
process of clinching and the surface of the materi-
als does not have to be cleaned before the joining
process [20-22].

The paper deals with the evaluation of the
joints made by resistance-spot welding and
clinching on the HCT600X+ZF, HCT600X+Z
and HX420LAD high-strength steel sheets.

MATERIALS AND METHODS

Used materials

In the experiment, three types of materi-
als were used. They are advanced high-strength
steels. These steels are marked as HCT600X+Z,
HCT600X+ZF and HX420LAD. The thickness
of all tested steel sheets was 1.5 mm. Two types
of coating were used in the HCT600X steel sheet.
The first one (marked as “Z”) was a zinc coating,
so this sheet was hot-dip galvanized on both sides.
The second one (marked as “ZF”) is a zinc-iron al-
loy coating, which provides better corrosion pro-
tection than pure zinc [23]. The HX420LAD+Z
steel sheet was hot-dip galvanized on both sides.
Table 1 shows the basic mechanical properties.
The chemical composition of the steel sheets is
shown in Table 2.

The dimensions of the test specimen are de-
fined by STN 05 1122. After cutting the samples

Table 1. Basic mechanical properties of the observed
materials

. Thickness Rp, Rm o
Material mm] | [MPal | [Mpa] | "l
HCT600X+Z 15 373 606 24.8
HCT600X+ZF 1.5 369 633 225
HX420LAD+Z 15 490 565 19.5
Table 2. Chemical composition of
the observed materials (% wt)
Material Chemical composition
C Mn Si P Al
0.080 | 1.78 0.01 | 0.014 | 0,045
HCT600X+ZF -
Nb Ti \% Mo Cr
0.002 | 0.001 | 0.002 | 0.179 | 0.211
C Mn Si P Al
0.09 1.89 0.26 | 0.014 | 0.026
HCT600X+Z .
Nb Ti \% Mo Cr
0.001 | 0.003 | 0.002 | 0.002 0.21
C Mn Si P Al
0.09 1.2 0.02 | 0.016 | 0.035
HX420LAD+Z
Nb Ti \% Mo Cr
0.0055 | 0.015
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from the metal sheet to a size of 40 x 90 mm, with
the overlap length of 30 mm. The same sample
sizes were used for all 3 joint types.

This dimension is also defined by the
above-mentioned standard to determine the po-
sition of the joints produced by the clinching
and resistance spot welding. Since the sheets
of metal are conserved after manufacturing, the
preparation of the samples involved cleaning and
degreasing before the resistant spot welding pro-
cess. Acetone was applied for cleaning surfaces
before welding. It was not necessary to clean the
samples before clinching. Figure 1 shows a test
sample according to STN 05 1122.

Resistance spot welding

Resistance spot welding was carried out under
laboratory conditions by means of a pneumatic
spot welding machine BPK 20. The Cu-Cr weld-
ing electrodes according to the EN 42 3039.71
standard were used for resistance spot welding.
A new pair of welding electrodes was used for
each type of high-strength steel sheet to prevent
the wear of the welding tips. The working sur-
faces of the welding electrodes were @5 mm with
a conical end.

For each type of sheet, 4 groups of samples
were created: A, B, C, D. Each group con-
tains 6 samples. The welding current I, is the
welding current. Tables 3—5 below shows the
welding parameters used for HCT600X+Z,
HCT600X+ZF and HX420LAD+Z. Figure 2
shows the created resistant spot welds on the
investigated materials.

Clinching

The clinching method is a relatively new
method of joining materials. The principle of
clinching consists in interlocking the materials

to be joined together using a punch and a die.
At the moment of contact of the material and the
die, the material flow to the sides and creates a
joint [24,25].

The hydraulic press machine ZD 40 with
the load range of 40, 200 and 400 kN was used
for clinching. Figure 3 shows the clinching tool
used in experiments. A punch with the diameter
of @5 mm and a die with the diameter of @8 mm
were used for all types of high-strength steel
sheets. The parameters of clinching are described
in Table 6. Figure 4 shows the samples with the
joints made by clinching technology. As with
welding, 6 samples for each type of steel sheet
were joined by clinching.

Tensile test

In the experiment, the load-bearing capac-
ity of resistance spot welded joints and clinched
joints were measured. The test was carried out
on TIRAtest 2300. The measuring range of the
device is from 0.8 kN to 100 kN with a load (tra-
verse) speed of 10 mm/min. During the test, the
ambient temperature is within the range of 10—
35°C. The tensile test was carried out in accor-
dance with STN 05 1122 on two types of joints.

The gradual loading of test specimens cre-
ated by welding and mechanical joining re-
sults in partial elongation or breakage. Sub-
sequently, the maximum applied force Fmax
was measured till the rupture occurred. The
results of the tensile test for welded joints also
included the evaluation of the type of failure
— fusion welded joint or cold welded joint. In
the case of the samples produced by mechani-
cal joining, the failure mechanisms were eval-
uated too. These mechanisms include pull out
mode, neck fracture mode, neck fracture with
plastic deformation mode and pull out with
neck fracture mode.

90

40

o

30

150

Figure 1. Sample dimensions for tensile test
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Table 3. Welding parameters used for the

Table 4. Welding parameters used for the

HCT600X+Z material HCT600X+ZF material
Welding parameters Welding parameters
HCTB00X+Z | Force Fz (\:Iz ?rl(ej:;gl Time Tw [per.] HCT600X+ZF | Force Fz (\:/z (:rlg:]r;g: Time Tw [per.]
[kN] [KA] 4 | (lper.=0.025s) [kN] [KA] 4 | (Lper.=0.025s)
A 9.0 6 15 (300 ms) A 9.0 5 15 (300 ms)
B 9.0 6.5 15 (300 ms) B 9.0 55 15 (300 ms)
Cc 9.0 7 15 (300 ms) C 9.0 6 15 (300 ms)
D 9.0 7.5 15 (300 ms) D 9.0 6.5 15 (300 ms)

Table 5. Welding parameters used for the

HX420LAD+Z material
Welding parameters
HX420LAD+Z | Force Fz c\ﬁ ?rlg:]rﬁ Time Tw [per.]
kN 4 | (lper.=0.02s
[kN] ) | @P )
A 6.0 5.5 15 (300 ms)
B 6.0 6 15 (300 ms)
C 6.0 6.5 15 (300 ms)
D 6.0 7 15 (300 ms)

Metallographic observation

In this analysis, the changes in the micro-
structure of HCT600X+Z, HCT600X+ZF and
HX420LAD+Z materials, which took place
during the formation of welded joints, were ob-
served. Interlocking, the thickness of the bottom
of the joint, the thickness of the neck of the joint
as well as the defects of the joints formed by the
clinching were observed too.

R

Figure 2. Created resistance spot welds on the investigated materi-
als: a) HCT600X+Z; b) HCT600X+ZF and ¢) HX420LAD+Z

Figure 3. A tool for creating joints using the clinching method

Table 6. Parameters of clinching

Material Number of joined sheets | Pressing force F [kN] Punch diameter Die diameter
HCT600X+Z (1.5 mm) 2 70 @5 mm @8 mm
HCT600X+ZF (1.5 mm) 2 70 25 mm @8 mm
HX420LAD+Z (1.5 mm) 2 60 25 mm @8 mm
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Figure 4. Sample joints created by clinching: a) HCT600X+Z; b) HCT600X+ZF and ¢) HX420LAD+Z

A microscopic analysis of metallographic
cross-sections was performed by using a KEY-
ENCE VHX- 5000 light optical microscope.

In the case of the joints formed by resistance
spot welding, the structure of the weld, the occur-
rence of pores, cracks, the presence of impurities
or the cleanliness of the contact surfaces can be
evaluated.

ANALYSIS OF ACHIEVED RESULTS

Results of tensile test

The research related to the resistance spot
welding allowed evaluating the influence of
welding current on the load-bearing capacity of
observed materials. The value of the welding cur-
rent influences the formation of an appropriate
weld nugget [13,26].

The tensile test was performed on the samples
in order to determine the static behaviour of the
joints and to estimate their load-bearing capacity.
The maximum shearing load was the most signifi-
cant value obtained from the “load-displacement”
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Figure 5. Load-displacement curves for the
HCT600X+Z material
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curves as shown in Figure 5-7. The form of the
curves shows the behaviour of the clinched joints
under loading, especially the capacity for defor-
mation. In this case, the maximum shearing load
for material HCT600X+Z was measured on the
RSW-D sample (around 19.5 kN) with the corre-
sponding displacement about 3.8 mm. The aver-
age minimum shearing load for the HCT600X+Z
material was measured on the CL sample (around
4.5 kN) with the corresponding displacement of
about 1.9 mm.

The maximum shearing load for the
HCT600X+ZF material was measured on the
RSW-D sample (around 18.7 kN) with the cor-
responding displacement of about 2.25 mm.
The average minimum shearing load for the
HCT600X+Z material was measured on the CL
sample (around 6 kN) with the corresponding dis-
placement of about 0.5 mm.

The maximum shearing load for material
HX420LAD+Z was measured on the RSW-D
sample (around 16.2 kN) with the corresponding
displacement of about 2.5 mm. The average mini-
mum shearing load for the HCT600X+Z material
was measured on the CL sample (around 4 kN)
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Figure 6. Load-displacement curves for the
HCT600X+ZF material
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Figure 7. Load-displacement curves for the
HX420LAD+Z material

with the corresponding displacement of about
0.4 mm.

Figures 8-10 show the average values of the
force Fmax measured during the tensile test for
the individual methods of the realized joints. The
figures show that the clinched joints achieved
the minimum values of load-bearing capacity
in all tested materials. The maximum values of
load-bearing capacity were measured in the sam-
ples with spot welds, made with the highest val-
ues of welding current I.

The lowest value of load-bearing capacity of
the joints after the tensile test for all observed ma-
terials were measured on the CL samples: about
4.9 kN on the samples with the HCT600X+Z
steels, about 5.9 kN on the samples with the
HCT600X+ZF steels and about 4 kN on the sam-
ples with the HX420LAD+Z steels.

The highest value of load-bearing capacity
of joints were measured on the resistance spot
welded samples with the highest values of weld-
ing current (samples D): about 19.5 kN on the
samples with HCT600X+Z, about 17 kN on the
samples with HCT600X+ZF and about 16.5 kN
on the samples with HX420LAD+Z.

25000

20000

uCL

= RSW-A
RSW-B

uRSW-C

= RSW-D

Figure 8. Graph of average values of load-bearing
capacity of joints after the tensile test for the
HCT600X+Z material.

(CL — clinching, RSW — resistance spot welding)

As shown in Figure 11, only one type of joint
occurred in all examined spot welded joints — fu-
sion welded joint.

Results of metalographic observation

Metallographic  observation of clinched
joints was performed on all the observed ma-
terial, i.e. HCT600X+Z, HCT600X+ZF and
HX420LAD+Z, as is shown in Figures 12—14.

Figure 12-14(a) show the macrostructure
of a clinched joint of observed steel sheets. The
clinched joints were created without any cracks
or failures. The typical areas of mechanical inter-
lock and well-formed parts of bottom of clinched
joints with typical shape of groove die are visible
in Figures 12—14(b, c).

Since only the welding current parameter
changed in the experiment, two samples with
spot welds of group A and group D were selected.
Group A represents the value of the lowest weld-
ing current for each high-strength steel sheet
and group D represents the values of the highest
welding current. Microscopic observation was
used to assess the occurrence of cracks and pores,
whether it is a cold or fusion joint. The quality of
welded joints can be assessed by means of a mac-
rostructure on metallographic sections.

The resistance spot welded joints made on
the sample with the HCT600X+Z steel sheets are
shown in Figures 15 and 16. Figure 15a shows a
spot weld made with the lowest value of welding
current. The fusion spot weld with characteristic
areas defined as [28]: base material, heat affected
zone and weld nugget was observed. Figure 15b
shows the transition from the heat affected zone
to the basic structure of the HCT600X+Z steel
sheet. Figure 15¢ shows the formation of a

uCL

= RSW-A
RSW-B

= RSW-C

= RSW-D

Figure 9. Graph of average values of load-bearing
capacity of joints after the tensile test for the
HCT600X+ZF material.

(CL — clinching, RSW — resistance spot welding
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Figure 10. Graph of average values of load-bear-
ing capacity of joints after the tensile test for the
HX420LAD+Z material

(CL — clinching, RSW — resistance spot welding)

dendritic structure in the core of the weld nugget
with a typical martensitic structure.

Figure 16a shows a spot weld made on the
HCT600X+Z steel sheets with the highest value
of welding current (sample D). The grains in the
weld nugget grown significantly in the current
flow direction. The transition from the heat-af-
fected weld area to the basic structure of the ma-
terial and the interface of the joined sheets can
be observed in Figure 16b. The significant poros-
ity in the weld metal structure caused by the high
welding current of the sample D as well as sig-
nificant marks of the welding electrode tips were
observed (Figure 16c¢).

Figures 17 and 18 show the spot welded joints
made on the sample with the HCT600X+ZF steel
sheets. The sample with the fusion spot welded
joint made with the lowest value of welding cur-
rent is shown in Figure 17a. The spot welded joint
with its characteristic parts is clearly visible. Fig-
ure 17b shows the interface of the joined materi-
als which passes into the heat affected zone, then

Figure 11. The samples with spot welded joints after the tensile test (samples C):
a) HCT600X+Z b) HCT600X+ZF and ¢) HX420LAD+Z
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to the weld nugget. The lack of fusion caused by
the shrinkage of weld metal can be seen in the
micrograph in Figure 17c.

The sample D with the HCT600X+ZF steel
sheets made with the highest value of welding
current is shown in Figure 18. The grains in the
weld nugget grown significantly in the current
flow direction. All the typical parts of spot weld
can be find as well (Figure 18b,c). A lot of pores
are visible in the weld nugget. Due to the value
of welding current, significant marks of electrode
tips occurred (Figure 18a). The weld nugget size
did not grow as rapidly as in spot welds with the
HCT600X+Z materials. On the other hand, cracks
in the heat affected zone occurred — Figure 18d,e.
.These hot cracks were formed during solidifica-
tion of the liquid nugget [26].

The samples with spot welded joints made
on the HX420LAD+Z steel sheets with the low-
est and the highest values of welding current are
shown in Figures 19 and 20. The use of the lowest
value of the welding current led to the forming
of the typical fusion welded joint as well (Fig-
ure 19). No defects such as pores, cracks or lack
of fusion occurred — see Figure 19b,c.

The highest value of the welding current ap-
plied to the sample D with HX420LAD+Z sheets
led to significant porosity in the weld nugget and
the heat affected zone as well (Figure 20a-c). Ex-
cessive heating due to the highest value of weld-
ing current caused excessive marks of electrode
tips on the surfaces of welded sheets (Figure 20a).
The hot cracks in the heat affected zone formed
during solidification of the liquid nugget occurred
— see Figure 20d,e.
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£ Magnification: ¥1604

Figure 13. Macro and microstructure of the clinched joint made of HCT600X+ZF
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Magnification: X30.0Jf
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:

. Magnification: X1

Figure 15. Macro and microstructure of a group A sample made of HCT600X+Z

CONCLUSIONS

The automotive industry is constantly empha-
sising the reduction of vehicle weight. The main
reason is to reduce emissions and recycle used
materials. On the basis of these requirements,
new car concepts are constantly emerging, which
are made of different materials.

192

The paper deals with the evaluation of the join-
ability of the HX420LAD+Z, HCT600X+Z and
HCT600X+ZF high-strength steel sheets, where
the methods such as resistance spot welding and
clinching were investigated. On the basis of the re-
sults of the performed experiments, it can be stated:
e When the clinching method was used for join-

ing all the investigated materials, no defects
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gref<ation

Figure 17. Macro and microstructure of a group A sample made of HCT600X+ZF.

such as cracks or failures were observed in the
clinched joints.

Welded joints without significant internal
defects were observed in the samples of the
joints made with the lowest welding current
value.

An increase of the welding current led to im-
proved load-bearing capacity of the spot weld-
ed joints. However, when the highest values
of welding current were used for making the

joints, defects such as pores and lack of fusion
in the weld nugget region as well as hot cracks
in the heat affected zone occurred. As a further
consequence of the use of high welding cur-
rent values, the significant marks of the weld-
ing electrodes tips on the surfaces of samples
with HCT600X+Z and HX420LAD+Z steel
sheets were observed. These defects are unac-
ceptable in terms of assessing the quality of
spot welded joints.
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Figure 19. Macro and microstructure of a group A sample made of HX420LAD+Z.
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Magnification: X20.0

100pm

Magnification: X100.0|

Figure 20. Macro and microstructure of a group D sample made of HX420LAD+Z.
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