Poznin 2. MopenmoBaHHsI Ta ONITUMI3AIlis B TEXHOJIOTT KOHCTPYKIIHHUX MaTepiatiB 83

DOI: 10.31319/2519-8106.2(51)2024.317514
UDC 621.791.92

Nosov Denys, Candidate of technical sciences, Associate Professor of Department of
Machine-building technologies and engineering

Hocos JI.I'., kanmuaaT TeXHIYHUX HAYK, TOLEHT Kadeapu MaIMHOOYAIBHUX TEXHOJIOTIH Ta iHXeHepii
ORCID 0000-0002-1588-684X

e-mail: nosov_dstu@ukr.net

Peremitko Valerii, Doctor of technical sciences, Professor of Department of Machine-building
Technologies and Engineering

Iepemiteko B.B., 1okTop TexHIYHUX HayK, mpodecop Kadeapu MaIIMHOOYAiBHUX TEXHOJIOTIN Ta
1HKeHepil

ORCID 0000-0001-9032-6116

e-mail: vperemitko1965@gmail.com

Plitchenko Serhii, Candidate of technical sciences, Associate Professor of Department of
Machine-building technologies and engineering

IaiTyenxo C.O., kKaHAWIAT TEXHIYHUX HAYK, TONEHT Kadeapu MAITHHOOYIIBHUX TEXHOJIOTIN Ta
1HKeHepil

ORCID 0000-0002-0613-2544

e-mail: plitdenko@ukr.net

Makarenko Mykola, postgraduate student, Department of Machine-building Technologies and
Engineering

Makapenko M.B., 3100yBa4 TpeThoro (mokTopa (himocodii) piBHS BUIIOT OCBITH, Kadenpa
MaIIMHOOYMiBHUX TEXHOJIOTIH Ta iHKeHepil

Shevtsov Viktor, postgraduate student, Department of Machine-building Technologies and Engineering
IleBuoB B.B., 3m00yBau TpeThoro (HokTopa ¢inocodii) piBHs BHIOi OCBITH, Kadeapa
MAaIIMHOOYIIBHUX TEXHOJIOTIH Ta iHkeHepil

JHInpoBCchKMi IepikaBHUN TEXHIYHUN yHiIBepcuTeT, M. Kam’ssHChKe
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INFLUENCE OF CURRENT SHUNTING AND TECHNOLOGICAL PARAMETERS
OF SPOT WELDING ON THE STRENGTH OF JOINTS OF DIMENSIONAL PRODUCTS

BIIJIUB LIYHTYBAHHSA CTPYMY TA TEXHOJIOI'TYHHUX ITAPAMETPIB
TOYKOBOI'O 3BAPHOBAHHS HA MILHICTD 3'€IHAHb 'ABAPUTHUX BUPOBIB

The effect of current shunting and technological parameters of spot welding on the strength of
joints of dimensional products was studied. Experiments were carried out using a spot contact welding
machine type MT-1614. As the main material to be joined, structural carbon steel of the 08Yu brand
was chosen in the form of plates of various thicknesses. After welding, samples were made for testing
according to standard techniques for shearing, tearing, or twisting. The experimental part of the study
included determining the dependence of the fracture force and weld nugget diameter on the welding
current, the distance between welded spots, and the duration of the welding current pulse. It was de-
termined that the optimal welding current to ensure high strength of welded points is 7400...8000 A.
Exceeding this value leads to a decrease in strength, especially when the distance between welded spots
increases. The duration of the welding current pulse also plays a significant role: the optimal increase
in strength is observed with pulses lasting 0.18...0.22 s. for currents of 7900...8200 A. The dependence
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of the diameter of the welded spot on the distance between the welded spots and the duration of the
pulse was also established. A significant increase in the distance between the welded points leads to a
decrease in their diameter. On the other hand, the duration of the current pulse in the range of
0.22...0.24 s increases the diameter of the points to 22 % on average. Based on the results of the expe-
riments, mathematical models were developed that quantitatively evaluate the influence of the investi-
gated parameters on the strength and diameter of the welded spot. Practical recommendations include
optimizing welding parameters and implementing mathematical models in the production process to
predict the quality of welded joints. The obtained results will contribute to improving the quality of
welded joints and the efficiency of production processes in the manufacture of large-scale products.

Keywords: spot welding, dimensional products, joint strength, shunting effect, technological
parameters, mathematical models.

Hocniodceno ennue wynmysanus cmpymy ma mexHoI02IYHUX Napamempis mouko8020 36apio-
8aHHA HA MiyHiCMb 3'€0Hanb eabapumHuux eupobis. /Jocniou nposoounu 3 BUKOPUCIAHHAM MAULUHU
MOYK08020 KOHMAKMHO20 36aproganns muny MT-1614. B saxocmi ocHoHo20 mamepiany, wo
3’eonysascs, obpanu KoHcmpykyiuny eyeneyegy cmanb mapku 08K y euenadi nnacmun pisHoi mosuju-
Hu. Ilicisi GUKOHAHHS 36API0GAHHS 8USOMOGIANU 3PA3KU 01 GUNPOOYEANb 3 CMAHOAPMHUMU MEmO-
ouxkamu Ha 3pi3, 8iopué abo ckpyuyeanns. Excnepumenmanvha vacmuna pobomu 6Kka04aNa UHaA4eH-
HA 3QIeNCHOCMI GeIUYUHU 3VCULIA PYUHYBAHHA MA OiamMempa 38apHOi MOUKU 6I0 36apio8albHO20
cmpymy, 6i0CmaHi Midic 36apeHuUMU MoYKamu ma mpueaiocmi iMnyasCy 36apioéaibHo2o0 cmpymy. Bu-
3HAYEHO, WO ONMUMANLHULL 36APIOGATILHULL CMPYM 014 3a0e3nedeHHs] BUCOKOI MIYHOCMI 36APHUX MO-
yoKx cmanosums 3Haverus 6 oianazori 6i0 7400 i 0o 8000 A. [lepesuwenns ybo2o 3HAUEHHS NPU3EO-
Oumsv 00 3HUICEHHS MIYHOCMI, 0COOIUBO NpU 30LNbUIeHHT 8IOCMAHI MidC 386apHumu mouxkamu. Tpusa-
JCMb IMAYILCY 36APIOBATBLHO20 CMPYMY MAKONC 8I0IepAE 8aANCIUBY PONb: ONMUMATbHUL HPUpicm
Miynocmi cnocmepieaemobes npu imnynvcax mpusaiicmio 0,18...0,22 c. ons cmpymis 7900...8200 A.
Taxoowc 6CMAaHOBIEHO 3ANENHCHICND JiaMempda 36apHOL MOYKU GI0 GIOCMAHI MIJIC 36APHUMU TMOYKAMU
ma mpusanocmi imnynvcy. Cymmese 30ibuenns 6i0Cmani Mixc 36apHUMU MOYKAMU NPU3EOOUMb 00
3menwenns ix oiamempa. 3 iHwioi cmoponu, mpuganicme imnyascy cmpymy @ mexcax 0,22...0,24 ¢
niosuwye diamemp mo4ok y cepeonvomy 0o 22 %. 3a pesyniomamamu excnepumenmis 6yau pospooie-
HI MamemMamuyni Mooeni, Wo KilbKICHO OYIHIOIMb 6HAUE O0CTIONCYBAHUX NAPAMEMPI8 HA MIYHICHb
ma diamemp 38apHoi mouxu. IIpaxmuuni pekomeHOayii 6KIHOUAIOMb ONMUMIZAYIIO NAPAMEMPIE 38a-
DIOBAHHA MA BNPOBAONCEHH MAMEMAMUYHUX MoOenell Y SUpOOHUYULl npoyec ONsi NPOSHO3YEAHHS
akocmi 386apHux 3'eonans. Ompumani pe3yI1bmamu CRPUAMUMYMb NIOGUWYEHHIO AKOCMI 36aPHUX 3'€0-
HaHb Ma eqeKmueHOCmi BUPOOHUUUX NPOYECi6 NPU BUCOMOGIEHHI 2A0apUMHUX 8UPODIE.

Knrouoei cnoea. mouxose 36apiosants, eabapummi supoou, Miynicms 3 €OHAHL, 6NIUS ULYH-
MYBaAHHS, MEXHON02IUHI napamempu, MamemamuyHi MooeJi.

Problem’s Formulation

Resistance spot welding has been used in industrial production since the 1930 s. This method is
still widely used today in the processing of sheet metal, in particular in the automotive industry, where it
is used for welding body parts. In the field of energy, resistance spot welding is used during the
manufacture of contact groups for relays, connections of coils or capacitors, and other components [1].
With some limitations, this process can be used to join metals that are difficult to weld by other methods.

One of the main problems of spot welding of dimensional structures is the loss of strength of the
welded joint and the instability of quality characteristics when performing a large number of points.

The purpose of the work is to establish the causes of weakening of welded joints and to find a
solution to this problem.

Analysis of recent research and publications

The essence of spot contact welding (SCW) of two separate metal parts is to put them on top of
each other to form a joint. Electric current is supplied to the joint through copper conductors-electrodes
that compress the parts. This leads to heating of the contact point, melting of the metal and the formation
of a cast core (Fig. 1). The size of this core largely determines the strength of the welded spot.
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/ Fig. 1. Cross-section of a connection
A N—— made by contact spot welding: d — core
| = diameter; h — core thickness; de is the diameter
d of the contact surface of the electrode; 2g is the
“5 total thickness of the parts to be welded

There is a direct dependence of the strength of the welded spot on the compression force of the
electrodes during SCW. An increase in the compression force leads to an increase in the strength of
the welded point. This is explained by the fact that the increase in compression force increases the
contact area between electrodes and parts, reduces contact resistance, increases current penetration
into the welding zone and increases its temperature.

Less resistance of the welding contact leads to a reduction in the size of the cast core and,
therefore, less heat generation. This makes it necessary to increase the compression force of parts. At
the same time, to compensate for the decrease in heat generation, the need for a larger welding current
and duration of its action increases. However, extending the current can cause overheating of the metal
and/or lead to deformation of the product, and additional measures to ensure stable quality of welds by
adjusting welding modes make the production of dimensional products less technological.

Welding is inevitably accompanied by deformations caused, among other things, by local
thermal effects on materials. This is especially relevant for electric contact spot welding, where
deformations at the joint (dents) can reach 20 % of the thickness of the parts [1]. Such deformations
lead to a decrease in the cross-sectional area of the welded joint, which negatively affects its strength.

There are methods of preventing and/or reducing the level of welding deformations using auxiliary
equipment. However, such methods often negatively affect the properties and structure of the welded joint.
In this regard, the authors of works [2—?5] propose a promising method of multi-pulse welding.

Works [3, 4] proposed a comprehensive approach to solving the problem of power loss of
contact welding machines when reducing the deformation of large-sized products. This approach is
based on a combination of three key components:

— Compression of parts at a critical speed: this involves compression without deformation

hardening of the contact rough layer, and if possible, its melting.

— Welding with minimal penetration: this is achieved by localizing the heat release only at
the contact resistance between the parts within up to 0.25 of the thickness of the parts being
welded.

— Support of high welding speed: the average homologous temperature in the contact should
be at least 0.9.

This comprehensive approach makes it possible to reduce power losses of contact welding
machines, reduce the level of deformation of large-sized products, and ensure high quality of welded joints.

Another factor that leads to a decrease in the strength of the welded point or loss of uniformity
of the welded joint as a whole is the formation of dents from the electrodes. Some specialists solve this
problem by increasing the working surface of one of the electrodes, welding on a flat electrode, using
an intermediate plate of copper alloys between one of the electrodes and the part, and applying other
methods. However, at the same time, the current density necessary to provide concentrated heating is
significantly reduced.

A well-known method of localization of thermal energy and plastic deformation at the joint
consists in the use of an intermediate layer made of a material that has a high specific electrical
resistance [6]. This allows to increase the temperature in contact of the surfaces to be welded. In
addition, this method helps to reduce the heating time and the level of residual deformations in the
part-part zone by reducing the volume of molten metal.
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According to the authors of the work [4], to achieve this goal, it is not necessary to use solid
material. The intermediate layer can be in the form of powder material applied continuously or have a
perforated structure.

According to work [5], the method of additional annular crimping of parts during precision
electric contact welding prevents metal deformation in the gap between two parts. This method turns
out to be quite effective, but its implementation at enterprises of the machine-building industry
requires the creation of reliable and compact universal electrode devices for ring crimping on an
industrial scale. The welding process includes the mandatory allocation of thermal energy, while the
amount of allocated energy increases with the increase of welding currents.

During welding, part of the thermal energy is spent not only on the formation of the welded
joint itself (welded point during contact welding), but also on heating the zone around the seam, as well
as on losses to the environment. This leads to a significant decrease in the efficiency of the process.

A heat shield can be used to compensate for these energy losses. However, data on the effect
of screens on energy consumption are contradictory.

On the one hand, the authors of works [1, 5] claim that the screen that is formed allows to
concentrate the heat flow, which leads to a greater release of heat in the electrode-part contact zone.
However, this, in their opinion, leads to a decrease in welding productivity and an increase in energy
consumption.

Welding with a low level of deformations and a high strength of the formed joint can be
achieved using methods based on impulse impact, additional crimping, heat shields, intermediate
layers and resistance reduction. However, the negative impact of current shunting on the dimensions
and strength of the welded spot is eliminated by all the mentioned ways.

During shunting, part of the

Ly welding current passes through the

L contact of the previously welded point
- (Fig. 2). The current I, flowing through
y the electrode is branched, and the
?7 welding current 1, turns out to be much
J less than necessary. Shunting is

manifested in a decrease in current

density, primarily in the contact zone

v (Fig. 2). This leads to a decrease in heat
generation in the welding zone, a
Fig. 2. Current shunting during spot welding decrease in the size of the weld core,

and, therefore, to a decrease in the
strength of the joint as a whole.

The greater the number of welding points and the smaller the distance between them, the more
current is branched off and the more heat is spent inefficiently heating parts outside the welding zone.
The largest part of the current is diverted through the point that is welded in front of the current one.
Current shunting by other points due to their greater distance from the electrode is much smaller.
However, the shunt current lg, can reach significant values.

The ratio [6] is used to calculate the shunt current:

R

Ry + Ry’
where g, — shunt current; I, — welding current supplied to the electrodes; Ry, — resistance of the
shunt path; R,,— resistance of the contact zone (weld).

The shunt current when welding 1.8 mm low carbon steel sheets is approximately 545.5 A.
This means that with a welding current of 6000 A, about 545.5 A will be lost through the shunt path

Thus, current shunting is one of the key factors affecting the performance of welded joints
obtained by spot contact welding in the manufacture of dimensional products. To ensure the uniform
strength of these connections, the effect of shunting should be minimized.

Ish = Iy
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Formulation of the study purpose

The aim of the work was to determine the influence of welding current shunting and
technological parameters of the spot welding mode on the strength of welded joints in the manufacture
of dimensional products.

Presenting main material

Contact welding was performed on plates made of structural carbon steel 08U DSTU 7808
(EC DCO01, DCO03, DCO04). This steel is used for cold stamping of difficult-to-extrude parts of
automobile bodies, has improved resistance to aging and sufficiently high plasticity indicators, is well
welded, and is not prone to the formation of flakes and tempering brittleness [7].

The MT-1614 spot contact welding machine was used during the experiments.

The experimental part of the work was performed based on the basic modes of spot welding
(Tabl. 1).

Table 1. Basic modes of spot welding

0, mm 0.5 0.8 1.0 1,2

Pc, MH 10.0 15.0 19.0 24.0
Vm, m/min 5 6 3.7 2.5 1,2 15 1 1 0.8 0.8
I, KA 7.5 10 8.5 10 9.5 10 115 | 135 | 165 18

In order to establish the influence of the parameters of the spot welding and shunting mode on
the geometric dimensions of the welded spot and the mechanical properties of the connection, the
following influencing factors were assigned:

1) Welding current, kA, notation X1;

2) Distance between points, mm, notation X2;

3) The duration of the welding current pulse, ¢, notation X3.

Other parameters of the welding mode, such as electrode diameter, welding cycle,
compression force, were left unchanged.

Taking into account the number of influencing factors during the experiment, a second-order
rotatable central-composite plan was chosen.

After welding, samples were made to establish the effectiveness of current shunting. For this,
the samples were cut into strips that were subjected to shear, tear or twist tests. The following
parameters were measured and monitored:

1) Breaking strength, Py, kN;

2) The diameter of the welded point, d, mm.

Data obtained during the experiment were processed using the STATISTICA program (Tabl. 2).

Table 2. Parameters change limits

factors + 0 -
X1 8000 7500 7000
X2 60 50 40
X3 0.22 0.16 0.10

The research was aimed at determining the optimal parameters of spot welding to increase the
strength of welded joints of dimensional products. The analysis of the influence of the welding current,
the distance between the welded points and the duration of the welding current pulse on the strength of
the welded points and their diameter was carried out on the basis of experimental data. The results of
data processing were presented both in formula and graphical form (Fig. 3, 4), which allows you to
visually assess the degree of influence of the studied factors on the response function.
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Fig. 3. Dependence of the magnitude of
the destruction force on the welding current and
the distance between the welded points (a);
from the welding current and duration of the
welding current pulse (b); from the distance
between the welded points and the duration of
the welding current pulse (c)
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Fig. 4. Dependence of the diameter of
the welded point on the welding current and the
distance between them (a); from the welding
current and duration of the welding current
pulse (b); from the distance between them and
the duration of the welding current pulse (c)
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1.

The influence of the welding current and the distance between the welded points on the

strength of the welded point:

3.

Optimum welding current: The strength of the welded point increases when welding with a
current of 7400 A.
Reduction of strength at high currents: When welding with a current of more than 8000 A, the
strength of the welded point decreases with increasing distance between the points.
Effect of distance: When the distance between the points increases, the strength of the welded
point decreases. In particular, at currents of 6800...7050 A, the decrease in strength is less
noticeable, while at currents of 7050...7400 A, the decrease in strength is from 10...11 kN to
9.0...9.5 kN.
Maximum loss of strength: The greatest loss of strength (up to 25 %) is observed at currents of
7600...7800 A.
Mathematical model:

P=-121,8+0,0329-/+ 0,2695-h — 1,9-10% 2 — 5,8-10°°-I*h + 0,0009-h°. (1)
The effect of welding current and pulse duration on the strength of the weld spot:
Optimal duration of the pulse: The maximum increase in strength is observed during the
formation of a point within 0.18...0.22 s at currents of 7900...8200 A.
Increased strength: At a constant welding current, increasing the duration of the pulse
increases the strength of the weld spot. Welding with a current up to 7200 A with a pulse
duration of up to 0.12 s does not contribute to a significant increase in strength, which does not
exceed 8.5 kN.
Maximum increase in strength: In some cases, the increase in strength reaches 22.7 %.
Mathematical model:

=-51,63 +0,0146: + 40,17:t—9,23-107-1* + 0,0016-I't — 139,13-t*. (2)

The influence of the distance between the welded points and the duration of the pulse on the

strength of the welded point:

4.

Decrease in strength: When the distance between the welded points increases, the strength of
the welded point decreases, especially with short-term current pulses of 0.08...0.14 s. The drop
in strength of the welded joint can reach 27.2 %, from 11 to 8 kN.
Increase in strength: Observed with average current pulses of 0.14..0.21s at a distance
between points of up to 42 mm.
Insignificant influence: When welding with a current pulse of 0.16...0.24 s, the influence of
the distance between the points is insignificant.
Mathematical model:
P = 15.568 — 0.2341-h +18.6672-t + 0.0008-h* +0.625-h-t — 127.67-t°. 3)

The effect of welding current and distance between points on the diameter of the weld point:
An increase in the diameter of the welded point: possible when welding with a current of
7400 A.
Effect of distance: At a constant welding current, increasing the distance between points
reduces the diameter of the welded point to a lesser extent at currents of 6800...7100 A. At
currents of 7200...7400 A, the diameter of the welded point decreases slightly and is within
7.0£0.5 mm.
Significant reduction in diameter: A significant reduction in the diameter of the welded point
is observed at currents of 7600...7800 A (up to 18 %).
Mathematical model:

d=-51.3+0.0113 1+ 0.539 h—6.151071°—1.94 10° | h —0.0044 h*, 4)
Effect of welding current and pulse duration on the diameter of the weld spot:
Increase in diameter: When the welding current increases, the diameter of the weld point
increases logarithmically. The duration of the welding current pulse has a similar effect.
The maximum increase in diameter: is observed with a pulse duration of 0.21...0.22 s and a
current of 7860...8200 A.
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— The minimum diameter of the point: is observed with a pulse duration of up to 0.12 s and a
current of up to 7200 A.

Mathematical model:

d =25,79 —0,0073- + 57,34t + 6,16:10"-I* — 0,0063-I't — 5,74t*. (5)
6. The influence of the distance between the welded points and the duration of the pulse on the
diameter of the welded point:

— Decrease in diameter: When the distance between the welded points increases, the diameter of
the welded point decreases.

— The maximum increase: The largest increase in the diameter of the welded point was observed
with a pulse duration of 0.22...0.24 s and a distance between the points of up to 50 mm (22 %
on average).

— Minimal impact: Increasing the distance between the welded points with a short-term pulse up
to 0.12 s has almost no effect on the change in the diameter of the welded point.

Mathematical model:

d=—1527+0,425h + 24,68t — 0,0043-h* - 0,167-h-t — 22,44-t*, (6)

Two-dimensional mathematical models: The obtained two-dimensional mathematical
dependences (1)—(6) make it possible to evaluate the influence of individual factors on the strength
and diameter of the welded point. To establish the simultaneous influence of all the studied parameters
on the values of the breaking force and the diameter of the welded point, it is necessary to use a
multidimensional equation that will take into account the influence of all the studied parameters at the
same time. Using the general equation (7), a model was defined that allows performing generalized
calculations for the value of the breaking force and the diameter of the welded spot.

V =bl+b2vl+Db3-v2+bd-v3 + b5-v1-v2 + b6-v1-v3+h7-v2-v3+b8-v1-v2-v3, @)
where bl...b8 — correlation coefficients; v1...v3 — influential factors.

P=67,374-0,007-1 — 1,404-h — 654,754t + 0,088 - | -t + 13,915 -h - t—0,00089- 1 -h - t; (8)

d=104,43-0,0141-2,273-h—799,931-t+ 0,115 -1 - t + 17,238 - h - t—0,00046: | - h-t.  (9)

The adequacy of the obtained models was checked by means of a comparative analysis for the
data determined by calculations (according to formulas 8 and 9) and obtained experimentally.

When analyzing the data obtained by calculation and verified experimentally, it was
established that the group of influential factors current-distance between points has zero influence on
the controlled parameters. The pulse duration has the greatest negative impact. It has a positive effect
on the indicators of the distance-time combination.

In this way, it was established that regardless of the mode of welding current - soft or hard -
there is an opportunity to adjust the values of indicators of the value of the destruction force and the
diameter of the welded point; at the same time, increasing the current to 7860...8200 A leads to an
increase in the characteristics of the welded joint; the duration of the current pulse (0.22...0.24 s) and
the distance between the points (up to 50 mm) are also important for this. In addition, the influence of
the amount of current shunting on the characteristics of the welded spot has been established.

Conclusions

The ranges of values of the technological parameters of electric resistance spot welding,
within which the growth of the diameter and strength of the welded spots is achieved, have been
experimentally determined: the welding current is more than 7400 A, the duration of its flow is
0.18...0.22 s, the distance between the spots is up to 42 mm. Performing welded points in the
recommended mode provides an increase in the strength of the connection up to 22.7 %.

Two-dimensional mathematical models were obtained, which allow taking into account the
influence of technological factors of electric resistance spot welding on the strength and diameter of
the formed points.
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