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INTRODUCTION

The technology of metal joining dates back 
to the 19th century [4,16]. Since its beginning the 
method has been driven by the developments in 
the structural materials technology and the inces-
sant need for materials of highly customary prop-
erties, which must be joined to form often intricate 
structures. At present, welding is used in a wide 
range of applications and industries. The process 
of welding consists in forming a permanent joint 
of separate elements. Bonding between the mate-
rials occurs at the atomic/molecular level, which 
ensures high strength and durability. It is therefore 
impossible to disjoin two welded elements without 
breaking the bond. Joints formed in welding, are 
thus referred to as connecting or permanent joints.

Permanent joints are present in various 
branches of engineering and enable joining 
heterogeneous materials, to form structures 
that could not otherwise be produced, e.g.by 
means of casting. The family of permanent 
joining techniques includes: welding, pressure 
welding, soldering, and adhesive joining. The 
technology of making adhesive joints to the 
overlap allows to obtain a higher static tensile 
strength compared to butt joints. In the case 
of welding, butt-welding rather than overlap-
ping is used more often in constructions. This 
is due, among other things, to the possibility 
of subsequent treatment of the weld in order 
to achieve an aesthetic effect, as well as to be 
aware of the strength. For this reason, such de-
signs have been used in the tests.
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ABSTRACT
The present paper evaluates the effect of joining method on the strength of joint assem-
blies of selected structural materials: DX51+Z275 galvanised steel, OH18N9 stainless 
steel and DC01 low carbon steel. The objects of the study are: the lap adhesive joint and 
the butt welded joint with continuous and spot weld. Welded joints were produced latter 
by means of one of the two welding methods, MIG or MAG. The choice of the welding 
method depended on the type substrate material. Welding was conducted at the follow-
ing constant technological parameters: strength of current, electrode deposition rate, 
filler metal diameter, type and flow rate of shielding gas. The adhesive joint was bonded 
with Epidian 53/Z1/100:10 epoxy adhesive. The substrates were pre-treated in a three-
stage surface preparation process involving: mechanical treatment with P60 and P320 
abrasive tools and degreasing with Loctite 7063 degreasing agent. The tensile strength 
tests, conducted under the study, provided strength characteristics of the tested joint as-
semblies, indicating differences in the values of strength that depended on the applied 
joining method or, in the case of welded joints, the structure of the seam. 
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The present paper aims to evaluate the ef-
fect of two joining technologies on the strength 
of three structural materials: DX51+Z275 gal-
vanised steel, OH18N9 stainless steel and DC01 
low carbon steel. The objects of the study were 
two types of joints: single lap adhesive joints, 
butt welded with continuous weld and spot weld, 
which were formed on the analysed substrate ma-
terial. The results of our study provide data de-
termining the suitability of the two joining tech-
niques under the criterion of joint strength.

ADHESIVE JOINING TECHNOLOGY

Adhesive joining is an invaluable addition to 
classic methods for joining structural materials. 
Today, it is widely applicable in various branches 
of industry, such as: building, automotive, avia-
tion, machine building or packaging industry. 
Joining metals by means of adhesive bonding is 
increasingly common and its popularity is attrib-
uted to a considerable strength of the adhesive 
joint, lack of stresses in the joint and cost-effec-
tiveness of the method, due to a small amount 
of adhesive required to form a single-lap joint. 
Moreover, adhesive bonding is used to dampen 
vibrations, it enables joining substrates without 
the machine tool engagement, or the need for 
employing expensive tools and materials (even 
though in certain applications the cost of techno-
logical instrumentation could prove significantly 
high); lack of electrochemical phenomena usu-
ally accompanying other methods of joining met-
als, and the joining of dissimilar structural mate-
rials, frequently of substantial disproportions in 
geometric dimensions [5,6,8].

In present days, adhesive joining is frequently 
applied in bonding polymer composite and metal 
substrates. Structural adhesive bonding is an in-
dispensable method of joining thin-walled ele-
ments of sandwich construction, whose advantag-
es are lightness and rigidity, which are essential 
properties in aircraft constructions [8]. Adhesive 
bonding technology comprises several consecu-
tive technological operations: surface treatment, 
preparation and application of adhesive, joining 
substrates, cure, conditioning, finishing and joint 
quality control [4,5,8]. Individual operations may 
consist of a number of stages of specific tech-
nological parameters; they might also require 
various items of equipment and instrumenta-
tion. Detailed conditions of adhesive bonding 
operation are selected based on, inter alia, the 

type of substrate, the geometry of elements and 
structures, joint assembly conditions, production 
type, etc [11]. 

WELDING TECHNOLOGY

Welded joints, representing the permanent 
joint family, are formed by joining elements of 
parent material with the aid of a filler material 
using thermal energy until the filler material and 
the edge of substrates is melted. The joint formed 
in welding is composed of several characteristic 
elements: weld seam, heat affected zone in par-
ent material, parent material, weld toe, weld root, 
weld face and fused zone. The developments in 
welding technology have led to their great diver-
sification, and therefore several types of welding 
may be distinguished; and this is arc welding that 
constitutes one of the largest groups. The applica-
tion of this technology is relative to the type of 
substrate material, type of electrode, and the use 
of shielding gas. The experimental part of this pa-
per describes formation of joints in a gas-shielded 
metal-arc welding process, which is suitable in 
shop or difficult assembly conditions. Gas-shield-
ed metal-arc welding may be further divided into 
MIG/MAG welding, where the solid wire con-
sumable electrode is used, and the arc and pool 
are shielded by gas [7]. MIG (Metal Inert Gas) 
is a process employing a chemically neutral gas, 
such as argon or helium. MAG (Metal Active 
Gas), on the other hand, makes use of chemically 
active shielding gas, such as CO2. These methods 
are applied whenever high quality metal joints are 
required, in such applications as carbon steel, al-
loys, aluminium and copper [14]. In both MIG and 
MAG methods welding parameters play a crucial 
role. The parameters determining the quality of 
joint are as follows [7]:
 • type and strength of current[A],
 • arc voltage [V],
 • welding speed [m/min],
 • type and flow rate of shielding gas [l/min],
 • filler metal diameter [mm],
 • electrode stick-out [mm],
 • electrode deposition rate [m/min],
 • electrode or joint angle[°].

The weld seam produced in the process may 
differ in terms of shape, which together with the 
technique employed exerts impact on the strength 
and load-carrying capacity of the joint. The exper-
imental tests performed in the study were aimed 
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at evaluating butt welded joints performed with 
a continuous and spot weld. The butt welded joint 
finds application in joining substrates of equal 
thickness. Butt weld is recognised for high stat-
ic and dynamic strength exhibited by joints and 
easy access in terms of joint quality control for 
all available methods. In static strength tests butt 
welded joints frequently manifest higher strength 
than the parent material itself [4,9,15].

TEST METHODOLOGY

The objects of the study were single lap adhe-
sive joints and butt welded joints with a continu-
ous and spot weld. In the experimental part of this 
study the joints were produced with the substrates 
presented below. 10 specimens of each joint vari-
ant were produced and subjected to testing. 

Characteristics of substrates

The substrate materials subjected to strength 
testing, i.e. DX51+Z275 galvanised steel, 
OH18N9 stainless steel and DC01 low carbon 
steel, were cut to size: length 100 mm, width 40 
mm, thickness 1 mm. The chemical composition 
of each metal sheet is shown in Table 1. Each of 
the materials joined and analysed in the study is 
widely used in different industries. The materials 
in question exhibit dissimilar strength properties, 
corrosion resistance and machinability.

Adhesive joints characteristics.

The geometry of the single lap adhesive joint 
is shown in Figure 1.

The overlap length was obtained from the re-
lationship described in detail in [5], which gives 
the “limit” overlap length in a joint of substrates 
of equal thickness. Theoretical discussion in [3] 
indicates that by increasing the length of the over-
lap beyond “limit” should not, according to Volk-
ersen’s theory, impart higher strength on the joint. 
Therefore, the overlap length of specimens was 
specified to be 15 mm.

Prior to adhesive bonding, the following sur-
face treatment operations were performed:
 • mechanical treatment with a P60 abrasive tool,
 • mechanical treatment with a P320 abrasive tool,
 • degreasing with Loctite 7063 degreasing agent

The adhesive joints under testing were pro-
duced with Epidian 53/Z1/100:10 epoxy adhesive. 
The adhesive was prepared immediately before ap-
plication on the surface of one of the adherends. 
The joints were made at the temperature of 24° C 
and relative humidity equal to 24%. Subsequently, 
the joints were cured under the compressive load 
of 20 N and subjected to 4 days of seasoning.

Characteristics of butt welded joints

The other joint type analysed in the study was 
the butt welded joint with a continuous and spot 

Fig. 1.Dimensions of single lap adhesive joint specimens used in tests

Table1. Chemical composition of substrate materials [10]

Material
Chemical composition [%]

C Mn P S Si Ti Cr Ni N
DX51+Z275 galvanised steel 0.12 0.6 0.1 0.045 0.6 0.3 - - -
OH18N9 stainless steel 0.08 2.0 0.045 0.03 0.75 - 19.0 10.0 0.1
DC01 low carbon steel 0.12 0.6 0.045 0.045 - - - - -
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weld, produced with the same substrates as in the 
adhesive joints. The schematic of the analysed 
butt welded joint is shown in Fig. 2.

Butt welded joint samples were produced with 
a 1 mm gap between the substrates. Two welding 
technologies were applied to prepare the samples, 
MIG and MAG welding, at constant technologi-
cal parameters of welding, such as: strength of 
current, electrode deposition rate, filler metal di-
ameter, type and flow rate of shielding gas. The 
parameters, shown in Table 2, were specified for 
each substrate material, as was the type of weld-
ing technology.

The joints were welded at a temperature of 
26°C and relative humidity of 26%. The surface 
of substrates was subjected to surface treat-
ment with P60 aloxite grit abrasive tool prior to 
welding.

TEST RESULTS

Test results of adhesive joints

Test were conducted on single lap adhesive 
joints on three types of substrates: DX51+Z275 

galvanised steel, OH18N9 stainless steel, 
DC01 low carbon steel. The strength of joints 
was evaluated by means of destructive testing, 
which was conducted according to DIN EN 
1465 [2]. Test results are shown in Table 3. For 
adhesive joint samples was determined tensile 
lap-shear strength [1].

Strength test results are shown in Figure 3. 
In adhesive joints the results slightly differed, 
as the highest strength was recorded for DC01 
low carbon steel and the lowest for joint as-
semblies of galvanised steel. On the basis of 
the statistical analysis carried out, no signifi-
cant differences were observed between the 
obtained results.

Test results of welded joints 

Test were conducted on butt welded joints 
with continuous and spot weld on three types 
of substrates: DX51+Z275 galvanised steel, 
OH18N9 stainless steel, DC01 low carbon 
steel. The strength of joints was evaluated by 
means of destructive testing, which was con-
ducted according to DIN EN ISO 527–1 [3]. 
Test results are shown in Table 4. For welded 

Fig. 2. Schematic of butt welded joint: a) continuous weld, b) spot weld

Table 2. Technical and technological conditions for welding

Substrate material Welding 
method Shielding gas Shielding gas 

flow rate [l/min]
Filler material 
diameter [mm]

Electrode 
deposition rate [m/

min]

Strength of 
current [A]

DX51+Z275 
galvanised steel MIG Inert gas (82% 

Ar, 18% CO2)
12 0.8 6 80

OH18N9 stainless 
steel MIG Inert gas (82% 

Ar, 18% CO2)
12 1.0 6 80

DC01 low carbon 
steel MAG CO2 10 0.8 8 100
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joints samples was determined tensile strength, 
and expressed as maximum tensile stress sus-
tained by the test specimen referred to the orig-
inal cross-section of the joint [1].

The presented test results indicate that the 
welded joint exhibits higher strength in all 
analysed configurations. However, favourable 
results are obtained for welded joint with spot 
weld produced with the MIG method for stain-
less and galvanised steel. The results show that 
the load required for the welded joint to fail 
is several times higher than the failure load in 
the adhesive joint, hence welded joints exhibit 
higher strength. Strength test results are shown 
in Figure 4. 

Analysis of strength of joints shows that 
joints welded by means of the MIG method 
exhibited higher strength than the MAG-
welded ones. Furthermore, the type of weld 
seam that provided superior strength was the 
spot weld. With regards to substrate material, 
the highest strength was obtained in the case 
of OH18N9 stainless steel, and the lowest in 
joints formed on DC01 low carbon specimen. 
The statistical analysis of the significant dif-
ferences test showed that the obtained results 
fit into different homogeneous groups, which 
means that a significant difference in the as-
sumed significance level α = 0.05 is notice-
able between the results.

Fig. 3. Strength of adhesive joints

Table 3. Strength test results for single lap adhesive joint

Joint type Substrate material Average failure 
load [N]

Standard deviation 
[N]

Average shear 
strength [MPa]

Standard 
deviation [MPa]

Single lap adhesive 
joint

OH18N9 stainless 
steel 2704.76 617.93 4.42 0.98

DX51+Z275 
galvanised steel 2056.75 715.14 3.26 1.04

DC01 low carbon 
steel 2878.65 545.44 4.71 0.92

Table 4. Strength test results for welded joint

Joint type Substrate material Average failure 
load [N]

Standard deviation 
[N]

Average tensile 
strength [MPa]

Standard 
deviation [MPa]

Welded joint 
continuous weld

OH18N9 stainless 
steel 20313.04 1803.72 149.54 5.79

DX51+Z275 
galvanised steel 14135.23 659.20 111.73 7.89

DC01 low carbon 
steel 11806.83 752.72 77.34 5.49

Welded joint spot weld

OH18N9 stainless 
steel 16734.18 1876.89 213.87 27.68

DX51+Z275 
galvanised steel 12324.14 265.25 115.37 8.62

DC01 low carbon 
steel 9696.31 1229.48 84.84 16.56
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SUMMARY AND CONCLUSIONS

This paper assessed the effect of joining 
method on the strength of joint assemblies 
of selected structural materials: DX51+Z275 
galvanised steel, OH18N9 stainless steel and 
DC01 low carbon steel. The objects of the study 
were two types of joints: the lap adhesive joint 
and the butt welded joint with continuous or 
spot weld. The former joint was produced with 
Epidian 53/Z1/100:10 epoxy adhesive, and 
the latter by means of one of the two welding 
methods, MIG or MAG, the choice of which 
depended on the substrate material.

Strength test for adhesive joints revealed that:
 • in shear tests the structural steel adhesive joint 

proved the strongest,
 • the highest value of maximum failure load in 

the adhesive joint was measured in the struc-
tural steel, 

Strength test for welded joints revealed that:
 • the highest value of maximum failure load in 

welded joints in the stainless steel with con-
tinuous and spot weld,

 • in the welded joints the best performance in 
strength tests was observed for the spot weld 
joints,

 • in comparison the MIG performs better in 
strength tests than the MAG method,

In both joining methods this was galvanised 
steel that exhibited the worst performance in 
strength tests.

In conclusion, our work highlights that ow-
ing to the existence of numerous factors that may 
distort the values obtained in tests, joint assembly 
conditions must be closely observed. The results 
from the study indicate that the spot weld ensures 
better strength properties of a joint than the con-
tinuous weld seam. Furthermore, in the failure 
pattern observed in the spot weld joint it was the 
parent material of the joint that failed, not the 
weld. Moreover, the welded joints exhibit higher 
strength than the adhesively bonded joints, how-
ever, the later may be used in a wider range of 
applications than the welded joints.

Our work has led us to conclude that the weld-
ed joints are characterised by higher strength than 
the adhesive joints. While that cannot be argued, 
it should be remarked that the adhesive joining 
methods offer other equally significant benefits, 
e.g. no adherent failure in the joint or sealing.
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