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Abstract: The paper is focused on research results of dissimilar materials joining by adhesive bonding. Galvanized and non-galvanized steel 

sheets with a thickness of 0.8 mm were joined together. To compare the effect of the presence or absence of the Zn layer on the strength of 

the adhesive joints, control joints were made, consisting only of galvanized and only of non-galvanized materials. The materials were joined 

on one hand without any surface preparation, and on the other hand prepared by degreasing and mechanical roughening with sandpaper. 

Epoxy/PVC-Polymerblend adhesive with glass beads was used for bonding to check the thickness of the adhesive. The tensile lap-shear 

strength was tested according to DIN EN 1465. The joints made of galvanized materials only proved the highest, the joints made of non-

galvanized materials only proved the lowest shear strength. The mixed joints did not reach the joint strength of galvanized materials, but 

exceeded the joint strength of non-galvanized materials. The adhesion of the adhesive to non-galvanized substrates seems to be the limiting 

factor of the strength of mixed joints. 
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1. Introduction 

Joining unequal materials is a current topic, especially in the 

automotive industry. It resulted from the requirement of tailored 

design of individual parts in order to ensure maximum use of the 

properties of the individual materials [1]. The most common issue is 

the joining of different grades of steel, joining steels with non-

ferrous metal alloys [2,3], joining metals with GFRP materials 

[4,5], etc. 

Joining unequal materials also brings its problems, which need 

to be solved and which result from different material characteristics 

of joined materials [1,6,7]. Different formability affects riveting 

processes (clinching, riveting), different chemical composition 

affects the weldability of materials [3], etc. For these reasons, 

multiple bonding technologies are often combined, leading to 

heterogeneous bonding, with the term heterogeneous referring to 

both the combination of bonding technologies used and the bonding 

of unequal materials. 

Great attention is paid to combination of adhesive bonding with 

other technologies, e.g. laser welding or spot resistance welding, 

clinching, or thermal drilling [5,8-10]. By combination of these 

technologies, optimal synergy of strong points of individual 

technologies can be achieved. Adhesive bonding technology 

contributes to these combined joints mainly by the load distribution 

over a larger area, ensures joint sealing, etc. However, if the 

adhesive bonding technology is to be implemented industrially, 

sufficient adhesion of the adhesive to the both substrates used must 

be ensured, as well as the simplest possible surfaces preparation for 

bonding, that can be applied to both substrates used simultaneously. 

It is well known that adhesives cannot adhere sufficiently to 

surfaces that are contaminated with oil, grease or dust [11,12]. The 

most commonly used materials in automotive production - thin steel 

sheets are usually contaminated with preservative oils, which are to 

protect the materials during storage and transport, or lubricants, 

which are used to reduce friction during forming. Deep drawing of 

thin sheets is immediately followed by adhesive bonding, welding, 

surface preparation of the body for painting and finally curing while 

passing the EC oven. It would be very expensive to include some 

wet cleaning process before adhesion bonding. To bond these 

industrially contaminated materials, progressive adhesives have 

been developed with the ability to "absorb" oil and concentrate it 

into discrete islands [13]. Although these islands reduce the contact 

area with the adhesive, the joints show satisfactory strength. 

Other adhesives usually require a clean and adequately 

roughened surface [14]. Current alkaline degreasing agents are able 

to remove oil and grease, but also partially remove (etch) the 

surface oxide layers present e.g. on hot-dip galvanized materials, 

Fig. 1, and thus contribute to the mechanical anchoring of the 

adhesive. 

 

Fig. 1 Surface layers on hot-dip galvanized steel 

  
The aim of the experiments was to determine the strength of 

adhesive joints of different materials with no surface preparation 

and with surfaces prepared by degreasing and roughening. The 

results were compared with the strength of joints made of the same 

materials. 

2. Materials and methods 

Substrates 

Two materials were used for the production of joints: 

- non-galvanized steel sheet made of deep-drawn steel DC04 

(1.0338) 0.8 mm thick (next marked DC), 

- hot-dip galvanized steel sheet from DP steel HCT600X+Z 

(1.0941) 0.8 mm thick (next marked ZN). 

The mechanical properties of the materials and the condition of the 

surface on delivery are given in Table 1. 

Table 1 Mechanical properties and surface condition of materials 

 

Re 

[MPa] 

Rm 

[MPa] 

A80 

[%] 

Zn layer 

[g/m2] 

Surface 

conditions 

Oil weight 

[g/m2] 

DC 197 327 39 - matt 0.5-2.5 

ZN 346 654 23.5 105 

minimized Zn 

spangle, improved 
surface  

0.6-2.5 

Table 2 shows the chemical composition of the materials used. 

Table 2 Chemical composition of materials, wt. % 

 
C Mn Si P S Al Ti Mo Cr 

DC 0.04 0.25 - 0.009 0.008 - - - - 

ZN 0.09 1.88 0.25 0.012 0.003 0.026 0.002 0.002 0.210 

Test specimens with dimensions of 100 × 25 mm were made 

from metal sheet by cutting. 

Adhesive 
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A one-component adhesive Epoxy/PVC-Polymerblend with 

glass beads was used to create the adhesive joints. It is primarily 

intended for the automotive industry. It has good adhesion to bar 

metal, zinc coated substrates, zinc-magnesium and aluminum 

alloys. It contains glass beads (diameter 150-200 µm) to create an 

even adhesive gap. The curing of the adhesive takes place at a 

temperature of 175°C, 25 min. The tensile strength of the adhesive 

is 13.5 MPa. Shear strength according to DIN EN 1465 at 23°C is at 

least 12 MPa. The working range of the adhesive is from -40° to 

90°C. 

Surface preparation 

Two surface preparation procedures were used to determine the 

effect of surface preparation on joint strength. The first procedure 

consisted of degreasing the substrates with an alkaline degreasing 

agent at 60°C, 10 min. After rinsing and drying, the contact surfaces 

were manually roughened by sandpaper with grit size of #400 and 

cleaned from abrasive particles. The second, reference procedure 

was to bond the substrates without any surface preparation, i.e. as 

supplied by the manufacturer (electrostatically oiled). 

Measurement of surface roughness 

The surface roughness of both materials was determined with a 

Mitutoyo SJ-301 contact profilometer using the parameters Ra - 

arithmetical mean deviation of profile, Rz - maximum height of 

profile, Rt - total height of profile, RSm - mean width of the profile 

elements, and RPc - standardized numbers of peaks. Five 

measurements were performed on each type of material in a 

degreased state and also after roughening with sandpaper 

(perpendicularly to roughening direction). 

Adhesive joint formation 

The joints were made according to DIN EN 1465, with an 

overlap area of 25 × 12.5 mm, Fig. 2. Curing of the adhesive took 

place in an oven at 180°C, 30 min. 

 

Fig. 2 Geometry of adhesive joint 

The number of joints and the combination of materials to be joined 

was chosen so that the average strength of the joints could be 

determined from at least five values, Table 3. 

Table 3 Material combinations and number of joints 

Surface 

preparation 
DC-DC ZN-ZN DC-ZN 

as supplied (no surface preparation) 5 5 5 

degreased/ground 5 5 5 

 

Testing of joints  

Determination of tensile lap-shear strength of bonded 

assemblies was performed on a TiraTest 2300 test device with 

continuous load-displacement recording. The maximum force at the 

joint failure was recorded and then the type of failure was visually 

determined (adhesive, cohesive, mixed, Fig. 3). There are also load 

- displacement records, from which we can identify some properties 

of the adhesive (toughness) and the overall course of the test. 

 

Fig. 3 Modes of adhesive joint failure 

3. Results and discussion 

Surface roughness 

The surface roughness of the materials is given in Table 4 as the 

average of five measurements. 

Table 4 Surface roughness of materials 

roughness 

parameters 

Ra 

[μm] 

Rz 

[μm] 

Rt 

[μm] 

RSm 

[μm] 

RPc 

[number/cm] 

DC 1.12 6.19 7.38 297.40 36.06 

ZN 1.28 6.23 7.83 145.80 69.44 

DC roughened 0.93 5.22 6.17 168.40 60.92 

ZN roughened 0.98 6.38 7.91 103.40 96.84 

From the measured roughness values it is clear that in terms of 

the parameter Ra, the surfaces DC and ZN are almost the same. 

However, the parameter Ra is the mean deviation of the surface 

profile and does not indicate the nature of the irregularities present 

on the surface. The parameters Rz and Rt are also very similar for 

the DC and Zn surfaces, which means that both surfaces have the 

same range of inequalities from the highest peak to the lowest 

valley. However, even from these values we cannot say anything 

about the distribution of individual elements of the profile in the 

horizontal direction. The parameters RSm or RPc are used to 

characterize the distribution of inequalities in the horizontal 

direction, where RPc is the inverse value of RSm. These parameters 

show that the mean width of the profile elements in DC steel is 

twice as large as in ZN. The surface of the ZN material thus has 

twice as many peaks per unit length as the DC material. Based on 

this, it is possible to assume a larger contact surface between the 

adhesive and the surface of the ZN material than between the 

adhesive and the DC material. 

Roughening the surface with sandpaper reduced the vertical 

parameters Ra and Rz (roughness is smaller), which is negative in 

relation to bonding, but the differences in the horizontal distribution 

of irregularities between the two materials decreased. The above 

considerations are also confirmed by surface profilographs, Fig. 4. 

 
DC 

 
ZN 

 
DC roughened 

 
ZN roughened 

Fig. 4 Profilographs of surfaces for adhesive joining 
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The Abbot-Firestone curves of DC and ZN materials also 

indicate differences between the surfaces. Profilographs give 

reasons to assume a larger straighten surface area in ZN material, 

which means a larger contact area with the adhesive and thus higher 

joint strength. 

Shear strength of joints 

Table 5 shows the maximum forces and achieved bond 

strengths for particular material combinations and surface 

preparation, and are shown graphically in Fig. 5. 

Table 5 Maximum forces and achieved strength of joints 

 

Fmax [N] Shear strength [MPa] 

as supplied 

no preparation 

degreased, 

ground 

as supplied 

no preparation 

degreased, 

ground 

DC-DC 5180±132 5128±132 16.6±0.4 16.4±0.4 

ZN-ZN 6822±145 5479±402 21.8±0.5 17.5±1.3 

DC-ZN 5530±97 5058±265 17.7±0.3 16.2±0.8 

 

 

Fig. 5 Shear strength of joints 

Fig. 5 shows that, as far as material combinations are 

concerned, joints of the same DC-DC materials have the lowest 

shear strength of all combinations, ZN-ZN joints have the highest 

shear strength, regardless of the surface preparation. The shear 

strength of mixed joints is logically located in the middle, between 

the shear strength of DC-DC and ZN-ZN joints. 

Regarding the preparation of surfaces before adhesive bonding, 

from the obtained results it seems that degreasing and grinding does 

not significantly change the shear strength of DC-DC joints, for 

ZN-ZN joints degreasing significantly reduces shear joint strength 

and thus worsens also the strength of mixed DC-ZN joints. 

Anyway, determined shear strengths of the joints meet the data 

of the adhesive manufacturer, which states for the same length of 

bonding line and at temperature 23°C shear strength > 12 MPa. 

The appearance of joints failure is shown in Fig. 6. 

Although all failure surfaces show 100% cohesive failure, there 

are still some differences between fracture surfaces on DC and ZN 

materials. On ZN substrates, after failure, a relatively thick layer of 

adhesive remains, while the DC substrate is partially visible below 

the adhesive layer - only a thin layer of adhesive remains on it. This 

suggests a better bonding of the adhesive to the ZN substrate, in 

both types of surface preparation. 

Taking into account the course of the shear stress and the peel 

stress along bondline, Fig. 7, the joints with the ZN substrate 

showed excellent adhesion even at the edges where the stresses 

reach a local maximum. 

 

 no surface preparation degreased, roughened 

D
C

-D
C

 

  

Z
N

-Z
N

 

  

D
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-Z
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DC                   ZN 

 
ZN                     DC 

Fig. 6 Appearance of joint failure 

 

 

Fig. 7 Course of shear and peel stress along bondline 

Fig. 8 shows the time course of the loading of the joints until 

failure. 

 
a) 
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b) 

Fig. 8 Load – displacement curves for different material combinations, a) no 

surface preparation, b) degreasing, roughening 

From Fig. 8 can be seen that the first, starting part of all the 

curves is the same, linear, corresponding to the elastic deformation 

of the adhesive. At some point, the curves begin to differ. 

For ZN-ZN joints (no surface reparation), the load-displacement 

curve is linear up to the maximum, then suddenly decreases - joint 

fails. The shape of the curve indicates that the adhesion of the 

adhesive to the ZN surface is greater than the cohesion of the 

adhesive. The cohesion of the adhesive in this case determines the 

strength of the joint. 

On the load-displacement curve of DC-DC joints, the linear part 

is followed by a break, the curve continues to rise, but with less 

intensity. After reaching maximum strength, it suddenly decreases - 

joint fails. The initial linear part represents, as already mentioned, 

the elastic deformation of the adhesive. The breaking point is the 

state where the cohesive stress in the adhesive reaches the level of 

adhesion of the adhesive to the substrate and the work required to 

deform the adhesive begins to be used to gradually break the bonds 

to the substrate. This continues until Fmax. The curve ends with a 

joint failure. Gradual disruption of adhesive bonds to the DC 

substrate is also evidenced by failure appearance, where DC 

substrates are partially visible from below the adhesive layer, while 

ZN substrates remains covered with a continuous layer of adhesive 

of greater thickness, see Fig. 6. 

The load-displacement curve of DC-ZN mixed joints is similar 

in shape to the curve of DC-DC joints, i.e. the behavior of mixed 

joints is determined by a weaker element - the DC substrate. The 

strength of mixed joints is higher than that of DC-DC joints 

(increased by high adhesion to the ZN substrate), but lower than 

that of ZN-ZN joints (reduced by lower adhesion to the DC 

substrate). 

The situation was the same for joints prepared by degreasing 

and roughening, only the maximum joint strengths were lower. 

Considering the mechanical properties of the substrates, the 

DC04 substrate has lower mechanical properties than the galvanized 

ZN substrate. The experimentally determined yield strength Re of 

the material DC04 (not joint) is 197 MPa, which for material 

thickness of 0.8 mm and specimen width of 25 mm means that the 

load corresponding to the yield point is 3940 N. At this load, the 

linear part of the DC04 stress-strain diagram ends. This corresponds 

exactly to the breaking point on the curves, Fig. 8. This means that 

after reaching the breaking point, plastic deformation and 

strengthening of the DC04 material also takes place until the value 

of the cohesive strength of the adhesive is reached. Then joint fails, 

at approximately the same load for both DC-DC and DC-ZN joints. 

This means that during the loading of the joint, a partial reduction 

of the sample width outside the joint area takes place in the DC 

material. 

4. Conclusion

The paper presents the results of the evaluation of the shear 

strength of adhesive joints made of the same and different materials. 

Bonding without surface preparation (bonding of oiled substrates) 

was performed using the oil-absorbing properties of the adhesive 

used. For comparison, surface preparation by degreasing with an 

alkaline degreasing agent and roughening with sandpaper 

perpendicular to the direction of application of the load was tested. 

The results showed that the bond strength exceeded the value 

declared by the manufacturer, where the joints of galvanized 

substrates had the highest strength, the joints of non-galvanized 

substrates the lowest. The mixed joints have reached a strength 

which lies between the strength of joints made only of galvanized 

and only of non-galvanized steel sheets. 

The connection of the shear strength of the formed joints with 

the surface microgeometry of the used substrates was proved. 
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