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The article compared the strength results of the single-lap adhesive joints made of galvanized steel sheet. 
The shear strength of the adhesive joints was determined for two methods of surface treatment - using a 
degreaser (method B) and without a degreaser (method A). A two-component epoxy adhesive based on 
Bisphenol A was used for joining. The shear strength tests were carried out on a Zwick/Roell Z150 testing 
machine. The analysis of the surface roughness parameters of the samples for the method A was perfor-
med. The highest shear strength value (8.82 MPa) was obtained by method B and using P120 abrasive 
paper. The lowest shear strength value (4.08 MPa) was received using method A and P600 abrasive paper. 
The maximum values of measured surface roughness parameters were recorded for samples prepared 
with abrasive papers with granulations, respectively: P120, P220 and P180. The lowest values of Ra, Rz 
and Rt parameters gained using P600 abrasive paper.
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Introduction

With the rapid progress in the field of materials en-
gineering and the emergence of modern adhesives, an 
increase in interest in bonding technology can be ob-
served. The growing interest in using this type of con-
nections is also associated with the advantages of the 
process, like: the possibility of combining different 
construction materials, lack of stress concentration or 
reduction of the mass of the structure [1,2]. In addi-
tion, these joints are characterized by corrosion re-
sistance, ability to damp vibrations and have sealing 
properties. On the other hand, adhesive joints are usu-
ally not resistant to changing environmental factors 
(especially to temperature fluctuations). Moreover, 
bonding is more time-consuming process compared 
to other ways of joining materials [3-5].

The bonding process can be carried out using va-
rious methods, means and operations. The selection 
of appropriate conditions depends on many factors, 
which include, first and foremost, the type of materials 
to be joined, and the type and form of the adhesive. 
Typical bonding operations include surface treatment, 
adhesive preparation andapplication, fixing and as-
sembling elements, adhesive curing, control and se-
condary operations [5-7].

Creating the adhesive properties of the adhesive 
joints, it mainly comes down to proper surface prepa-
ration, improving the surface layer using physical and 
chemical methods and making the joint. The strength 
of the adhesive joint is closely related to the correct-
ness of surface treatment, so it is so important to pay 

special attention to this stage of bonding process. A 
properly prepared surface treatment process deter-
mines the connection with the desired properties [8-
10].

The process of surface treatment includes degrea-
sing, cleaning in an acid or alkaline bath, rinsing in 
water, mechanical treatment, drying and secondary 
operations. This process involves removing grease, 
dust, deposits, oils, microorganisms and moisture 
from the surface of the samples. The use of coated 
abrasive tools is one of the simpler and generally avai-
lable options for surface treatment of materials before 
bonding. Abrasive coating tools are the most conve-
nient tools for treatment of surface materials intended 
for bonding and sealing. This is mainly due to its low 

cost, availability, ease of use in manual operations, and 
the possibility of using it in many different conditions. 
Also important is the ease of obtaining a non-directi-
onal structure of the processing marks, which is adva-
ntageous, especially in the conditions of structural 
bonding. When selecting abrasive coated tools for ma-
chining, the grain size is an important issue. A grinding 
abrasive tool with a larger grain removes the material 
layer more efficiently, including the physicsorption la-
yer, but the degree of development is lower. Smaller 
grain develops the surface to a greater extent, but too 
small grain reduces the effectiveness of the adsorption 
layer removal. The applied mechanical treatment was 
primarily aimed at increasing the geometric surface of 
the bond by roughening it. The formation of uneven-
ness contributes to better penetration of the adhesive 
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into micropores and surface irregularities, and the cre-
ation of mechanical anchors after the adhesive has 
cured. Of course, it depends on the wettability of the 
surface by the adhesive, taking into account the energy 
state of the surface. In the case of rough surfaces, the 
mechanical adhesion is increased, so that stronger ad-
hesive bonds can be obtained. Different grain size of 
coated abrasive tools may constitute different surface 
roughness and adhesive wetting conditions.

Proper surface preparation in the bonding process 
increases the resistance of the joint to external factors 
and determines the correct operation of the joint [4,8]. 
The process of surface treatment depends on tech-
nical conditions, properties of  adhreneds and work-
shop possibilities. Obtaining the right adhesive joint 
requires consideration of material, technological, con-
structional and related factors with joining operation 
[11,12]. The strength of adhesive joints depends on 
the properties of the adhesive, the type of materials to 
be joined, the dimensions of the adhesive joint, type 
and load value, curing time and loading, temperature, 
mechanical properties of the adhesive and physical 
properties of the adhreneds [13-17]. The surface treat-
ment process of galvanized steel sheets usually in-
cludes degreasing, etching, rinsing and drying opera-
tions. The galvanized surfaces can also be treated with 
phosphating, chromating and coating of polymer ma-
terials [14,18,19].

The surface treatment of galvanized steel sheets in-
tended for bonding should be carried out immediately 
before the start of the process [20]. The results pre-
sented in [21] indicated that, based on the SEM pho-
tographs obtained for both hot-dip galvanized sheets 
(such sheets were analyzed in this article but a diffe-
rent type of hot-dip zinc coated sheets) and electroly-
tically, it can be stated that the treatment with abrasive 
tools and under certain conditions does not affect the 
continuity of the zinc coating. In this work for machi-
ning, abrasive coated tools of grain P120, P320 and 
P500 were used.

Shang et al. [22] tested the influence of the struc-
tural factors on the composite adhesive joints. They 
described the several techniques to increasing the 
transverse strength of the composite adherends. In 
[23] the effect of the surface roughness parameters 
and the adhesive properties on the single-lap alumin-
ium joint was examined. It was stated that the tested 
factors affect the joint resistance. However, there was 
no interaction between the resin and substrate surface 
condition. In [24] the influence of geometry, surface 
treatment, environment, material and geometry was 
considered. It has been noticed that the main factor 
influencing the strength of the adhesive joints was the 
overlap length.

The issue considered in the following work is to 
examine the effect of surface treatment on the adhe-

sive joint of steel sheets with hot dip galvanized coat-
ing. 

Materials and Methods

2.1 Adhesive joint characteristics

A single-lap adhesive joint made of hot-dip zinc 
coated steel sheets (1.0035 structural steel) (PN-EN 
10025:2002) was used in this study. The material used 
was DX51D + Z275 sheet - the weight of the zinc 
coating is 275 g/m2 (PN-EN 10346). The thickness of 
the coating is 18 µm. The geometry and dimensions of 
the adherend are shown in Fig. 1.

Fig. 1 Geometry and dimensions of the sample

The dimensions of the adhesive joints samples af-
ter the bonding process (after curing) were as follows: 

· 100 mm - length of the adherends,

· 15 ± 2.55 mm - length of the lap,

· 2.3 ± 0.03 mm - thickness of the adherends,

· 20 ± 0.05 mm - width of the adherends,

· 0.1± 0.05 mm - thickness of the adhesive 

layer. 

2.2 Surface treatment

Before making the adhesive joint, the jointed sur-
faces were machined using abrasive papers with P120, 
P180, P220, P400 and P600 granularity. Half of the 
samples were additionally degreased with the use of 
cleaning cloth impregnated with extractor solvent 
(PIKKO, Dragon Poland) used ad degreasing agent, 
left for a few seconds on the surface of the adherends 
until evaporation (method B) (about two minutes). 
The remaining part of the samples was joined without 
prior use of the degreaser (method A). The study was 
performed using two input factors: method of degre-
asing M (two levels) and granularity of abrasive paper 
P (five levels) (Table 1).

Tab. 1 The design of the experiment

Factors Levels

M: method A - without a degreaser

P: granulation of 
abrasive paper

120 180 220 400 600

M: method B - with a degreaser

P: granulationof 
abrasive paper

120 180 220 400 600
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The process of surface treatment of hot dip galva-
nized steel sheets samples was carried out at 26°C ± 
2°C with an air humidity of 23% ± 3%.

2.3 Adhesive and adhesive joint formation conditions

The two-component epoxy adhesive based on 
Bisphenol A was used to preparing adhesive joints. 
The epoxy resin (Eidian 53, trade name, CIECH Res-
ins, Nowa Sarzyna, Poland) is a styrene-modified 
epoxy resinwith an epoxy number of 0.41 (mol/100 
g). The amine curing agent (triethylenetetramine cur-
ing agent, Z-1 trade name, CIECH Resins, Nowa 
Sarzyna, Poland) with an amine number of 1100 mg 
KOH/g was also used. The amount of the resin and 
the curing agent was used within and above the rec-
ommended stoichiometric ratio. The quantitative ratio 
of the elements (stoichiometric ratio) in a chemical 
compound by mass was used in the study. The range 
of this ratio is 10 amount of this curing agent per 100 
g of this epoxy resin.

The components of the epoxy adhesive were 
dosed using an electronic scale (OX-8100, mfg. 
FAWAG S.A, Poland, measurement accuracy 0.1 g, 
ISO 9001) in a polymer-plastic container, taking into 
consideration the appropriate weight proportions. 
The components of epoxy adhesive were mixed me-
chanically at a mixing station with the use of a horse-
shoe mixer. The components were mixed at a speed 
of 460 rpm for 2 minutes.  During mixing the compo-
nents, care was taken to prevent air bubbles from for-
ming in the epoxy compound mass. The epoxy com-
pound was then subjected to a degassing process (for 
about 2 minutes) at the special station equipped with 
a container and a vacuum pump. The components 
were mixed in a weight ratio of 100:10 to give an epoxy 
adhesive Epidian 53/Z-1/100:10.

Immediately after the glue was prepared, the joints 
were made. The Epidian 53/Z-1/100:10 Epoxy adhe-
sive was applied with a uniform, thin layer (about 0.1 
mm) on both surfaces to be joined. The samples were 
cured for 14 days under a load of 0.18 MPa. The ad-
hesive joints were made in packets of 6 adhesive joints. 

Table 2 presents the number of samples used in the 
experiment for two methods depending on the type of 
abrasive paper used.

Tab. 2 The number of samples tested in the experiment

Granulation of 
abrasive paper

Method of surface treatment

Method A
(pcs)

Method B
(pcs)

P120 12 12

P180 12 12

P220 12 12

P400 12 12

P600 12 12

TOTAL 60 60

Two batches of the adhesive joints specimens 
(Method A and Method B) for five variants of surface 
treatment (Table 1) were fabricated. Each batch com-
prised 60 adhesive joints specimens and the total num-
ber of adhesive joints samples was 120.

The bonding process was carried out at 26°C±2°C 
with an air humidity of 23%±3%.

2.3 Tests

The shear strength tests were carried out on a 
Zwick/Roell Z150 testing machine in accordance with 
the PN-EN 1465 standard. The test speed was 5 
mm/min. 

The Hommel TESTER 1000 profilometer was 
used to assess the geometric structure of the sample 
surfaces. Surface roughness tests were carried out for 
3 samples for each type of abrasive paper for method 
A (without using a degreaser). The selected surface 
roughness parameters were measured (Ra, Rz, Rt) ac-
cording to PN-EN ISO 4287 AMD 1 2010.

Results 

3.1 Shear strength results 

The strength results of the adhesive joints for both 
methods of treatment are shown in Fig. 2.

Fig. 2 Comparison of the joint strength results for the surface 
treatment methods

Examining the above results, it can be stated that 
the highest shear strength value (8.82 MPa) was re-
ceived for samples prepared by method B using P120 
abrasive paper and the lowest (4.08 MPa) for samples 
prepared by method A and using P600 abrasive paper. 
The difference between the maximum values obtained 
by methods A and B was nearly 17%. The minimum 
value of shear strength result obtained using method 
B was about 32% higher than the analogous value ga-
ined by method A. 

The influence of the main factors and their intera-
ctions on the shear strength of the adhesive joints was 
analyzed by two-factors ANOVA. The aim of 
ANOVA is to investigate the effect of two classifying 
factors (divided into many levels) on the values of the 
depended variable. 
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Tab. 3 ANOVA for the shear strength 

Source Sum of Squares df Mean Square F-Ratio p-Value 

M: method 21.88 1 21.88 18.78 < 0.01 

P: granulation of abrasive pa-
per 

48.82 4 12.21 10.48 < 0.01 

Interaction PxM 29.17 4 7.29 6.26 < 0.01 

Total error 47.76 41 1.17   

Total (corrected) 147.63 50    

 

 

Fig 3 Graphical interpretation of the post hoc Tukey's test 
 
Based on the above results, it was found that all 

factors have p-values less than 0.05. The results are 
statistically significant at the 95% confidence interval. 
The highest effect on the shear strength of the adhe-
sive joints (the highest F-ratio) has the method of the 

surface treatment (M), followed by the granulation of 

the abrasive paper (P) and interaction P × M (Table 
3). The Tukey's post hoc test was performed to extract 
means that were not statistically different. (Fig. 3). 

The graphical interpretation of the Turkey’s test 
shows the average strength values and confidence in-
tervals (vertical bars). The occurrence of statistically 
significant differences between the factors is repre-
sented by the overlapping of the bars. The statistically 
significant interaction effect is illustrated by the inter-
section of the line plots. If the confidence intervals do 
not overlap and the interaction charts are parallel, the 
factors do not differ statistically significantly. 

Analysing Fig. 3 it can be noticed that the results 
were divided into four homogeneous groups. For 
P180 and P220 abrasive papers there are no statisti-
cally significant differences. The remaining results dif-
fer statistically.  The statistically significant interaction 
effect occurred between the two groups of factors.

Tab. 4 Correlations of the shear strength and surface treatment 

Correlation:  
shear strength vs 

Mean Standard deviation r r2 p-Value 

M: method 36.00 46.41 -0.059 0.004 0.679 

P: granulation of abrasive 
paper 

36.00 46.41 -0.057 0.003 0.692 

 
The effect of the surface treatment (method of de-

greasing and granulation of abrasive paper) on the 
strength of the adhesive joint was made based on the 
Pearson linear correlation coefficient r using the Sta-
tistica program (Table 3). It was stated that the value 
of this coefficient for both factors was about -0,06, 
which proves a weak correlation between the analysed 
variables. 

3.3 Surface roughness results 

The surface roughness parameters were tested for 
3 samples with each type of the abrasive papers. The 
surface roughness was measured only for samples pre-
pared without using a thinner (method A). Fig. 4 
shows the shaping of selected roughness parameters 

depending on the granularity of the abrasive paper. 

 
Fig. 4 Surface roughness for the samples prepared by method 
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Based on the above Figure, it was stated that the 
highest average values of Ra surface roughness param-
eter (0.85 μm) was obtained using P120 abrasive paper 
and the lowest (0.67 μm) for the samples prepared 
with P600 abrasive paper. The difference between the 
extremes of this parameter was nearly 21%. For the 
Rz surface roughness parameter, the maximum value 
(5.70 μm) was achieved during machining with P120 
abrasive paper and the lowest (4.41 μm) for the sam-
ples prepared with P600 abrasive paper. The maxi-
mum value was about 23% higher than the minimum 
value. The highest value (8.73 μm) of Rt surface 
roughness parameter was perceived using P180 abra-
sive paper and the lowest (6.41 μm) for P600 abrasive 
paper. The difference between the extremes of Rt pa-
rameter was about 27%.

Discussion

The effects of the surface treatment on the shear 
strength of the adhesive joint were stated. The two 
input factors were examined: method on two levels 
and granulation of abrasive paper on five levels. On 
the basis of the obtained results, it was observed that 
the shear strength was depended on the surface tre-
atment. The similar contained in [25].

The visual analysis of the failure of adhesive joints 
was made based on PN-EN ISO 10365 standard. 
Examining the failure results of the tested adhesive 
joints, according to PN-EN ISO 10365 standard, it 
can be stated that the most frequent type of failure was 
adhesion failure (AF) - in about 80% of the assessed 
adhesive joints – Fig. 5. However sometimes, special 
cohesion failure (SCF) or cohesion failure (CF) was 
also observed.

Fig. 5 Example of adhesion failure (AF)

First, the influence of the granulation of abrasive 
paper on the strength of the adhesive joint was exam-
ined. It was expected that the shear strength would in-
crease with increasing surface roughness [26]. It can 
be seen that for method A, the strength of the adhe-
sive joint increases from to P220 abrasive papers, and 
then rapidly degreases. The highest value of the shear 
strength for method B was obtained for P120 abrasive 
paper. In this case the trend is unstable - it alternately 
decreases and increases with the change of the granu-
lation of abrasive paper. Thus, increasing the surface 
roughness does not always increase the strength of the 

adhesive joints. Budhe et al. [27] reached similar con-
clusions. They showed that the strength of the adhe-
sive joints depends on the type of bonded material. 
The moderate value of the surface roughness results 
in a diffusion of moisture, which contributes to the 
durability of the adhesive joint [28]. Thus, the surface 
roughening could be applied to certain optimal values, 
characteristic for a type of material. In [29] it was 
stated that the 1.7 – 3.1 µm Ra and 36.5 – 44.6 µm Rm 
provide the highest shear strength of the adhesive 
joint.

Comparing the strength results for degreasing, the 
higher strength for method B was obtained for P120, 
P400 and P600 abrasive papers. For method A the 
shear strength obtained using P180 and P220. In most 
cases, degreasing increased the strength of the adhe-
sive joint [30,31].

The strength of the adhesive joint is the resultant 
of many factors, including technological factors. Due 
to the specificity of the adhesive technology, in many 
cases the strength cannot be clearly predicted, there-
fore experimental tests are carried out. The results of 
the research on the influence of machining operations 
- machining with abrasive tools on the surface free en-
ergy value of hot-dip zinc coated sheets are presented 
in [21]. On their basis, it can be concluded that the 
highest value of the surface free energy of hot-dip gal-
vanized sheets was obtained after abrasive treatment 
with the P320 (50.0 mJ/m2) and P120 (49.0 mJ/m2) 
heaped tool. The highest value of the polar compo-

nent gSp (16.8 mJ/m2) is also associated with the treat-
ment with P320 sandpaper. The lowest value of sur-
face free energy was obtained after treatment with a 
P500 abrasive bulk tool (45.7 mJ/m2).

It has been noticed that greater grain size contri-
butes (under the assumed conditions) to a greater va-
lue of the surface free energy and it can be assumed 
that this will allow for greater strength of the adhesive 
joints of the analysed sheets. In this study, the prelimi-
nary assumptions were confirmed, inferred on the 
basis of the results published in other studies on the 
value of surface free energy, because the mechanical 
treatment of galvanized sheets with the use of sandpa-
per of the highest grain (P120) allowed to obtain the 
highest strength among the studied cases, and galvani-
zed sheets with the use of sandpaper of the smallest 
grain (P500) contributed to obtaining the lowest stren-
gth. Based on the result (Fig. 2), it can be seen that for 
lower grain sizes the application of degreasing after 
roughing with abrasive paper is more advantageous. 
Degreasing does not increase the strength in the case 
of papers with lower granulation (excluding the vari-
ant of the abrasive paper with the highest grain size). 
The use of abrasive paper with a lower granulation and 
leaving the products on the treated surface weakens 
the adhesive bonds more than the use of abrasive pa-
pers with a higher granulation. This may be due to the 
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treatment products partially remaining in the uneven-
ness. This issue will be developed in further research.

The surface roughness was tested only for samples 
without the use of degreasing agent. It has been shown 
that the increase in the granulation of abrasive paper 
causes a decrease in the surface roughness parameters 
(except for P400 for the Ra parameter and P120 for 
the Rt parameter).

Conclusion

The following conclusions were made on the basis 
of the conducted research:

· The examined factors influence the strength 

of the adhesive joint. The method (M) has the 

highest influence on the strength, followed by 

the granulation of the abrasive paper (P). The 

lowest influence has the interaction P × M.

· The highest shear strength was noticed for 

method B using P120 abrasive paper and the 

lowest  value of the shear strength was obser-

ved for method A using P600 abrasive paper.

·

· Preparation of the adherends surafce using a 

degreasing increases the shear strength of sin-

gle-lap adhesive joints made of hot dip galva-

nized steel sheet.

· Machining with abrasive papers of higher 

granularity contributes to the increase of the 

strength properties of adhesive joints.
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