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The performance of hot-dip coated steel sheets is associated with properties of the zinc coatings on steel substrate. For the charac-
terization of the adhesion behaviour of zinc coating on steel various tests were employed. The study was focused on quantification
assessment of galvanized coating adhesion to substrates. Methods for evaluation of the bonding strength of zinc coating by the
shear strength and the T-peel tests applying four special types of adhesives were used. The experimental tests of bonded joints show
that the adhesion of the zinc coating to the substrate was higher than that of the applied adhesive with the highest strength.

1. Introduction

Zinc coated steel sheets are very demanding in many indus-
trial branches. According to their further processing and
utilization the wide assortment is produced with different
combination of special properties, for example, in automobile
industry, besides the excellent corrosive resistance, and also
high deformability, weldability, paintability, and stability of
mechanical properties are required.

Zinc coatings produced by hot-dip galvanizing are a mul-
ticomponent system consisting of several phases. Intermetal-
lic phases may impair the formability due to their brittleness
and powdering; the alloyed coating can fracture during
stamping process, resulting in the exfoliation of the coating.
The stamping of hot-dip coated steel sheets is frequently
associated with problems such as galling and scratching. Zinc
coated steel sheet applied in automotive body panels has to
meet very strict coating adhesion requirements to prevent
coating delamination during deformation [1-3].

The understanding of the relationship between the coat-
ing/steel interface chemistry and microstructure on the one
hand and coating adhesion on the other remains in the
centre of research interest. Adhesion as a multidisciplinary
topic includes surface chemistry, physics, rheology, polymer

chemistry, and mechanics of materials (i.e., stress analy-
sis), polymer physics, fracture analysis, and other subjects.
Describing the mechanism of adhesion in simple terms is
difficult due to the complexity and evolving understanding
of the subject [3-6].

The adhesion of coatings can be analysed by various
methods. Based on the studies of the effect of alloying
elements on coating behavior and experimental work focused
with the development of galvanized steels, various alloying
elements are being introduced into the zinc coatings as well as
the steel substrate to form various coating systems for differ-
ent applications. Their structure and composition of the inter-
facial layer have been investigated using a variety of analytical
methods, such as scanning electron microscopy (SEM),
energy-dispersive spectroscopy, X-ray diffraction (XRD),
and transmission electron microscopy as reported. For the
characterization of the adhesion performance of the various
zinc coatings on steel more conventional tests are employed,
for example, U-bend, V-bend, and four-point bend tests,
impact test, single lap shear test, draw bead, cylindrical-
cup test, and scratch test. However, these methods provide
especially qualitative results. A quantitative evaluation is very
complicated. The results of the single lap shear tensile test rely
on the strength and adhesion of the adhesive, which must
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TaBLE 1: Chemical and mechanical properties of substrate material.

Material Cpox (%) Mn (%) Sipax (%)

Poax (%) Spnax (%) Al (%) Npax (%)

DX53D-Z 0.03 0.12-0.19 0.01

0.015 0.012 0.04-0.065 0.006

Yield strength R, .. (MPa) Tensile strength R

m max

(MPa) Ductility A (%)

80 min

260 380

30

be superior to that of the zinc coatings. A test method for
the quantitative evaluation of the adhesive strength of zinc
coatings is still lacking but is greatly required [3, 5, 7-9].

The contribution is oriented to a quantitative assessment
of the zinc coating adhesion to the substrate with bonding
tests (shear strength and the T-peel tests) applying special
types of adhesives.

2. Experiments

The adhesion of the zinc coating was studied on hot-dip zinc
coated low carbon steel sheet DX53D+Z of deep drawing
quality for cold forming according to EN 10327:2004.

Chemical and mechanical properties of substrate material
are shown in Table 1.

From the area of industrial adhesives we focused on
advanced strength adhesives designed to meet the demand-
ing requirements of the industry as follows.

Adhesive A (LETOXIT KFL 120). Adhesive A is one compo-
nent epoxy adhesive with hardening system, in the form of
dark gray film 0.025-0.3 mm thick, flexible, and plastic at
room or elevated temperatures. Curing is performed at the
temperature of 120°C-125°C for one hour; in the process of
curing the bonded joint is fixed by applying a pressure of
0.05-0.1MPa. Bonded joints exhibit very good mechanical
properties when loaded under temperatures ranging from -
75°C to +100°C with shear strength at tensile loading 36-
41 MPa and peel strength 4-7 N/mm at 20°C. Therefore the
adhesive is particularly useful for bonding aircraft structures,
land means of transport (both road and rail), and other
demanding applications.

Adhesive B (LETOXIT PL 20). Adhesive B is two-component
structural paste adhesive, cured at normal or elevated tem-
perature with shear strength at tensile loading 31-36 MPa
and peel strength 4-7 N/mm at 20°C. The joint achieves high
shear strength and good peel strength at temperatures up
to 80°C. The complete strength is obtained by heating at
temperature of 120°C for one hour.

Adhesive C (RK 1500). Adhesive C is two-component system
based on methacrylate, which cure at room temperature with
shear strength at tensile loading 25 MPa at 20°C. Polymer-
ization starts as soon as the adhesive- and activator-wetted
components are joined together. This adhesive is stable at
temperature range from —50°C up to 135°C.

Adhesive D (EPIDIAN-5). Adhesive D is a two-part system
consisting of an epoxy resin and a hardener. Full cure and
strength is obtained in 24 hours.
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FIGURE 1: Test specimens for lap shear test.

The surface preparation is basic requirement for a good
bond. A clean surface is a necessary condition for adhesion
but it is not a sufficient condition for bond durability. Most
structural adhesives work as a result of the formation of
chemical bonds (mainly covalent, but some ionic and static
attractive bonds may also be present) between the adherend
surface atoms and the compounds constituting the adhesive
[10-12].

The surface preparation before bonding usually is rec-
ommended by different methods, such as degreasing and
roughening and sand blasting. Mechanical treatment as
well as oxidation of metals is sometimes viewed as a
modification of pretreatment. Degreasing was realized in
two steps: (a) samples were immersed in alkaline solution
Radalod™ (Pragochema) and then were washed with water;
(b) samples were degreased in pure acetone in ultrasonic
cleaner repeatedly four times. The joint with the adhesive was
placed in aluminium jig made to exact specifications so that
adhesive thickness was maintained. Curing was carried out in
numerically controlled autoclave in vacuum at temperature
according to type of adhesive with elimination of bubbles
and other inhomogeneities formation which can degrade the
strength of adhesive joints.

The adhesive lap joint shear strength test is used especially
for comparing and selecting adhesives or bonding processes.

Sample for lap shear test according to ASTM D1002
Adhesive Lap Joint Shear Testing [13] is shown in Figure 1.
Specimens with adhesive joints were tested in tension by the
Instron 8501 test machine with a 50kN load cell. Loading
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FIGURE 2: Test specimens for T-peel strength.

rate was 1.5mm-min~'. The shear strength 7 was calculated
as follows:

= @
where 7 is the shear strength (MPa), F is the maximum force
applied (N), and S is the area of bonded joint (mm?).

Average shear strength was calculated as arithmetic mean
of shear strengths of ten tested samples for each type of
adhesive.

Sample for measuring T-peel strength according to EN
ISO 11339:2010 [14] is shown in Figure 2. Loading speed was
45 mm/min.

The primary purpose of the T-peel test is to determine
the relative peel resistance of adhesive bonds between flexible
adherends by means of a T-type specimen. Tested joint
is subjected to static tension, the bonded portion of the
specimen remains perpendicular to the applied load, and
gradual separation (peeling) of bonded areas occurs. To
define the peel strength the average peeling load per unit
width is used. This is taken from the force-displacement curve
after the initial peak reading.

The average peel strength o was calculated as follows:

F
O-PS S f, (2)

where Fg is average force (N) given by average height
calculated from planimetric area of diagram in the range 30
up to 90% of length of total diagram and b is width of bonded
joint (mm).

For each adhesive and each type of test 10 samples were
prepared.

Bonded joints for T-peel test represent a critical load
case and therefore samples fabricated of steel sheets with
dimensions of 300 x 1500 mm were tested in-service.

3. Results and Discussion

Although an extensive range of adhesive test methods is
available as national and international standards, most of

FIGURE 3: SEM image of cross section of the zinc coating on steel
substrate.

Adhesive

FIGURE 4: SEM image of cross section of bonded joint.

these tests can only be used for qualitative measurements,
providing a means of checking the effectiveness of different
surface preparations and comparing mechanical properties
of different adhesive systems (i.e., ranking adhesive formu-
lations). A limited number of test methods are suitable for
generating engineering data, particularly for determining
structural integrity of adhesively bonded structures subjected
to static, cyclic, and environmental effects.

Cross section of the zinc coating on steel substrate before
bonding is shown in Figure 3. The roughness was investigated
using by HOMMEL tester; mean value Ra = 1.78 yum was
recorded.

Figure 4 is a SEM image of cross section of the zinc
coating on the DX53-steel substrate after bonding with phase
structure in the order of I' (Fe3Znl0, bcc, brittle, hard), T'l
(Fe2Zn2l, fcc, brittle, very hard), and § (FeZn7, hcp, ductile,
hard), which consists of different intermetallic phases which
are formed during hot-dip galvanizing. Coating adhesion
is influenced by ruggedness of the coating/steel interface;
that is, formation of discontinuous I' phase contributes to
increasing the adhesion strength [15-17].
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FIGURE 5: The final values of the shear strength under tension.

The average shear strength with standard deviation for
applied adhesives is as follows: adhesive A 7, = 29.5 +
0.3 MPa, adhesive B 15 = 24.1 + 2.9 MPa, adhesive C 7 =
22.1 + 0.4 MPa, and adhesive D 7, = 12.3 + 0.6 MPa. The
highest average value of shear strength was obtained for
adhesive A: 7, = (29.5 + 0.3) MPa (Figure 5).

The success of the single lap shear tensile test relies on
the strength and adhesion of the adhesive, which must be
superior to that of the zinc coatings [10].

The fractures of bonded joints from both sides after shear
strength lap destruction by tensile loading were evaluated.
As shown in Figure 6(a) the adhesive covered on the overlap
region of zinc coated samples indicated a cohesive-adhesive
failure mode; that is, the adhesive ruptured within itself
(cohesive failure) and also on the same places was separated
from one of the substrates (adhesive failure). In Figure 6(b)
the adhesive indicated a cohesive-adhesive failure mode.
These results correlate with formation of suitable interface,
the zinc coating/steel interface, that is, formation of phases
which contributes to required adhesion strength (Figure 4).

Adhesion performance was additionally determined by
a peel test (EN ISO 11339:2010). Based on the test results
of shear strength under tension the adhesive type A was
selected for T-peel test due to its highest strength. Under the
terms of this test the material with a thickness of 0.55 mm
was requested. The maximum value of peel strength opg =
1.14 N/mm was obtained when 10 samples were tested. The
results show that adhesion of zinc coating to substrate is
higher compared with strength of adhesive A (Figure 7).

Besides the evaluation of mechanical properties of
bonded joints also the assessment of bonded joint fracture
type according to ISO 10365 is required.

All tested adhesives under experimental work of the shear
strength deformed the joint surface. Based on test results
it can be stated that the adhesive strength of all applied
adhesives is sufficient.

Original morphology of zinc surface (Figure 8(a)) was
after the shear strength test under tension greatly deformed
due to the adhesion of the A adhesive (Figure 8(b)).

The results show that adhesion of zinc layer to substrate
is high, the continuity of zinc layer was not destroyed, and
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FIGURE 6: Fracture surfaces of bonded joints for adhesive (a) type A
and (b) type B.
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FIGURE 7: Typical force-displacement curve for a T-peel test for
adhesive A.

fracture area is visibly deformed (Figure 8) in the direction
of load of bonded joints. EDX analysis (Figure 9) confirmed
obtained results on adhesion of zinc coating to the substrate.

Specimens with dimensions of 300 mm x 1500 mm X
1.75mm were tested in-service under similar conditions
to the T-peel test (critical load) with the aim to obtain
information on adhesive behaviour on large surfaces (Figures
10(a) and 10(b)). The adhesive indicated a cohesive failure
mode; zinc coating shows good adhesion.

It is necessary to take into account that bonded joint qual-
ity to a great extent depends on many factors like, for example,
amount and type of used lubricant, type of used substrate,
and its surface morphology or surface treatment. Such huge
amount of variable parameters makes problems about testing
bonded joint quality quite difficult and requires further deep-
ening of knowledge about individual parameters influence.
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FIGURE 8: (a) Original morphology of zinc surface; (b) deformed Zn coating in the direction of tensile force after lap shear test (adhesive A).
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FIGURE 10: View on peel test of bonded joints (a) before peeling and (b) during peeling.

4. Conclusion

The performance of hot-dip galvanized zinc coated steel
sheets is associated with properties of the zinc coatings on
steel substrates and properties of the coatings/steel interfaces.
A great number of studies were carried out to investigate
the failure behaviour of adhesively bonded joints with zinc

coated steel substrates. To clarify the mechanism of adhesion
on a microstructural level, standard tests are employed to
evaluate adhesion behaviour; these methods usually provide
qualitative results.

The study was oriented to the possibility of quantification
of adhesion of zinc coating to the steel substrate. Bonded
joints were selected as one of the options to evaluate adhesion



of the zinc coating to steel substrate by the bonding strength
applying the shear strength and T-peel tests.
Based on experimental tests we may state the following:

(1) Quantitative analysis of adhesion of zinc to steel
shows that its value is higher than shear strength at
tensile loading 36-41 MPa, adhesive A.

(2) The shear strength in tension for adhesive A was
obtained 7, = 29.5 + 0.3 MPa without failure of the
zinc coating/substrate interface.

(3) Critical load case—T-peel test—confirmed obtained
references about required adhesion of the zinc layer
to the substrate material (see point (1)). The value of
peel strength for adhesive A was opg = 1.14 N/mm.
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