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Bond Strength of Basalt Based Glass-Ceramic Coatings
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In the present study, powders produced from the volcanic basalt rocks were coated on pre-coated AISI 1040
steel with Ni�5% Al bond coat by atmospheric plasma spray coating technique. The coated specimens were
characterized by optical microscopy, scanning electron microscopy, metallography and X-ray di�raction. Bonding
strength of coatings was evaluated in accordance with the ASTM C-633 method. Coated basalt material from
the APS coating system was determined in the glassy amorphous state by X-ray di�raction analysis. The coated
samples were heat-treated at 800 ◦C for 1�4 h for crystallization. The phases formed in the basalt base glass-ceramic
coatings were augite, Fe-diopside, anorthite, and andesine which were detected by X-ray di�raction analysis. Basalt
based glass-ceramic coatings include splat, porosity and un-melted particles which were the characteristic of plasma
sprayed coatings. Experiment result showed that the crystallization time increase caused the decrease of the bond
strengths of the coatings.
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1. Introduction

Thermal spray processes are available to deposit thick
coatings for a broad range of applications. The processes
are based on similar in that a material is heated up by a
gaseous medium and simultaneously accelerated and pro-
jected onto the substrate. The family of thermal spray
processes includes �ame spraying, plasma spraying, vac-
uum plasma spraying (also called low pressure plasma
spraying), high velocity oxygen fuel, arc metallization,
and detonation gun spraying [1]. Plasma-spraying tech-
nique is currently the primary method used commercially
to produce ceramic coatings [2].
Glass-ceramics are polycrystalline solids prepared by

the controlled crystallization of glasses. Controlled crys-
tallization usually involves a two-stage heat treatment
process, namely a nucleation stage and crystallization
stage. Glass-ceramic materials have superior proper-
ties in comparison with the traditional ceramics and
glasses, which make them favorable for wear and cor-
rosion resistant applications in advanced technology as
well as in electronics and medicine. Basalt is a gray to
black, �ne grained volcanic rock. Superior abrasion, wear
and chemical resistant basalt-based glass-ceramics can be
produced from the basalt and they can be used for the
transporting mechanical or chemical abrasive materials
as well as noise and �re insulation, etc. [3�8].
Bond coatings are used widely in many industrial

plasma-spray applications. They have speci�c functions;
because the substrate and the main coating have di�er-
ent coe�cients of thermal expansion, bond coating layer
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should be used to provide a good thermal expansion
match between these two di�erent layers. Bond coatings
are always thinner than the main coatings [2].
The aim of this study was to �nd out the e�ect of

bond coat application on bond strength and microstruc-
tural characteristic of basalt based glass-ceramic coat-
ings on AISI 1040 steel. The coatings were character-
ized by X-ray di�raction (XRD), optical microscopy and
scanning electron microscopy (SEM). Bonding strength
of coatings was tested using adhesion test ASTM C-633.

2. Experimental procedure

AISI 1040 steel samples to be coated were machined to
the dimensions of 20 mm in diameter and 5 mm in height,
and prepared metallographically by polishing with 1000
grit emery paper at the �nal stage. These samples were
sand blasted with 35 grid alumina and cleaned ultrason-
ically in an ethyl alcohol and acetone for 15 min and
dried. Basalt rocks were obtained as chunks and crash-
ing was carried out in a jaw and cone crushers. Then,
it was milled using ring miller and sieved to the grids of
between 53 and 45 µm for plasma spray coating.
The basalt based coating was produced using an

APS technique on AISI 1040 steel with bond coating.
Ni�5 wt% Al (METCO 450 NS) was used for the bond
layer. The chemical compositions of volcanic basalt rock
used for plasma spray coating treatment and the plasma-
-spraying parameters are given in Tables I and II, respec-
tively (LOI = loss on ignition).
Crystallization treatment was performed at 800 ◦C for

1�4 h to promote internal crystallization in the argon
atmosphere in a Lenton tube furnace. After deposi-
tion, glass without heat treatment process as coated and
glass-ceramics coating samples were glued to pull rods
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TABLE I

Chemical analysis basalt rock
used coatings (wt%).

Compound wt%

SiO2 45.88

Al2O3 18.20

Fe2O3 9.95

CaO 9.28

MgO 6.62

K2O 1.64

Na2O 4.76

P2O5 1.04

LOI 2.63

TABLE II
Plasma spray coating parameters.

Coating parameter Value

�ow rate for argon [l/min] 50

�ow rate for hydrogen [l/min] 15

current [A] 500

voltage [V] 64�70

plasma gun type METCO 3 MB

spraying distance [mm] 130

powder feed rate [g/min] 39

powder carrier gas [l/min] 3�6

with an epoxy adhesive (cured for 24 h at ambient tem-
perature) to determine the bond strength of coatings
that is measured by means of a tensile machine with a
crosshead speed of 0.5 mm/min−1 according to ASTM
C-633 method. Pull rods were also glued directly to-
gether in order to test the strength of the epoxy. Four
samples were used in each group.
XRD was conducted with a Rigaku-type difractometer

to analyze glassy amorphous state before crystallization
and phases present in the coatings after crystallization.
Optical microscope (Olympus BHM 313 U) and JEOL
6060 SEM were used to study the microstructure.

3. Results and discussion

Evaluation of the microstructures revealed that coating
with bond coating has three di�erent regions which are
ceramic layer, bond coating, and matrix which are not
a�ected by coating (Fig. 1). In general, plasma-sprayed
layers include porosity, splat and un-melted particles.
The thickness of bond coat and basalt-based glass coat-

ing layer was measured by optical microscopy as 70 and
210 µm, respectively. XRD analyses of basalt based glass
and glass-ceramics coatings were given in Fig. 2a and b.
As seen, the �gure basalt based as-coated coating was
amorphous state. The phases identi�ed in the basalt
based coating subjected to controlled crystallization heat
treatment are:
augite [(CaFeMg)SiO3],
Fe-diopside [Ca0.991(Mg0.641Fe0.342)(Si1.6Fe0.417)O6],

anorthite [Ca(Al2Si2O8)],
andesine [(Ca0.38Na0.62)(Al1.38Si2.62O8)].

Fig. 1. SEM microstructure of the basalt based glass-
-ceramic.

Fig. 2. (a) XRD pattern of the basalt based as-coated
coating, (b) XRD pattern of the basalt based glass-
-ceramic coating at 800 ◦C crystallization heat treat-
ment.

The bonding strength of coating is a mix of cohe-
sive and adhesive strength. As a bonding type, cohesive
strength is called the remaining in the sample's surface.
Adhesive strength is called removing from the sample's
surface. The amount of coating remaining on the surface
increases, and the cohesive strength of adhesion samples
percentage increases [2]. The macrograph of basalt based
coatings at 800 ◦C crystallization heat treatment after ad-
hesion test and microstructure from adhesion test surface
were given in Figs. 3 and 4, respectively.
As seen in the macrograph (Fig. 3), the coating sub-

jected to crystallization heat treatment for 1 h, the rup-
ture realized from partially adhesive and from the par-
tially coating surface. The rupture occurred from coating
surface but some part of coating remained in 2 h heat
treated sample. Similarly, after bond strength when a
little part of coating remained in 3 h treated sample and
rupture happened from coating surface, the rupture re-
alized completely from coating the surface in 3 h heat
treated sample. SEM micrograph was given in Fig. 4.
There are three regions of the basalt based coating as
glass-ceramic coating, fracture surface, and Ni�Al bond
coat.
Bonding strengths depending on heat treatment time

of the basalt based coatings were given in Fig. 5. As
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Fig. 3. The macrograph of basalt based coatings at
800 ◦C crystallization heat treatment after adhesion
test.

Fig. 4. SEM microstructure from adhesion test surface
of heat treated at 800 ◦C for 1 h.

seen in the graphic, the bonding strength of the basalt
based as-coated coating was 19.34 MPa that pointed
as �0� time point in x axis. Increasing the heat treatment
time, the bond strength was decreased in the basalt based
glass-ceramic coating. The highest bond strength value
18.10 MPa was obtained in the basalt based glass-ceramic
controlled crystallization heat treatment at 800 ◦C for 1 h.
Even if a heat treatment process was realized under ar-
gon atmosphere, it is probable that partial oxidation and
also partially di�erences thermal expansion properties of
the coating and substrate were caused bond strength de-
creasing according to heat treatment time increasing. It
is probable that the bond strength of basalt based as-
-coated coating is higher than heat treated glass-ceramic
coatings due to no oxidation by heat treatment.

4. Summary

In this study, the bond strength of the basalt based
glass-ceramic coating was investigated. Basalt powder

Fig. 5. Bonding strengths of glass-ceramic coating
heat treated at 800 ◦C depending on heat treatment
time.

was coated by APS coating technique on AISI 1040 steel
that was pre-coated with Ni�5% Al bond coat. Bonding
strength of coatings was evaluated in accordance with
the ASTM C-633 method. The amorphous glassy state
was determined in basalt based as-coated coating. The
coated samples were heat-treated at 800 ◦C for 1�4 h for
crystallization. The phases identi�ed in the basalt based
coating by XRD analysis are augite, Fe-diopside, anor-
thite and andesine in all treatment time. Basalt based
glass-ceramic coatings include splat, porosity and un-
-melted particles which were the characteristic of plasma
sprayed coatings. When the bonding strength of the
basalt based as-coated coating was 19.34 MPa, the high-
est bond strength value 18.10 MPa was measured in the
heat treated glass-ceramic coatings at 800 ◦C for 1 h. In-
creasing the heat treatment time, the bond strength was
decreased in the basalt based glass-ceramic coating.
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