
Peel-Strength Behavior of Bilayer Thermal-Sprayed
Polymer Coatings

F. Y. Yan,1,2 K. A. Gross,1 G. P. Simon,1 C. C. Berndt3

1School of Physics and Materials Engineering, P.O. Box 69M, Monash University, Victoria 3800, Australia
2State Key Laboratory of Solid Lubrication, Lanzhou Institute of Chemical Physics, Chinese Academy of Sciences,
Lanzhou 730000, People’s Republic of China
3Department of Materials Science and Engineering, State University of New York at Stony Brook, Stony Brook,
New York 11794-2275

Received 27 November 2001; accepted 4 June 2002

ABSTRACT: We prepared various bilayer polymer coat-
ings of ethylene methacrylic acid (EMAA) copolymer and
ionomer by the thermal-spray process under a range of
preheat temperatures (PTs) to investigate their ability to be
repaired. The thermal properties, crystallinity, microstruc-
ture, and interface strength of the coatings were investigated
with differential scanning calorimetry, X-ray diffraction,
scanning electron microscopy, and mechanical testing. Pro-
cessing parameters influenced the final morphological struc-
ture of the coatings. The crystallinity of the coatings in-
creased with a higher final temperature, whereas the coating
density decreased. The decrease in density was attributed to
the appearance of bubbles, 250 �m in size, formed in the
coatings during the spray process. For the monolayer coat-
ing of polymer on a metal substrate, a higher PT produced a
greater contact area of the coating to the substrate. The
adhesion of EMAA ionomer to steel was always lower than

that of EMAA copolymer to steel. This may have been
largely due to the interfacial adhesion between the polymer
and steel being dominated by strong secondary bond inter-
actions. Experimental results also indicate that the peel
strength between polymers was at least twofold stronger
than that between the polymer and the steel substrate for
PTs greater than 100°C. The mixed bilayer coating of iono-
mer on copolymer produced the highest peel strength. The
interface between the plastic layers was clearly visible under
the scanning electron microscope at lower PTs, becoming
more diffuse with an increase in PT. On the basis of these
observations, the adhesion mechanism between polymers
was explained by the formation of welding points. © 2003
Wiley Periodicals, Inc. J Appl Polym Sci 88: 214–226, 2003
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INTRODUCTION

Plastic coatings have been used widely for improving
the strength of glass bodies,1 surface decoration, cor-
rosion protection,2,3 and wear resistance.4,5 These ap-
plications include the lining of vessels in the chemical
industry, coatings on light poles, and coatings on
bridges for environmental protection. Coupled with
metal or ceramic powders, plastics work well for abra-
sion applications in the aviation industry,6 for antislip
surfaces for safe pedestrian use on steps,7 or in facto-
ries where walking surfaces may become wet.

Various technologies are available for the deposi-
tion of plastic coatings, ranging from painting, pow-
der coating, and thermal spraying. Painting releases
volatile organic solvents and, therefore, is not an en-
vironmentally sound option. Powder coating, al-

though effective in coating large surfaces, is fixed to
the location of large baking ovens. Thermal spraying
is a widely used technique8–10 and presents a low-cost,
low-pollution option that uses simple equipment and
procedures. Large defective areas on the sprayed sur-
face can be repaired simply by the application of a
new coating.11,12 The low softening temperature of
polymers allows the coating of polymer-based mate-
rials and traditional metals and ceramics.

The thermal spraying of plastics involves the pow-
der injection of a polymer powder into a flame fol-
lowed by deposition onto a surface. A powder with an
average particle size of about 200 �m is fed from a
fluidized bed powder feeder and is injected axially
into a flame. Gases for flame spraying include com-
bustion gases such as acetylene, propane, propylene,
and hydrogen together with either air or oxygen.13

Among the various gases available, acetylene and pro-
pane are the most commonly used. The powder is
injected into the flame, where the particles are accel-
erated to about 60 m/s.14 During their traverse in the
flame, the particles pass through a peak temperature
at the spray-torch nozzle exit that decreases both axi-
ally and radially. This thermokinetic history is suffi-
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cient to rapidly heat, soften, and melt the polymer
powder.15 After traveling a distance of 30 cm, the
particles are usually sufficiently well softened and are
collected onto a substrate. The substrate is typically
roughened by grit blasting to enhance the coating
adhesion. The gun is rastered across the substrate to
deliver a succession of molten droplets to build up a
coating. Continuous rastering of the flame-spray torch
dictates the thickness of the coating that is produced.
Other heat sources, such as a plasma or a high-velocity
flame, may also be used for the generation of plastic
coatings, but these processes are not the subject of this
article.

A number of authors have reported the effects of
thermal-spray processing parameters on the resulting
polymer coatings on metal substrates.9,10 Physical
models describing the formation of combustion-
sprayed polymer coatings have been developed based
on the concepts of classic particle coalescence and the
dynamics of deposit formation.14,16 These models all
aid in the understanding of the underlying principles
of thermal spray and the improved application of the
technique.

The history of thermal spray indicates that empha-
sis was initially placed on reclamation, that is, a process
of refurbishing a worn surface, which was then re-
stored to the original dimensions by thermal spray-
ing.17 Today, coatings may be damaged in service and
may require a small repair or recoating of the entire
surface. The more common response to this situation
has been to remove the coating by water blasting or
chemical treatment or with a mechanical operation.
Plastic materials do not exhibit residual stress, such as
in high-elastic-modulus materials, metals, and ceram-
ics, and may be more easily repaired by the addition of
a second coating.

Because the polymer coatings can be repaired by a
simple reapplication of the same or similar materials
to the desired location, bilayer coatings need to be
optimized before application in real industrial situa-
tions. Therefore, it is important to understand the
interface cohesion behavior of bilayer polymer coat-
ings and the factors that influence their properties. To
date, attention has mainly been given to the study of
mechanical and adhesion properties and the process-
ing effects of monolayer plastic coatings on steel sub-
strates. Nothing has been reported about the factors
that influence the adhesion of bilayer coating systems.
Thus, the objectives of this work were (1) to study the
structures and mechanical behavior of bilayer coatings
of various polymer pairs and (2) to understand the
influence of the preheat temperature (PT) of substrates
on the interfacial cohesion between polymers to pro-
vide insight into the repair of coatings.

The range of polymers that have been used as coat-
ings include nylon, polyethylene,18 polyamide,19 poly-
methylmethacrylate,20 PEEK,21 and ethylene methac-

rylate acid copolymers.14 Thermoplastic materials of
ethylene methacrylic acid (EMAA) copolymer and its
ionomer, containing Na� ions, are the most commonly
used polymers in the flame-spray process. This poly-
mer adheres exceptionally to steel surfaces and can be
applied in high humidities and at temperatures below
the freezing point.22–24 The thermal-spray process pa-
rameters and coating properties of EMAA have been
determined systematically by various methods.25–27 In
this work, two polymeric materials with similar mo-
lecular structures and chemical and physical proper-
ties were used, and coating properties both on steel
and in bilayer spraying (polymer-on-polymer) were
examined.

EXPERIMENTAL

Coating production

Two dehydrated commercial powders of EMAA co-
polymer (PF111U, 70 mesh) and a Na�-containing
ionomer (PF112U, 80 mesh), provided by Plastic Fl-
ameCoat Systems (PFS Thermoplastics, Big Spring,
TX), were used in this study. NMR studies using 13C
cross-polarity/magic-angle-spinning NMR spectros-
copy indicated that these copolymers are random co-
polymers with 7% methacrylic monomer and 93% eth-
ylene. The full details of the chemical and physical
properties of the EMAA copolymer and ionomer are
described elsewhere.23–27 A Powder Pistol 124 from
PFS was used both for preheating the substrate and for
spraying the coating. Propane (at 12 psi) and com-
pressed air (at 80 psi) were used to produce the com-
bustion flame; the compressed air was also used to
fluidize the powders and transport the powders from
the fluidized bed to the torch. The principle of the
plastic flame-spray system deposit EMAA coatings
and various process parameters were described pre-
viously.25–27 PT and final coating temperature (FCT)
were measured with a handheld IR pyrometer for
several seconds after spraying. In this work, FCT was
controlled by variation of the traverse interval of the
spray torch during processing.

PF111 and PF112 polymer coatings were deposited
onto a poly(tetrafluoroethylene) (PTFE)-coated alumi-
num plate (thickness � 3 mm, diameter � 250 mm)
preheated to 80°C to prepare one large coating from
which samples were taken for density, differential
scanning calorimetry (DSC), X-ray diffraction (XRD),
and tensile testing measurements.

Other coatings for peel-strength testing were depos-
ited onto carbon steel bars (length � 190 mm, width
� 25 mm, thickness � 10 mm). The surface of the steel
bar was cleaned with acetone before spraying. Ac-
cording to the requirements of the peel test, one pre-
peeled section of a coating with a given length on the
sample surface was required. In our initial work, the
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normal antistick method of using a PTFE dry film, as
used for polymer/steel samples, was shown not to be
suitable for the polymer/polymer interface. Thus, an
antistick method, as described next, for bilayer-poly-
mer-coating samples was developed in this study. The
first polymer layer was thermal sprayed and allowed
to cool. Then, a very thin graphite film was coated on
one end of the coated substrate surface. This was
followed with an organic PTFE dry film on the section
to achieve a more ideal antistick effect. The peel test
samples with an EMAA bilayer coating could, there-
fore, be prepared by the thermal-spray process.

Powder and coating characterization

Density

The densities of powders and coatings were deter-
mined with a helium gas pycnometer (AccuPyc 1300,
Micromeritics, Norcross, GA) at test conditions of five
purges and 15 runs, all at room temperature (20°C).
We viewed the 15 measurements separately to ascer-
tain the reproducibility of the densities, and an aver-
age was determined.

DSC

We used DSC to determine the melting and crystalli-
zation temperatures of the polymers. DSC measure-
ments were conducted at a scanning rate of 10°/min
from 25–400°C on a Pyris 1 differential scanning cal-
orimeter (PerkinElmer) in a nitrogen atmosphere with
an indium and zinc standard. About 10 mg of each
sample was used for the measurements.

XRD

XRD patterns were obtained with a Rigaku Geigerflex
diffractometer, with Cu K �; radiation at 22.5 mA and
40 kV passing through a 0.3° receiver and a 0.5° di-
vergence slit. A scan rate of 1°/min and a step size of
0.05° were selected over a 2� range of 1.5–35°.

Scanning electron microscopy (SEM)

Surface images and fracture cross-sections of polymer
coatings were observed on a Jeol JSM-840A scanning
microscope. To prevent deformation of the polymer
coatings at normal temperature, we immersed sam-

ples in liquid nitrogen and then removed and imme-
diately fractured them. Sputter coating was performed
with a gold target over a period of 1 min with cycles
that involved a 4-s coating time and a 4-s resting time.
This ensured that the polymer was not overheated
during sample preparation. Accelerating voltages of
15–20 kV were used during SEM observations.

Mechanical testing

Tensile testing

Tensile test samples were produced by spraying onto
a Teflon-coated substrate from which they could be
readily removed. A stamping tool was then used to
form dog-bone-like samples 25 mm in length, 3.5 mm
in width, and about 1 mm in thickness. Tensile testing
was conducted on an Instron 4505 mechanical testing
system at a crosshead speed of 50 mm/min and at
room temperature (�20°C). A minimum of five sam-
ples were tested for each condition to assess variations
in coating properties. The modulus was calculated
automatically with a secant modulus at 1% strain. The
yield stress was determined from the stress–strain
curve. The tensile strength was defined as the maxi-
mum stress obtained from the curve.

Peel-strength testing

Adhesion of the polymer coating to mild steel (mono-
layer configuration) or on a previously sprayed layer
(bilayer configuration) was determined with a 90° peel
test rig. The coating thickness for the monolayer sam-
ples was about 1 mm, but bilayer samples were about
2 mm thick to accommodate the base and top layer.
The peel test was also conducted on the Instron 4505
mechanical testing system at a peel speed (crosshead
speed) of 50 mm/min. A minimum of four samples
was tested for each condition.

RESULTS AND DISCUSSION

Basic characteristics of the sprayed samples

Table I shows the densities of PF111 and PF112 pow-
ders and their coatings. We prepared the coating sam-
ples by thermally spraying molten plastic powders
onto Teflon-coated substrates at a PT of 80°C and at
various FCTs. FCT was controlled by variation of the

TABLE I
Densities of Coatings Manufactured at Different FCTs in Comparison with the Source Powder

Powder
(g/cm3)

Coating (g/cm3)

210°C 230°C 260°C 290°C

PF111 copolymer 0.9392 � 0.0008 0.9378 � 0.0005 0.9375 � 0.0005 0.9360 � 0.0003 0.9210 � 0.0006
PF112 ionomer 0.9636 � 0.0008 0.9537 � 0.0007 0.9527 � 0.0005 0.9519 � 0.0004 0.9467 � 0.0006
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time between traverses of the spray pistol. The shorter
time delay between traverses produced a higher FCT.
Table I indicates that the density of the powder was
always higher than that of the coating. An increase in
coating temperature produced a low coating density.

The XRD results shown in Figure 1 indicate that both
EMAA powders contained amorphous and crystalline
components. The coatings exhibited an increase in
crystallinity with higher FCT. There were two factors
that could have influenced the density value of the

Figure 1 XRD patterns of (a) PF111 and (b) PF112 powders and coatings. FCTs were 210, 230, and 260°C, as shown.
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material: (1) the change in material crystallinity after
the melting and recrystallizing processes and (2) the
appearance of air bubbles due to degradation and
polymer oxidation at the relatively high temperatures.
An increase in porosity appeared to be the dominating
factor.

As the maximum temperature of a propane/com-
pressed air flame is about 1300°C28 and particles tra-
verse quickly through the flame, some degradation
and oxidation of the polymer is possible during ther-
mal-spray processing, which may lead to a slight in-
crease in coating porosity. The porosity appeared to
increase with temperature. A more rapid decrease in
coating density occurred when the final temperature
was above 260°C. Above that temperature, the color of
the coating changed from transparent to an opaque
light yellow, and many bubbles were observed in the
coating. This temperature may have been the so-called
second temperature threshold proposed by Brogan,14

although in this study, it was found to be above 216°C.
The first temperature threshold mentioned was the
minimum temperature required to coalesce polymer
particles by viscous flow for maximum density. The
second temperature threshold promoted diffusion at
the splat boundaries so that boundaries were no
longer discernible. It has been reported that gaseous
products are liberated if coatings are sprayed beyond
this second temperature threshold, thereby decreasing
strength, toughness, and hardness.14 It should be
stressed that although some limited discoloration and
volatilization occurs, the change in molecular struc-
ture is minimal when the high temperatures in the
process are considered,26 and the polymer generally
retains its mechanical integrity.

Typical DSC curves are shown for the two powders,
PF111 and PF112, and the coatings sprayed at different
FCTs in Figure 2(a,b). In the case of PF111 [Fig. 2(a)],
two main features were seen. The lower temperature
transition was the glass-transition temperature, at
about 55°C for the neat powder, as shown in Table II.
This appeared to move to slightly lower temperatures
when PF111 was flame sprayed. A higher coating
temperature decreased the glass-transition tempera-
ture. This may have been due to a slight degradation
of the chains during coating and possibly to a change
in morphology due to the crystal structure leading to
a less constrained amorphous region, surrounded by
crystallites. The data also showed an endothermic
overshoot, indicative of physical aging just below the
glass transition. However, this dependency is unclear
in Figure 2(a) because the sample where the powder
had not been exposed to annealing during cooling
from the spray temperatures showed the largest over-
shoot. Some level of aging could have occurred during
synthesis and processing of the polymer into the pow-
ders eventually used for coatings. The high-tempera-
ture peak of PF111 in Figure 2(a) at about 90–100°C

was clearly related to the melting of crystallites and
appeared broad, with multiple melting peaks under-
lying it. This could have been due to the melting and
recrystallization phenomena of the samples during the
DSC run. Nonetheless, on the basis DSC results, it
would seem that the crystallinity of PF111 did not
vary substantially between powder and coating. In
this sense, the DSC technique was not as able to dis-
criminate crystallinity as could XRD, as shown in Fig-
ure 1(a,b).

As seen in the broad XRD patterns for the powder
and coatings of PF112 in Figure 1(b), Figure 2(b) also
indicates unusual behavior. A glass-transition type of
response decreased from around 55°C for the powder
to 45°C for the sample with an FCT of 260°C. Unusu-
ally, the 210°C coating had a large endothermic aging
overshoot. The melting endotherms at 90°C were quite
broad, and their area (and, hence, endothermic en-
ergy) did not follow a clear trend. The similarity be-
tween these materials is reflected by the X-ray data in
Figure 1 (b), which shows that the crystallinity was
lower in PF112, as expected, due to its ionomeric
nature and interchain interactions, which decreased
the crystallinity of the ethylene copolymer units.

The tensile properties of polymers have a direct
relationship with the processing conditions.27 The FCT
appears to be a very important parameter influencing
the tensile properties of coatings. Table III shows the
tensile test results of the polymer coatings sprayed
directly onto a PTFE substrate (for ease of removal).
Both strain at failure (ductility) and the maximum
stress of coating increased with an increase in FCT;
whereas the 1% secant modulus decreased. These re-
sults matches well with those available in the litera-
ture.14,27 It can be concluded that to achieve optimal
particle coalescence, a higher final processing temper-
ature close to the second threshold temperature is
necessary, provided that this does not lead to exces-
sive degradation and oxidation. On the basis of these
results, we considered that the optimized FCT should
be at about 230°C.

Because the temperature of the deposited thermo-
plastic coating depended on the substrate PT, gun
traverse speed, and other parameters, it was necessary
to vary the time between traverses frequently during
spraying to control the FCT at a constant traverse
speed. The FCT of the sprayed samples described later
was controlled to about 230°C.

Monolayer thermal-sprayed coatings

In this section of study, peel tests were mainly used to
evaluate the interfacial cohesion for both monolayer
and bilayer coatings. As a first step, the influence of
coating thickness on the peel strength was determined
because no data, to the best knowledge of the authors,
was available for thermoplastic sprayed coatings. The
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peel strength of PF111 coatings was determined for
thicknesses from 0.5 to 2 mm, tested at a crosshead
speed of 50 mm/min. The PT of the carbon steel
substrate and the FCT in this case were 100°C and
about 230°C, respectively. An increase in coating
thickness led to a slight decrease in the peel strength,
which was almost constant in the thickness range of

0.5–2 mm, Figure 3. The results also indicate that the
coating/substrate interface behavior was dominated
mainly by material factors, surface properties such as
cleanliness and roughness, and conditions of the in-
terface before spraying. The interface behavior was
relatively stable despite the continuous deposition of
molten polymer particles, which caused a different

Figure 2 DSC curves of PF111 and PF112 powders and coatings. FCTs were 210 and 260°C, as shown.
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thermal history for coatings of different thicknesses,
and an accompanying stress distribution within the
coating. Thus, in this study, the influence of coating
thickness on the peel test results could be ignored,
although effort was made to maintain a similar thick-
ness for all coatings.

The variation of the peel strength of the monolayer
coatings as a function of different PTs of the mild steel
substrates was also determined, as shown in Figure 4.
The final temperature of all coatings was set to about
230°C by variation of the traverse interval of the spray
torch. The peel strength of the sprayed monolayer
coatings continuously increased with PT from room
temperature to 140°C. In addition, for the same PT of
the steel substrate and other processing parameters,
the peel strength of the ionomer, PF112, was always
lower than that of the copolymer, PF111. It was as-
sumed that the interface adhesion between the poly-
mer coating and steel substrate was dominated by
physical adsorption because of secondary bonding by
the polar methacrylic acid copolymer and the very-
high-energy metal. The reason that the ionomer was
less adhesive was possibly due to the association of
Na� ions with the methacrylic acid in secondary
bonds, which formed a physically crosslinked super-
structure and, thus, were not available to interact
strongly with the metal.23,24

The relationship between peel strength and PT can
be explained with reference to the coating-formation
process, which can be interpreted as a successive
stacking of molten particles.8,14 When particles first
contact the substrate surface, heat exchange between
particles and the substrate will occur because of the
temperature difference. It is likely that the mode and
kinetics of heat exchange will influence the adhesive
strength between the coating and substrate, manifest-
ing as peel strength. It has been widely accepted that
because the preheat vaporizes any trapped water and
allows the molten particles to flow into the substrate
topography, a higher substrate PT and a longer cool-
ing time are important prerequisites for the achieve-
ment of a stronger interface.14

Porosity was an important parameter affecting the
coating contact surface area on the metal substrate.
The contact area also increased with the substrate PT.
Figure 5 shows secondary electron images of the un-
derside of the PF112 coatings (the contact surface of
PF112 coatings with metal). No plastic debris was
observed on the substrate surface for coatings pre-
pared at low PTs. At PTs lower than the melting point
of the polymer (96.3°C for PF111 and 91.6°C for
PF112), the peeled surface of the coating appeared
smooth with many holes. An increase in PT resulted in
a higher surface roughness on the peeled coating.
Furthermore, these defects were few and were smaller
in size. The roughness of the coating underside reflects
the degree of coating adhesion with the substrate; the
rougher the underside is, the greater is the interfacial
adhesion.

The appearance of defects or pores at the polymer/
substrate interface was attributed to the coating-for-
mation process. This was related to the lower temper-
ature threshold mentioned earlier.14 When the final
temperature is lower than this first threshold, poor
particle coalescence leads to many holes. When molten
or semimolten particles are sprayed from a flame torch
and deposited onto a cold substrate, the droplets are
rapidly quenched by the relatively cold substrate and
solidify to form overlapping splats. If the processing
temperature is below the first threshold temperature,
the solidification rate is faster, and the droplets do not
have sufficient time to spread on the substrate. A
uniform thin film cannot be formed, and many defects
remain on the substrate. Further splats cannot com-
pletely fill the uncovered holes, and thus, porosity at
the interface is formed, as seen in Figure 5. With the
continuous stacking of polymer splats, the rate of heat
loss continues to decrease because of the poor thermal
conductivity of polymer coatings,29 and the molten
polymer droplets strike a warmer substrate, thereby
retaining sufficient heat to flow or spread on the
coated surface. For this reason, the holes are observed
predominantly at the interface and not in the middle
of the coating.

The formation of such surface flaws is also possible
from the volatilization of matter absorbed on the sub-

TABLE III
Tensile Properties of PF111 and PF112 Coatings

Final
temperature

(°C)

1%
secant

modulus
(MPa)

Strain at
fracture

(%)

Tensile
strength
(MPa)

PF111 210 260 576 12.88
230 196 612 12.60
260 179 690 14.07

PF112 210 236 555 19.14
230 197 633 22.39
260 181 638 21.63

TABLE II
Thermal Properties of PF111 and PF112

Powders and Coatings

Tg (°C) �H1 (J/g) Tm (°C) �Hh (J/g)

PF111 Powder 54.78 10.15 96.27 37.31
Coating at

210°C 47.60 4.62 96.55 51.86
Coating at

260°C 42.66 2.74 97.39 50.77
PF112 Powder 58.89 12.34 91.62 19.35

Coating at
210°C 48.93 11.74 91.76 38.95

Coating at
210°C 46.95 7.19 92.90 36.97
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strate, such as water vapor and organic residue. When
the PT is sufficiently high, such as over 60°C for PF111
and PF112, most of the absorbed matter on the sub-
strate surface is evaporated by the flame, whereas the
molten polymer splats retain sufficient heat to flow
and intermingle with other splats on the substrate
surface. In this case, no visible flaws could be formed
at the interface between the polymer coating and sub-
strate. The holes are different from the bubbles that
form because of the oxidation of the polymer material.

Such bubbles, when they occur, have a smoother
shape, as shown in Figure 6.

Bilayer thermal-sprayed coatings

One of the potential advantages of this processing
method is that damaged coating surfaces can be re-
paired by the same thermal-spray technique with

Figure 3 Relationship between the peel strength and flame-sprayed PF111 coating thickness (PT � 100°C, FCT � 230°C).

Figure 4 Peel strength of the coatings at different PTs (FCT
� 230°C).

Figure 5 Secondary electron images of PF112 coatings after
peel-strength testing. Coatings were preheated to (a) room
temperature, (b) 60°C, (c) 100°C, and (d) 140°C (FCT
� 230°C).
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identical or compatible materials. It is necessary to
understand the mechanical behavior of bilayer coat-
ings. To date, there is little in the literature concerning
the adhesion of a second layer to a previously sprayed
polymer coating. In this study, the interfacial adhesion
between the first and the second layers was deter-
mined by peel testing. Because peel strength has no
obvious relation to coating thickness, the thickness of
the first layer was designed to be about 0.3–1.0 mm,
with the second layer at about 1.5–2.5 mm. A number
of experiments, not included here, proved that this
design produced reproducible results.

The peel strength of the top coating exhibited sim-
ilar force characteristics to those obtained with a single
layer, as shown in Figure 7(a). After an initial linear
increase in force, an oscillating value of force was
established for continued peeling about a mean value.
The peeling occurred ahead of the PTFE roller. An
analysis of the failure location with a digital video
apparatus revealed that larger oscillations could be
related to the formation and fracture of microfibrils, as
shown in Figure 7(b). The extension of fibrils was
related to an increase in peel force because these areas
reinforced the peel resistance as the crack location
progressed further along the interface.

There are many possible parameters that may influ-
ence the interfacial strength, including processing pa-

rameters, chemical or mechanical treatment, and deg-
radation of the first coated surface. To allow direct
comparison with the mechanical properties of mono-
layer coating systems, we investigated only the influ-
ence of PT (before spraying the second layer) on peel
strength of bilayer systems with different layer ar-
rangements of PF111 and PF112. After the first layer
was deposited at the same conditions, with a PT (on
the steel substrate) of 100°C and a final temperature of
about 230°C, 24 h were allowed for the layer to cool
and eliminate any stresses in the sprayed coatings.
After this, the second layer was deposited at a differ-
ent PT (on the substrate with first layer) at room
temperature and 60, 100, and 140°C. The final temper-
ature used for the second layer was about 230°C for all
of the coatings. The peel test results are shown in
Figure 8. An increase in PT for PF111 and PF112
bilayer coatings resulted in an increase in the peel
strength of the bilayer coatings, which eventually pla-
teaued when the PT was higher than the melting
point, as shown in Figure 8(a). The peel strength of the
PF111-on-PF111 bilayer coating was lower than that
the PF112-on-PF112 bilayer coating. It appeared that
under the conditions used, the PF112 may have al-
lowed better indiffusion between the first and second
layer. Alternately, the strength for a given interpene-
tration was greater for the ionomer (PF112) than for
the copolymer (PF111). It is possible that the iono-
meric superstructure formed ensured good adhesion
between the ionomeric species.

It was of interest to determine how the spraying of
dissimilar polymers influenced adhesion, that is,
PF111 on PF112 and PF112 on PF111. The results of
such mixed bilayer systems for various first-layer pre-
heats are shown in Figure 8(b). For mixed PF111 and
PF112 bilayer coatings, the peel strength of PF111 on
PF112 increased linearly with the PT. However, for
PF112 on PF111, the highest peel strength was found
for samples with a PT of 60°C. Furthermore, the peel
strength of PF112 on PF111 was much greater than
that of PF111 on PF112, even under the preparation
conditions at room temperature. To date, the reason is
not clear. Many factors, such as the oxidation or deg-
radation of the first coated surface, heat exchange
modes, melting points and viscosities, and rate of
diffusion of both materials, may have affected the final
results.

The ionomer, PF112, was better suited to repairing
coatings because the peel strength of PF112 on PF112
and PF112 on PF111 was stronger than that of PF111
on PF111 and PF111 on PF112. This result occurred
despite the weak adhesion of PF112 onto a steel sub-
strate in comparison to the PF111 coating on steel. The
superior adhesion still requires further study. The cor-
ollary to this result is that the use of the same polymer
material for repair may not provide the best result.

Figure 6 Cross-section of a (a) small void and (b) large void
inside a PF112 coating (PT � 100°C, FCT � 230°C).
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When the peel strengths of monolayer coatings
and bilayer coatings are compared at the same con-
ditions, the strength of bilayer coatings was usually
two to five times higher than that of monolayer
coatings. Such a result could be attributed to micro-
fibril formation and interlayer diffusion, as dis-
cussed previously. It is believed that if the top layer
were exposed to conditions that lead to contamina-

tion, weathering and degradation, the peel strength
of the bilayer coatings may also decrease, and the
interfacial adhesion of bilayer coatings may remain
higher than that of monolayer coating. This would
be the case, for example, where a coating is sprayed
and left exposed to the environment for some time
before repair. We intend to carry out further work
on this aspect.

Figure 7 Typical peel-strength behavior obtained in (a) a load versus peel distance curve and (b) the progressing crack front
in a bilayered coating (PF112 on PF111), showing the formation of a microfibril between the metallic substrate and the peeled
coating (first layer: PT � 100°C, FCT � 230°C; second layer: PT � 100°C, FCT � 230°C). The height of the white Teflon block
to the left was 20 mm.
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Figure 8 Peel strength of the bilayer coatings of (a) PF111 on PF111 and PF112 on PF112 and (b) mixed bilayers of PF111 on
PF112 and PF112 on PF111 (first layer: PT � 100°C, FCT � 230°C; second layer: FCT � 230°C).

224 YAN ET AL.



Observation of the interfaces of the bilayer
coatings

It was necessary for us to investigate the interfaces to
understand the nature of the interactions between the
polymer layers. For this purpose, the cross-sections of
bilayer coatings were observed with SEM. Figure 9
depicts the interfaces of bilayer coatings formed under
different PTs. The polymer–polymer interface existed,
and the border was very clear for the sample at room
temperature; however, an increase in PT produced a
less discernible interface. For samples with a PT of
140°C, it was quite difficult to distinguish the inter-
face, as shown in Figure 9. The first layer underwent a
complex process of remelting, whereas the top layer
underwent a more simple melting process. The com-
plex thermal history might have caused a different
stress distribution between polymer layers and may
have been the prime reason why bilayer coatings al-
ways separated along the interface during the peeling
process. The different stress distribution in the first
layer could be distinguished from the fracture mark-
ings on the cross-section of bilayer coatings, as shown
in Figure 10.

By observing the peeled surface of the coatings, we
found that the adhesion of the second coating to the
first coated surface was mainly due to the existence of
many welding points. Figure 11(a) shows the surface
features of an individual welding point on the peeled
coating surface. The formation of weld points were

attributed to the impact of molten particles onto the
first layer. A higher PT of the first layer softened the
base layer and promoted indiffusion. The stronger
peel strength between coatings arose because of the
existence of more weld points at the interface. Thus, aFigure 9 Cross-sections of the interface (shown with an

arrow) in PF111 on PF112 bilayer coatings prepared at PTs
(for the second layer) of (a) room temperature, (b) 60°C, (c)
100°C, and (d) 140°C (first layer: PT � 100°C, FCT � 230°C;
second layer: FCT � 230°C).

Figure 10 Cross-section of PF112 on PF111 bilayer coating
(first layer: PT � 100°C, FCT � 230°C; second layer: PT
� 140°C, FCT � 230°C).

Figure 11 Peeled surface of a PF112 layer from a PF111
layer indicating (a) welding points when no preheat was
employed on PF111 and (b) uniform bonding over the entire
surface when a preheat of 60°C was used for the deposition
of PF112 on PF111 (first layer: PT � 100°C, FCT � 230°C;
second layer: FCT � 230°C).
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layer exhibiting a greater cohesion produced a higher
roughness on the peeled surface layer, as shown in
Figure 11(b).

CONCLUSIONS

The thermal-spray process produced some crystalliza-
tion of both the EMAA copolymer and ionomer feed-
stock powders. Density measurements indicated that
the thermal-spray coating was porous, which was at-
tributable to the formation mechanism of a sprayed
coating and the degradation of polymer powder dur-
ing the process schedule.

Tensile testing of coatings produced with a final
temperature of 210–260°C yielded an increase in both
the strains at fracture and the tensile strengths of
PF111 and PF112 but led to a decrease in the 1% secant
modulus.

The peel strength of monolayer coatings increased
with PT of the underlying steel substrate, which arose
from an increase in the contact area. The peel strength
of the copolymer was higher than the ionomer because
of a greater availability of molecules for secondary
bonding of the methacrylic units.

The peel-strength test of bilayered coatings revealed
that the interface cohesion of polymer to polymer was
always stronger than that of polymer to steel. Further-
more, this strength increased with PT of the first poly-
mer coating until a plateau was reached at the melting
temperature. The cohesion was stronger with the iono-
mer than with the copolymer. Cohesion of the iono-
mer on the copolymer was significantly higher than
that of the copolymer on the ionomer.

On the basis of SEM observation, we concluded that
bilayer polymer coatings exhibited a visually detect-
able interface. Although the border formed under high
preheating temperatures was not clear, it was still
easily distinguished by the location of cracks on the
cross-section of the bilayer coating. The welding
points between the two polymer coatings, as observed
in the SEM study, also provided evidence of the co-
hesion mechanism.

For industrial applications, a PT higher than the
melting point of polymer should be used to achieve
good adhesion. For repair, the use of an EMAA iono-
mer top-layer coating on a copolymer coating will

provide the best coating integrity and adhesion re-
sults.
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