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ABSTRACT: Numerical predictions and experimental ob-
servations have been correlated to improve the qualitative
understanding of the degree of thermal degradation occur-
ring during the HVOF spray deposition of nylon-11. Particle
residence time (~ 1 ms) in the HVOF jet was insufficient for
significant decomposition of the nylon-11, but was sufficient
for noticeable discoloration (yellowing) of the particles of a
powder with a mean particle size of 30 pm. Experimental
observation showed this to be the case even though numeri-
cal predictions indicated that the temperature of a 30 um

diameter particle should be considerably higher than the
upper degradation limit of nylon-11. Initial thermal oxida-
tion of nylon-11 promotes the formation of carbon—carbon
double bonds that strongly absorb in the visible spectrum
even at concentrations of parts per million causing discolor-
ation of the nylon. © 2007 Wiley Periodicals, Inc. ] Appl Polym
Sci 105: 827-837, 2007
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INTRODUCTION

Powder coating remains one of the fastest growing
industrial finishing markets, currently representing
about 15% of the total, with more than 5000 opera-
tions just in North America.' Besides appealing finish
and durability, powder coatings are also attractive to
the finishing industry because of its deposition capa-
bilities without the use of volatile organic compounds
(VOCs). This is very important feature given world-
wide environmental trends and the increasing num-
ber of new VOC regulations.” Fluidized-bed dip coat-
ing and electrostatic spray processes are considered
to be two primary methods for powder coating
application.’

An emerging technology that can also be used to
deposit polymers and polymer matrix composite
coatings directly from dry powders, while avoiding
use of volatile organic solvents, is thermal spraying.
During thermal spray deposition, high temperature,
high velocity gas jets are used to accelerate and melt
particulate materials injected into the jet and propel
them toward the surface to be coated. Upon impact at
the surface, multiple hot particles deform, cool, and
consolidate to form a coating. Although thermal
spraying is primarily used for the deposition of met-
als, ceramics, and cermets* to provide corrosion, wear
and/or thermal protection, in recent years several
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authors have reported on the successful deposition of
both thermosetting and thermoplastic polymers.””
The key advantages of using thermal spray technol-
ogy for the deposition of polymers, especially relative
to electrostatic spray and fluidized-bed methods,
include the ability to coat large articles in the field
and to produce “ready-to-use” coatings without the
need for postdeposition curing. Another important
advantage is the ability to apply polymer matrix com-
posite coatings with high particle reinforcement load-
ings (>5 vol %).” The main disadvantages include
more complex processes and jet/flame temperatures
of >1500°C, which can potentially degrade polymeric
feedstock or previously deposited material.

One of the key questions concerning the thermal
spraying of polymers is the extent of melting/degra-
dation of polymer particles (20-200 um) exposed to
such extreme temperatures (>1500°C) for short resi-
dence times (~ 1 ms), during the particle transport
through the jet. This question is addressed here for
the case of thermally sprayed nylon-11 polyamide
using the high velocity oxy-fuel (HVOF) combustion
spray process. Numerical predictions of particle heat-
ing in an HVOF jet and experimental observations
have been correlated to improve the qualitative
understanding of the thermal degradation processes
occurring during the HVOF spraying of nylon-11.

Background

Thermal spray is the generic term for a family of
processes which use combustion flames, electric
arcs, or plasma jets to melt and accelerate injected
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Figure 1 Schematic of the Stellite Coatings, Jet-Kote I high velocity oxy-fuel (HVOF) thermal spray gun and three

main steps in individual powder particle transport.

materials.'” The HVOF thermal spray process, tradi-
tionally used for spraying wear-resistant cermets
such as WC-Co,'"!" was selected for spraying poly-
mers owing to the significantly higher gas speeds
(>1000 m/s) relative to other combustion-driven
thermal spray processes. The ability to accelerate par-
ticles to higher speeds is important for the deposition
of materials with high melt viscosity (>107 Pa s) such
as high molecular weight polymers. A Stellite Coat-
ings, Inc., Jet-Kote 11" HVOF spray gun was used in
this work. The schematic shown in Figure 1 illustrates
the basic HVOF features, including an internal com-
bustion chamber, water cooling system, particle injec-
tion into a barrel with the high-pressure combustion
gases, and a rapid supersonic expansion of the com-
busting gases. An HVOF sprayed polymer particle is
exposed to thermal environment of the jet: (i) during
transport through the jet (Fig. 1, step 2) and (ii) after
deposition during subsequent passes of the jet across
the coating. Under certain spray conditions either or
both of these exposures can potentially degrade the
polymer. In addition to the jet temperature and veloc-
ity, the spray distance and torch traverse speed have
been reported to have a major influence on the quality
(degree of degradation) of combustion sprayed poly-
meric coatings'” because the high temperature tail-
flame, in conjunction with slow gun traverse speed,
may cause polymer coating overheating (degrada-
tion). Moreover, the low thermal conductivity of poly-
mers (<0.5 W/m K) results in a substantial heat
accumulation at the surface of the coating so that
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large temperature gradients can be
through the coating thickness."*'*

The overall process control during HVOF spraying
of polymers, in essence, is just a time-at-temperature
particle exposure interplay such that polymer par-
ticles, exposed to combustion jet temperatures of over
1500°C, melt but do not degrade. This is possible only
if the particle residence time at such high tempera-
tures is very short. On the other hand, short residence
times may not be sufficient for uniform melting of the
particles. A better understanding of the melting and
degradation kinetics at different temperatures would
be possible if a time-temperature-transformation (de-
gradation) diagram (TTT diagram) were available for
a given material, similar in concept to those used in
the curing of some thermosets."” The challenge for the
use of TTT diagrams for thermal spraying of poly-
mers is that the heating rates and temperature ranges
in combustion jets are often significantly higher than
those used to create TTT diagrams by DSC and TGA
thermal analyses.

The Biot number (Bi) can also be used to obtain a
better understanding of polymer particle heating
characteristics inside an HVOF jet. The Biot number
scales the ratio of internal and external heat transfer
resistances—a high Biot number implies that internal
conduction resistance dominates (i.e., polymers). The
Biot number for polymers (Bi > 5) under typical
spray conditions is much higher than for metals (Bi
< 0.1), which implies that steep temperature gra-
dients will develop between the core and the surface

developed
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of polymer particles. When the particle diameter is
sufficiently large (>100 pm), the surface temperature
can exceed the polymer degradation temperature
while the core temperature stays almost unchanged.
Yet, it is important to notice that the residence time at
such high temperatures is very short (<1 ms) and the
thickness of the exposed surface layer is also very
small (~ 1-5 pm).'®

Nylon-11 (polyamide-11) was selected as the feed-
stock for the thermal spray experiments reported
here, based on its industrial significance and potential
in the powder coating industry. This is also one of the
very few synthetic polymers to have a natural source,
the nylon-11 building block is 11-aminoundecanoic
acid monomer, typically synthesized from castor
0il."” The narrow and low melting temperature region
(182-191°C) makes it convenient for coating process-
ing by electrostatic spray, fluidized-bed, and thermal
spray processes. Moreover, nylon-11 has been shown
to provide good resistance to corrosion, impact, abra-
sion, cavitation, and various chemicals.'”!® These fea-
tures make nylon-11 well suited for use as a protec-
tive coating in many industries such as water (e.g.,
valves, pipes, and fittings), appliances (e.g., dish-
washer racks and shopping carts), petrochemical
(e.g., pipes), and automotive (e.g., door rails and
spline columns).' The nylon-11 powder used here
contained no additives or pigments.

Objective

The primary objective of the research presented was
to determine the extent of nylon-11 melting and deg-
radation during HVOF thermal spray deposition
using both mathematical modeling and experimental
observations. A secondary objective was to define a
criterion for effective deposition (i.e., without degra-
dation) of nylon-11 polyamide using the HVOF
process.

Mathematical Modeling

Detailed mathematical models used to predict particle
transport and deformation on impact with a substrate
during HVOF spraying of nylon-11 have been previ-
ously reported.'® In this section, only the key aspects
of this model, including the momentum and heat
transfer equations for polymer particle transport in
the HVOF jet are presented. The transport of a parti-
cle in an HVOF jet can be split into two separate, but
dependent, parts as shown in Figure 1: (i) particle
acceleration and (ii) particle heating. Particle accelera-
tion and heating were fully coupled and simultane-
ously integrated within the same FORTRAN code
based on the gas flow and thermal characteristics
inside the HVOF gun. The gas characteristics were
determined based on calculations published by
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Dobbins et al.*® using the same HVOF system as used
here.

It is commonly accepted®' that drag is the dominant
force governing the motion of particles in an HVOF
jet, so that particle motion can be described by the
following ordinary differential equations:

dZX(p) 1

My~ =5 CoPAn (Ve = Vi) Vi = Vil
dx
T Ve x0)=0, V(0 =0

)
where V,, is the particle axial velocity, V() is the local
gas velocity, p(, is the gas density, x is the axial dis-
tance along the gun barrel, A, is the particle projec-
tion area, and Cp is the drag coefficient. The drag
coefficient (Cp) is a function of the Reynolds number
of the gas as described earlier."

The equations describing the heat transfer from the
gas to a single spherical particle (assuming spherical
symmetry) with appropriate initial and boundary
conditions will be as follows:

or 10 or
00 o 5 = sty P 2

dTp) dT )
(r=0,t) =0, ~kp) 5, (r=Rg)

Cdr
=h(Tp)(Ry) - Tg)  (2)

where T(,) is the particle temperature, and p,), Cp,),
and k¢, are the density, heat capacity, and thermal
conductivity of the particle, r is the radial distance
from the center of the particle, (R = D/2) is the parti-
cle radius and £ is the heat transfer coefficient. The
heat transfer coefficient, (k), was computed using
the Ranz-Marshall semiempirical equation.”” Within
the mathematical model of heat transfer [eq. (2)],
the heat consumed by melting of the polymer
was accounted for by making the polymer heat
capacity Cp(, a function of temperature using the
apparent heat capacity method, as described by Hu
and Argyropoulos.”® For all simulations, except
where stated otherwise, the parameters listed in Table
I were used.

TABLE 1
Parameters used in Mathematical Modeling

HVOF gas (superheated
steam at 2000 K)

Nylon-11 particle

P = 1030 g/cm®
AH;=722]/g
Cpgy = 1753 J/kg K

P = 0.15 g/cm®

k(g) =0.20 W/m K

W =7 X 107° Pas s
Cpg) = 5000 J/kg K

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Molecular structure of nylon-11 (poly(11-aminoundecanoic acid)).

Equations (1)—(2) for momentum and heat transfer
were solved by numerical integration using the for-
ward Euler method with a time step small enough
(1077 s) that the local Reynolds number, gas velocity
and temperature could be considered constant over
each time step.'®

EXPERIMENTAL
Material

Semicrystalline nylon-11 (polyamide-11) powder, com-
mercially available as Rilsan™ D: PA-11 French Natural
ES (donated by Arkema, Inc., King of Prussia, PA) was
used as the feedstock for the thermal spray experiments
reported. The molecular structure of this thermoplastic
polymer is shown in Figure 2. The melting and degrada-
tion temperatures of nylon-11, as reported by the manu-
facturer and confirmed in this study, were in the range
~ 180-190°C and 350-550°C, respectively. Three differ-
ent powder size distributions [Fig. 3(a)] with mean par-
ticle sizes of 30 pm (D-30), 60 pm (D-60), and 120 pm (D-
120), and angular powder morphology [Fig. 3(b)] were
evaluated and compared in the experiments reported.

Thermal spray experiments

All three nylon-11 powders: D-30, D-60, and D-120,
[Fig. 3(a)], were thermally sprayed using the same
HVOF spray conditions. The experiments were carried
out using a Stellite Coatings, Inc. (Goshen, IN), Jet-
Kote II" HVOF spray system (Fig. 1) with oxygen and
hydrogen flow rates of 0.0024/0.0039 m’/s (300/500
scfh), respectively, and a spray distance of 225 mm.
The spray nozzle used was 150 mm long with an inter-
nal diameter of 6.4 mm.

First, swipe or “splat” tests comprising single high
speed (>0.7 m/s) passes of the spray gun across
room temperature glass slides, were conducted at low
powder feed rates (~ 2 g/min) to observe the mor-
phology of individual splats. Then, the same powder
feed rate, equipment, and other spray parameters
were used to deposit ~ 500-600 pm thick nylon-11
coatings on grit blasted 1018 steel substrates. The
materials were deposited using high traverse gun
speed (>0.7 m/s), followed by external compressed
air (410 kPas or 60 psi) cooling for 30 s from the dis-
tance of 100 mm, to minimize the effect of postdeposi-
tion heating during the subsequent jet passes

Journal of Applied Polymer Science DOI 10.1002/app

across the coating. This technique helped to deposit
individual spats and coatings which mainly reflect
features generated by thermal history of the particles
during heating inside the spray gun. Post-deposition,
melting/fusing of combustion spray polymer parti-
cles is beyond the scope of this paper.

20
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D-120
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(b)

Figure 3 Nylom-11 powder. (a) Particle size distributions as
reported by the manufacturer for D-30, D-60, and D-120 pow-
ders. (b) SEM image showing typical D-60 powder morphology.
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One of the important characteristics of thermal
spraying in general is that a relatively large number of
process parameters need to be controlled during the
spray process. Although this is often challenging with
respect to process repeatability, it also increases the
number of parameter combinations that can be varied
to achieve specific coating microstructures. Normally
spray parameters would be optimized for each pow-
der size, however, in this work the selected spray pa-
rameters were chosen as a baseline and held constant
to observe the effect of variations in powder size.

Coating characterization

Cross-sectional samples of sprayed coatings were pre-
pared using standard metallographic techniques: sec-
tioning, mounting, and polishing. The coating cross
section and splat morphologies were analyzed by op-
tical microscopy using an Olympus PMG-3 optical
metallograph.

Thermal properties of the coatings and the pow-
ders, including heat of fusion, glass transition, melt-
ing, and degradation temperatures, were character-
ized by differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) (Perkin-Elmer,
Waltham, MA models DSC-7 and TGA-7). DSC was
carried out at heating and cooling rates of 10°C min ™'
in nitrogen to produce second heating scans and elim-
inate potential thermal history effects of the materials.
TGA scans were carried out in air over a temperature
range of 25-600°C with a heating rate of 20°C min™".

Fourier transform infrared spectroscopy (FTIR) was
used to characterize polymer degradation by tracking
changes in molecular bonding. FTIR spectra of the
coatings and as-received powders were obtained
using an Excalibur FTS-3000 spectrometer (Varian,
Inc., Palo Alto, CA) with an accompanying UMA 600
microscope.

RESULTS AND DISCUSSION
Predicted particle velocity and temperature

The acceleration of particles in the HVOF jet was pre-
dicted by solving eq. (1), and the results are shown in
Figure 4. The predicted velocities of 30, 60, and 120
pum diameter particles at the moment of impact on the
substrate at a spray distance of 225 mm and given
spray conditions were 537, 497, and 368 m/s. The res-
idence times of 30, 60, and 120 um diameter particles
inside the HVOF jet were 0.7, 1.0, and 1.4 ms
[Fig. 4(b)]. The residence or the time of particle expo-
sure to the forced convection of the HVOF jet is
critical for the heat transfer calculations.

The heat transfer from the combusting gas to
the nylon-11 particles was predicted by solving
eq. (2). The temperature of a single 120 pm particle
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Figure 4 Predicted particle velocities. (a) Particle and gas
velocities as a function of travel distance. (b) Particle
impact velocities and residence times as a function of par-
ticle size.

with respect to travel distance is shown in Figure 5(a),
and the predicted temperature profiles within 30, 60,
and 120 pm diameter particles immediately before
impact with a substrate are shown in Figure 5(b).
Forced convection from the HVOF jet to micron-
scale particles is characterized by a large convective
heat transfer coefficient (h ~ 5000-17,000 W /(m? K)),
which will be higher for smaller diameter particles.
Smaller particles heat up faster due to: (i) their higher
surface area to volume ratio and (ii) higher convective
heat flux, because the heat transfer coefficient (h) is
inversely proportional to the particle diameter, as
indicated by the Ranz-Marshall equation.”” These fac-
tors ensure that a 30 um particle develops an unrealis-
tically high predicted particle temperature (>1200°C),
well above the upper degradation limit of nylon-11
(657°C). The model predicts that a 30 pm particle
even develops an inverted temperature profile, with a
higher temperature in the core than at the surface

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 (a) Temperature profiles of a 120 pm diameter
nylon-11 particle as a function of travel distance. (b)
Temperature profiles of different particle diameters im-
mediately before impact with a substrate at 225 mm
spray distance. (c) Temperature profiles of the core and
surface of particles at the moment of impact with the
substrate.
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[Fig. 5(b, ¢)]. The inversed profile is caused by gas
temperature that decreases as the gas expands further
from the gun exit [Fig. 5(a)] and becomes lower than
the particle surface temperature.

High temperatures (>1500°C) and short residence
times (~ 1.4 ms) are also responsible for a rapid in-
crease in polymer particle surface temperature, which
for a 120 pm diameter particle reaches almost
~ 700°C within the spray nozzle [Fig. 5(a)]. Despite
the rapid rise in particle surface temperature, the high
internal thermal resistance (high Bi number) of nylon-
11 particles prevents the interior of the particle from
being heated at the same rate. Furthermore, the
120 pm diameter particle was predicted to have an
unmelted core and surface temperature above the
degradation temperature, whereas a 60 um diameter
particle was predicted to be fully melted, but with
almost 70% of its volume above the degradation
temperature [Fig. 5(b, c) and Table II].

According to the numerical predictions, particles
smaller than ~ 40 pm in diameter and the surfaces of
larger particles should exceed the degradation tem-
perature of nylon-11 under the spray conditions used.
It is not clear whether degradation occurs during
such short particle residence time (~ 0.7-1.5 ms) in
the jet as the mathematical models used here do not
include any polymer degradation kinetics. The issue
of degradation during thermal spraying of nylon-11 is
addressed in the following sections via experimental
observations of coatings deposited under the same
HVOF conditions using powders with mean particle
size distributions of (30, 60, and 120 um).

Coating microstructures

The coating microstructures and corresponding indi-
vidual particle splats produced from the three nylon-
11 powders used are shown in Figures 6-8. The
microstructure of the D-120 coating [Fig. 6(a)]
appeared to be very porous, consisting of large
rounded, incompletely fused polymer particles, and
an irregular rough surface. The porous microstructure
likely resulted from incomplete melting of the coarse
nylon-11 particles, i.e., melted surfaces and unmelted
cores. This was consistent with the predicted

TABLE II
Predicted Particle Volume Fraction Above the Melting
and Degradation Temperatures

Vol. (%) above

Particle melting Vol. (%) above
diameter temperature upper degradation
(um) (>190°C) limit (>600°C)
30 100 100
60 100 74
120 86 19
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6 HVOF

Figure
(a) Coating. (b) Individual splats captured on a glass slide.

sprayed D-120 nylon-11 powder.

temperature profile for a 120 pm diameter particle
shown in Figure 5. The large, partially melted, par-
ticles also generated “chunky’” and poorly deformed
splats as can be observed in Figure 6(b).

The microstructure of the D-60 coating [Fig. 7(a)]
had a significantly lower degree of porosity than the
D-120 coating indicating a higher degree of particle
melting and splatting [Fig. 7(b)]. This was also con-
sistent with the numerical calculations where a 60 pm
diameter particle was predicted to be fully melted.
Interestingly, it was also predicted [Fig. 5(b)] that the
temperature of a 30 pm diameter particle would be
significantly higher (>1200°C) than the upper degra-
dation limit of nylon-11 (557°C), indicating the possi-
bility of complete decomposition (burning) of these
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particles under the selected HVOF conditions. Yet,
the D-30 material was successfully deposited, produc-
ing a dense and adherent coating [Fig. 8(a)] with
well-deformed splats [Fig. 8(b)]. Apparently, a parti-
cle residence time of less than 1 ms at temperatures
exceeding 1500°C was insufficient for complete burn-
ing of the D-30 powder during HVOF spraying.

On the other hand, the appearance of the three
coatings was significantly different, as shown in Fig-
ure 9. The D-30 coating exhibited significant discolor-
ation (yellowing) as a result of oxidation and/or other
degradation processes such as main chain scission
and/or crosslinking. The D-60 showed slight discolor-
ation and the D-120 coating appeared the same as the
initial powder with little or no yellowing observed

Figure 7 HVOF sprayed D-60 nylon-11 powder. (a) Coat-
ing. (b) Individual splats captured on a glass slide.

Journal of Applied Polymer Science DOI 10.1002/app
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(6)

Figure 8 HVOF sprayed D-30 nylon-11 powder. (a) Coat-
ing. (b) Individual splats captured on a glass slide.

IVOSEVIC, CAIRNCROSS, AND KNIGHT

(Fig. 9). Theoretically, even slight yellowing of nylon-
11 is an indicator of the onset of molecular structure
change due to oxidative developments.*

Degradation of nylon-11 coatings

The D-30 coatings deposited using nylon-11 powder
with the smallest mean particle size (~ 30 um) exhib-
ited the most significant color change (Fig. 9) owing
to the most intense heating in the HVOF jet, as
explained earlier. Therefore, this coating was used to
determine the extent of thermal degradation of nylon-
11 during HVOF spray process, assuming that the D-60
and D-120 coatings had lower degrees of degradation.
The thermal properties of the nylon-11 D-30 coating
and as-received D-30 powder, including DSC and
TGA scans, are shown in Figure 10. It was expected
that changes in molecular weight, due to degradation
including main chain scission and/or crosslinking,
would reflect in changes in crystallinity, glass transi-
tion, melting, and/or degradation temperatures of
the coatings when compared with the original pow-
der. The glass transition temperature of nylon-11, as
reported by the manufacturer, is between 40 and
50°C. In the DSC second heating scan [Fig. 10(a)], the
glass transition was not sufficiently distinct to be use-
able for comparing the D-30 coating and powder.
Moreover, a negligible difference in the heat of fusion
(56 and 59 J/g) between the coating and powder was
determined, indicating only minor difference in the
crystallinity level. Discoloration of the D-30 coating
after HVOF spraying appeared to have minor effects
on the thermal properties of the nylon-11. Similarly,
no major differences were found between the D-30
powder and coating in the TGA scans [Fig. 10(b)],
implying that the yellowing of the nylon-11 D-30
coating also did not affect the onset of the main mass
loss degradation temperature that occurred around
350°C. The D-60 and D-120 coatings and powders
exhibited the same DSC/TGA characteristics as the

D-120
Coating

As-received
Powder

D-60
Coating

D-30
Coating

Figure 9 Appearance of D-120, D-60, and D-30 coatings relative to the as-received nylon-11 powder. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 10 Thermal properties of nylon-11 D-30 coating
and powder. (a) DSC thermograms. (b) TGA scans. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

D-30 coating and powder (Fig. 10). Interestingly, it
was observed that discoloration of as-received nylon-
11 powder could occur when the material was heated
to different temperatures in air. For example, nylon-
11 D-30 powder samples heated in air at 10°C/min to
temperatures of 200, 250, and 300°C and then cooled
at the same rate had noticeably different appearances
after heating—samples heated to the higher tempera-
ture were darker in color [Fig. 10(b)]. This was not
observed when powder was heated in nitrogen, indi-
cating that the discoloration observed was likely
caused by an oxidative process. The kinetics of the
thermal oxidation of nylon-11 at different tempera-
tures (i.e., time-temperature-transformation diagrams)
is beyond the scope of this article.

FTIR analysis did not reveal the presence of
any degradation products, nor did it indicate any
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significant difference between as-received and HVOF
sprayed D-30 nylon-11 (Fig. 11). Similar observations
on HVOF sprayed nylon-11 coatings were previously
reported by Petrovicova et al.” This was surprising
since the D-30 coating discoloration was considerable.
A possible explanation for FTIR not indicating any
molecular changes in HVOF sprayed D-30 coatings
can be found in the thermo-oxidative mechanisms of
nylon-11 (Fig. 12).2* Thermal oxidation is initiated by
the abstraction of a hydrogen atom from a nitrogen-
vicinal methylene group.*** The radical formed in
the initial oxidation step at the nitrogen-vicinal meth-
ylene group then combines with oxygen to form a
new radical, which may isomerize or follow various
reaction pathways (each involving chain scission)
resulting in the formation of carbonyl groups and car-
boxyl end-groups. During the initial stage of thermal
oxidation of nylon-11 and conjugation of carbonyl
groups, C = C double bonds could be formed (Fig.
12, detail A). These double bonds, even at concentra-
tions of parts per million (ppm) can noticeably change
the optical properties of the polymer, resulting in dis-
coloration of the nylon-11.*° Such small concentra-
tions (i.e., <1%) of C = C double bonds that affects
the coating appearance may be insufficient to be
detected by FTIR spectroscopy. Even the noticeable
discoloration of HVOF deposited nylon-11 coatings
did not reflect on the thermal properties of the mate-
rial or chemical structure to a large extent; this still
does not guarantee that the coating retained its origi-
nal, nonoxidized, mechanical properties. It was
reported®* that aliphatic nylons exposed to prolonged
heating become brittle due to crosslinking and
decomposition. A simple tensile or 3-point bend test
could be use to determine the extent of damage that
thermal oxidation (discoloration) has on the mechani-
cal properties of nylon-11. This topic is beyond the
scope of this work and will be treated as a separate
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Figure 11 FTIR spectra of nylon-11 D-30 coating and
as-received powder.
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subject. On the other hand, the yellowing of nylon-11,
apparently, can be used as an indicator for the optimi-
zation of the HVOF spray parameters. The HVOF
spray parameters, primarily fuel:oxygen ratio, spray
distance, gun surface speed, and feedstock powder
size distribution, should be selected such that little or
no discoloration of the white nylon-11 occurs, simi-
larly to that of D-60 and D-120 coatings shown in
Figure 9.

CONCLUSIONS

One of the principal goals of this work was to develop
a knowledge base and improved qualitative under-
standing of the potential degradation mechanisms,
including thermal oxidation, during the HVOF com-
bustion spraying of nylon-11. Numerically predicted
temperatures of 30, 60, and 120 pum diameter particles
were correlated to experimental observations of coat-
ings deposited under the same HVOF conditions
using powders of three different mean particle sizes
[30 pm (D-30), 60 pm (D-60), and 120 pm (D-120)]. All
three powders were successfully deposited, produc-
ing coatings with different levels of porosity, the most
porous coating corresponding to the coarsest feed-
stock powder (~ 120 pm). The D-30 coating was suc-
cessfully deposited, even though numerical predic-
tions indicated that the temperature of a 30 um diam-
eter particle should be considerably higher than the
upper degradation limit of nylon-11. Apparently,
the typical particle residence time of less than 1 ms in
the high temperature jet (>1500°C) was insufficient
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for significant thermal decomposition (burning) of the
D-30 powder to occur during HVOF spraying.
Although the D-30 coating was dense and adherent, it
exhibited considerable discoloration (yellowing) as a
result of thermal oxidation during HVOF spraying.
The D-60 coating showed slight discoloration, and no
yellowing was observed in the D-120 coating. Never-
theless, significant discoloration of the D-30 coating
did not correspond to any change of thermal proper-
ties of the coating relative to the original powder,
including crystallinity, glass transition, melting, and/
or degradation temperatures. FTIR analysis also did
not reveal the presence of any degradation products,
nor did it reflect any significant difference between
the as-received powder and sprayed D-30 nylon-11. It
was assumed that during the initial stage of thermal
oxidation of nylon-11, C = C double bonds were
formed. These double bonds, even in concentration of
the order of parts per million (ppm) strongly absorb
in the visible spectrum, resulting in discoloration of
the nylon-11, but remain undetectable by FTIR spec-
troscopy. It was concluded that yellowing of the ny-
lon-11, apparently, can be used as an indicator for the
optimization of the HVOF process parameters, which
should be chosen such that little or no discoloration
of the white nylon-11 occurs to preserve the proper-
ties of this material.
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