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Abstract 
This work evaluates the suitability of iron aluminide coatings for use in high temperature fossil fuel 
combustion environments, such as boiler applications.  The coatings are applied using High Velocity 
Oxy-Fuel (HVOF) thermal spray techniques.  Iron aluminide coatings, with the nominal composition of 
Fe3Al, were applied to various high temperature structural materials (316 Stainless Steel, 9Cr-1Mo steel 
and Inconel 600) that typically lack inherent resistance to environmental degradation found in fossil fuel 
combustion atmospheres.  Coating/substrate combinations were subjected to thermal cycling to evaluate 
the effect of HVOF parameters, coating thickness, substrate material and substrate surface roughness on 
the resistance to coating delamination and cracking.  It was found that substrate surface roughness had a 
profound influence on the performance of a given substrate/coating system and that surface preparation 
techniques will need to be tailored to the specific substrate material.  Also, higher particle velocity during 
HVOF thermal spray deposition of the iron aluminide coatings tended to result in better-performing 
coating/substrate systems with less delamination at the coating/substrate interface. Some combinations of 
HVOF parameters, coating thickness and substrate materials were found to perform extremely well even 
at temperatures up to 900oC.  However, in some cases, substantial reactions at the interface were 
observed. 

Introduction�
The key to increasing the efficiency and reducing emissions, of fossil power plant is to increase the 
operating temperature. There has been a steady increase in fossil fuel fired power plant operating 
temperatures – 530-560oC for many current fossil fuel power plants [1], as high as 600oC for some current 
advanced plants [2] and up to 760oC for the proposed advanced, ultra-supercritical power plant [3, 4].  
These systems are limited by the high temperature mechanical properties and corrosion resistance of the 
materials in combustion environments.  The high operating pressure (>13 MPa) inside super-critical and 
ultra-supercritical systems necessarily require creep resistance of the structural materials.  Often times, 
materials that satisfy the high temperature, structural requirements do not possess the required corrosion 
resistance.  However, application of corrosion resistant coatings onto these high temperature structural 
alloys offers a means of satisfying both the structural and environmental requirements in high temperature 
fossil energy applications. 

This work seeks to develop iron aluminide coatings, specifically, Fe3Al coatings, for use in fossil fuel 
combustion atmospheres.  While Fe3Al has been shown to be highly corrosion resistant in simulated fossil 
fuel combustion atmospheres [5,6], its bulk mechanical properties make is unsuitable in high temperature 
structural applications [7].  Iron aluminide powder is readily available and the High Velocity Oxy-Fuel 
(HVOF) thermal spray coating technique is capable of controlling the residual stress in the coating, 
through manipulation of the quenching stress, coating/substrate CTE mismatch and the “peening” stress, 
to generate coatings with a high durability.��The powder particles during HVOF coating application are 
typically semi-solid and moving at many hundreds of meters/second.  These semi-solid particles can 
cause significant deformation of the substrate surface upon impact, effectively “peening” the surface.  



Table 1 Composition of the Iron Aluminide Powder
Supplier: AMETEK  Product: FAS-C (-270)  Lot #: 037601
Element Fe Al Cr Zr C 
Wt. % Bal. 15.7 2.4 0.2 0.02 

(The peening stress that develops during HVOF is absent or insignificant in the various other types of 
coating techniques, e.g. plasma spray, twin wire arc spraying, aluminizing, CVD, etc..)  The relative 
contributions of the quenching, peening and CTE mismatch stresses sum to give the residual stress state 
in the coating that can range from tensile to neutral to compressive [8,9] and is largely controlled by the 
combustion chamber pressure in the HVOF thermal spray gun.  A compressive stress state is most 
desirable for relatively brittle iron aluminide coatings, since tensile stresses in the coating would tend to 
promote cracking. 

Iron aluminide coatings generally fail by mechanical means – cracking, delamination, spalling – rather 
than by corrosion mechanisms since Fe3Al has good corrosion resistance in fossil fuel combustion 
atmospheres.  Therefore, HVOF Fe3Al coatings have been mainly evaluated through rapid thermal 
cycling to temperatures relevant to the expected operating temperature.  The results of the thermal cycling 
tests performed on Fe3Al coatings applied with HVOF thermal spray techniques to 316 SS, 9Cr-1Mo steel 
and Inconel 600 are reported here to gain an understanding of the influence of various parameters on the 
resulting durability of the coating/substrate system.  The thermal spray combustion chamber pressure, the 
coating thickness, the substrate temperature rise during deposition and the thermal cycling temperature 
were the main parameters of interest in this study. 

Experimental�Methods�
Thermal cycling experiments were performed on coated substrates in which the thermal spray combustion 
chamber pressure was held constant - coating thickness and substrate thickness were varied – or the 
coating thickness was held constant - the thermal spray combustion chamber pressure was varied.  For the 
former condition, Fe3Al coatings of various thicknesses were applied to thick plates (12.7 mm or 19.1 mm 
thick, carbon steel or 9Cr-1Mo steel plates) at constant thermal spray combustion chamber pressure (PC= 
0.6 MPa).  In the latter condition, rods, 12.7 mm in diameter, were coated at two different chamber 
pressures (0.6 MPa and 0.3 MPa) to a nominal coating thickness of 250 microns.  Three different rod 
materials were used as substrates – 316SS, 9Cr-1Mo steel and Inconel 600.  The first two are iron-based 
while the last one is a high temperature nickel-based alloy. 

Surface Preparation of the Substrates – Preparation of the substrate surface for subsequent coating 
deposition consisted of degreasing with alcohol followed by automated grit blasting for both plate- and 
rod-type substrates.  The abrasive media was 24-grit (700 micron) Alundum (Norton St. Gobain) and the 
grit blasting parameters were: 480 kPa air pressure, 6.4 mm diameter nozzle and a 25 mm standoff 
distance.  The nozzle was rastered across the surface of the plates with a traverse speed of 10 mm/second 
and the pitch was 7 mm.  The rod-type substrates were rotated with a surface velocity of 10 mm/second 
and traverse speed of 4 mm/second.  After grit blasting the surfaces were blown off with compressed air 
to remove debris.  The resulting surface roughness of each substrate material was measured with a Wyko 
NT1100 Optical Profiling System. 

HVOF Fe3Al Coating Deposition – The composition of the powder used for HVOF coating deposition is 
shown in Table 1 and corresponds to Fe3Al with minor additions of chromium and zirconium for 

enhanced mechanical properties.  The particle size of the 
powder was -270 US Standard Mesh Size with the 
majority of the powder (>80%) being -400 US Standard 
Mesh Size. The HVOF torch parameters are shown in 

Table 2. The surface of the plate substrate was rastered in front of the HVOF torch at a rate of 100 



Table 2 HVOF Thermal Spray Parameters 
HVOF Thermal Spray Torch JP 5000, 10.2 cm barrel 

Standoff distance 35.6 cm 
Chamber pressure 0.6 MPa 0.3 MPa 

Kerosene flow rate 26.5 l/h 16.7 l/h 
Oxygen flow rate 820 slm 520 slm 

Equivalence Ratio 1 1 
Powder Fe3Al, Lot #0376601 

Carrier gas flow rate 5 slm 
Rotation 5 rpm 

mm/sec with 5 mm pitch.  Rods were traversed in front of the torch at a rate of 10 mm/second while being 
rotated at 10 revolutions per second. The temperature of plate-type substrates was monitored during 

coating deposition with a thermocouple 
inserted into a blind hole in the back of the 
substrate. The junction was located within 
approximately 3 millimeters of the surface 
being coated. The temperature of the rod 
substrates during deposition was not measured 
due to the rotation of the rod. Compressed air 
was applied to the front of all substrates to 
moderate substrate heating during thermal 
spray deposition, unless otherwise noted. 

Thermal Cycling - Samples, 12.7 mm in diameter were EDM-machined from relatively thick plates (12.7 
and 19.1 mm thick) coated at constant chamber pressure (Pc= 0.6 MPa).  The samples were then placed in 
quartz tubes, evacuated, backfilled with a ¼ atmosphere of UHP argon and sealed.  A CM Sealed Box 
Furnace, Model 1720 SM(C)) and a vertical tube furnace (Thermolyne Tube Furnace, Model F79300) 
were used to thermally cycle sets of samples at different temperatures up to 700oC.  The temperature 
schedule consisted of heating to the maximum cycle temperature in one hour, a one hour hold at this 
temperature and furnace cooled to less than 90oC (approximately 1 hour).  The samples were cycled 100 
times and then removed from the furnace.  The coatings were examined through the quartz tube for 
evidence of coating delamination.  (Delamination of the coating was considered to be coating failure.)  
The ampoules were returned to the furnace cycled an additional 100 cycles and reexamined. The process 
was repeated until 500 cycles had been attained.  The ampoules were then broke open and the coatings 
examined for delamination and cracking using dye penetrant techniques. 

Various thermal spray combustion chamber pressures were used to apply coatings to 12.7 mm diameter 
rods of the substrate materials. These coated rod specimens were subjected to rapid thermal cycling using 
the electrical resistance heating capability of the Gleeble 1500.  The uncoated ends of the rods were 
secured in the water-cooled grips of the Gleeble and a control thermocouple was spot welded to the 
coating in the center of the sample. High current, electrical resistance heating, in combination with the 
water cooled grips, allowed very rapid heating and cooling - typically, 1.5 minutes to the cycle 
temperature, a 2 minute hold time and then cooling for 4 minutes before the next cycle was started.  In 
general, heating rates ranged from 367oC/ minute to 600oC/minute - much greater than those in the tests 
(~10oC/minute) on the plate material described above.  After 250 cycles, each sample was scanned for 
through thickness cracking using eddy current methods.  The sample was then cycled an additional 250 
cycles and re-scanned for through-thickness cracking. 

Microstructural Examinations – After testing, all samples that did not show obvious signs of coating 
failure were sectioned and the coating/substrate interface examined in detail for signs of delamination and 
through thickness cracking.  Optical metallography was used to evaluate the coating thickness and 
microstructure.  Image analysis was used to assess the fractional amount of coating porosity. 

Experimental�Results�
Substrate Surface Roughness – Although the surface of all the substrate materials were prepared using the 
same grit blasting parameters, a potential existed for significantly different surface roughness to develop 



Table 3 Substrate Roughness 
Grit Blasted Substrate RRMS, microns Rt, microns 

9Cr-1Mo steel 7.24 59.24 
Carbon steel (1018) 7.65 58.75 
316 Stainless Steel 7.73 81.62 

Inconel 600 8.23 81.91 

on the various substrate materials due to differences in material hardness and other material-specific 
mechanical properties.  Therefore, the surface roughness of each of the substrate materials was measured 
after grit blasting.  Table 3 shows significant differences exist in the surface roughness produced by grit 
blasting the four different materials. The 9Cr-1Mo steel and carbon steel exhibit the lowest surface 

roughness after grit blasting while Ni-based Inconel 600 
and 316 SS exhibit significantly greater surface roughness. 

Substrate Temperature During HVOF Coating and 
Resulting Coating Thickness – The substrate temperature 
as a function of successive coating layers for carbon steel 

and 9Cr-1Mo steel plate-type substrates during HVOF coating deposition is shown in Fig. 1a & 1b, 
respectively.  The temperature increases with each additional layer applied during HVOF deposition and 
appears to approach an equilibrium value when more than 3 layers were applied.   

  This equilibrium 
deposition temperature 
appears to be a 
function of substrate 
thickness, substrate 
material and whether 
cooling air was applied 
to the plate during 
deposition.  The 
maximum temperature 
attained in the 

substrate during HVOF coating deposition generally ranged from 200-300oC, although it was drastically 
higher (~540oC) when cooling air was not applied to the front face of the substrate, Plate #9 in Fig. 1a.  
The maximum temperature attained by the substrate increases as the number of coating layers applied 
increases.   The thickness of the substrate, either 12.7 mm or 19.1 mm thick, had a much smaller, though 
noticeable, effect on the carbon steel substrate temperature, Fig. 1a. The difference in maximum 
temperature between substrates 12.7 mm thick and 19.1 mm thick was less than 50oC with thicker 
substrates experiencing a smaller temperature rise. 

 The final coating thickness is directly related to the number of layers applied, Fig. 2.   There is only a 
small difference in final coating thickness between the carbon steel and the 9Cr-1Mo steel specimens.  

However, the maximum substrate temperature 
attained during deposition appears to have a small 
influence on the final coating thickness.  For a 12.7 
mm thick carbon steel substrate, 5 layers produce a 
final coating thickness of around 400 microns when 
cooling air is applied (TMax= 280oC) versus ~360 
microns in the absence of cooling air (TMax= 540oC). 

Coating Microstructure -The microstructure of the 
coatings that develops using thermal spray 
combustion chamber pressures, Pc, of 0.3 MPa and 
0.6 MPa are shown in Fig. 3 for the 9Cr-1Mo steel  

Figure 1. Temperature of the two steel substrates, a) carbon steel and b) 9Cr-1Mo steel, with each 
successive layer of Fe3Al applied by HVOF. 

Figure 2. Coating thickness increases with increasing 
number of layers applied. 
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 rod-type substrate 
materials.   In general, 
the coatings conform 
very well to the grit 
blasted substrate 
surface, Fig. 3.  A 
greater level of porosity 
was observed when the 
coatings were applied at 
the lower chamber 
pressure, PC= 0.3 MPa, 

on the order of 2% versus ~0.4% when applied at PC= 0.6 MPa.  However, the density of voids at the 
interface in all samples was low, indicating the particle velocity and temperature associated with both 
chamber pressures appeared to be sufficient to efficiently extrude the particles into the rough substrate 
surface and provide good mechanical bonding. Also, the substrate material, substrate temperature and 
coating thickness had a negligible effect on the resulting microstructures which were all similar to those 
in Fig. 3.   

Thermal Cycling Behavior – Combustion Chamber Constant, PC= 0.6 MPa – Fe3Al coatings, ranging 
from 200 to 400 microns thick, on carbon steel and 9Cr-1Mo steel plate substrates were thermally cycled 
at temperatures up to 700oC for a total of 500 cycles. The substrate temperature during HVOF coating 
deposition in this sample set ranged from about 190 to about 300oC, while the one carbon steel substrate 
without air cooling experienced temperatures as high as 540oC.  The results of thermal cycling are shown 
in Fig. 4.  The coatings were checked for delamination every 100 thermal cycles and, to be conservative, 

the minimum 
number of cycles 
completed without 
failure was reported 
here (i.e., if the 
coating was not 
delaminated after 
300 cycles but was 
after 400 cycles the 
minimum number of 
cycles to failure was 
reported as 300 
cycles). The 
minimum number of 
cycles completed 
without failure has 
been plotted as a 
function of both final 

coating thickness and the temperature measured in the substrate during deposition.  In the case of Fe3Al 
on carbon steel, increasing coating thickness does not necessarily result in poorer performance, at least 
not at the lowest thermal cycling temperature of 620oC. Although, at a thermal cycling temperature of 

Figure 3. Fe3Al coatings applied at a) PC= 0.3 MPa and b) PC= 0.6 MPa.  The coating applied at 
PC= 0.3 MPa exhibits more porosity – 2% vs. 0.4% for PC= 0.6 MPa. 

 

 
Figure 4. Summary of the thermal cycling results for coatings applied at constant combustion 
chamber pressure (PC= 0.6 MPa).  Lower thermal cycling temperatures, thinner coatings and lower 
substrate temperatures during deposition resulted in better performance.   
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700oC it does appear that poorer performance is associated with thicker coatings.  Alternatively, when 
plotting the cycling behavior as a function of substrate temperatures during deposition, reduced 
performance at all thermal cycling temperatures appears to be associated with higher substrate deposition 
temperatures. Conversely, Fe3Al coatings on 9Cr-1Mo steel showed good performance at all except the 
thickest coatings and the highest substrate temperatures attained during deposition. 

Thermal Cycling Behavior – Coating Thickness Constant, t= 260 microns – Fe3Al coatings, applied at a 
combustion chamber pressure of either 0.3 MPa or 0.6 MPa, were sprayed on to 9Cr-1Mo steel, Inconel 
600 and 316 Stainless Steel rod-type substrates to a thickness of approximately 260 microns.  Thermal 
cycling was carried out in the Gleeble and was very rapid to reduce testing time while still being able to 
resolve differences in coating behavior.  In this set of experiments, the samples were examined for failure 
every 250 thermal cycles.  The results were report simply as pass/fail – coatings that did not crack or 
delaminate during 500 thermal cycles were considered to have “passed”. The results are summarized in 
Fig. 5.  Coatings applied to 9Cr-1Mo rod substrates performed poorly and only the sample cycled at 

 
Figure 5. Summary of thermal cycling Fe3Al coatings applied at a combustion chamber pressure, PC, of either 0.3 or 0.6 MPa.  A) 
Coatings on 9Cr-1Mo steel substrates performed poorly while coatings on b) Inconel 600 performed well only when PC = 0.6 
MPa.  C) Coating performance on 316 Stainless Steel was insensitive to PC. The failure criterion was 500 thermal cycles without 
delamination or through-thickness cracking. 

the lowest temperature (550oC) survived 500 thermal cycles – all others failed regardless of what 
combustion chamber pressure was used to apply the coating.  However, the coatings applied to Inconel 
600 did show an effect of combustion chamber pressure.  All these samples coated at the higher 
combustion chamber pressure survived 500 cycles while coatings applied at the lower chamber pressure 
failed, except the sample cycled at the highest cycling temperature of 900oC.  Coatings of Fe3Al applied 
to 316 SS performed very well and no effect of combustion chamber pressure on performance was 
observed. 

 Microstructural Observations After Thermal Cycling – After thermal cycling various samples were 
sectioned and 
prepared for 
optical 
metallography.  
In general, the 
microstructure of 
the coating was 
unchanged after 
exposure to the 
thermal cycling 
temperatures, 
Fig. 6.  Coating 
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Figure 6.  The microstructure of Fe3Al coating HVOF thermal sprayed onto carbon steel, a) in the as-
sprayed condition and b) after 500 thermal cycles to 700oC.  No significant changes to the 
microstructure are observed due to high temperature cycling. 

b) 

a) b) c)



Table 4 Coefficients of Thermal Expansion

Material 
Coefficient of Thermal 

Expansion,  ppm/oC 
Carbon Steel (1018) 14 
316 Stainless Steel 18 

9Cr-1Mo (Grade 91) 13 
Inconel 600 15 

Fe3Al - wrought 20.5 
Fe3Al - Coating, 
Pc=0.3 MPa 13 
Fe3Al - Coating, 
Pc=0.6 MPa 12 

failure mainly occurred by delamination, although two instances of through thickness cracking were 
observed in coatings applied at PC= 0.3 MPa (no through-thickness cracking was observed in coatings 
applied with PC= 0.6 MPa – only coating delamination), Fig. 7.  And finally, significant interfacial 
reactions were observed only in a two samples cycled to the highest temperatures, 900oC.  The reaction  
in the carbon steel appeared to be mainly precipitation along grain boundaries near the surface while the 

reaction in the Inconel 
600 was much more 
extensive with inter-
diffusion through the 
coating on the order of 20 
microns.  The penetration 
rates are estimated to be 
on the order of 10-20 
nm/hour in the carbon 
steel at 700oC and 1.2 
microns/hour for the 

Inconel 600 at 900oC. 

�������Discussion�
In general, bonding of 
thermal spray coatings to 
the substrate is largely 
mechanical with little 
atomic or chemical 
bonding at the interface.  
Ultimately, stresses at the 
interface cause the coating 
to fail by either delaminate 
or spallation. Residual 

stresses in the coating arise during deposition and can be used to offset thermal stresses that arise at the 
test temperature due CTE mismatch between the coating and the substrate.  As mentioned the residual 
stress in the coating is a combination of the quenching stress due to the solidification of molten material 
during deposition, the peening stress due to deformation caused by high velocity impacts of the solid 
fraction during deposition and the CTE mismatch between the coating and substrate, the magnitude of 

which is determined by the substrate temperature during 
deposition.  The sample sets and HVOF thermal spray 
parameters were chosen to explore the effect of these 
parameters on coating durability. 

Substrate Temperature During Deposition – Substrate 
temperature during deposition contributes to the residual 
stress through CTE mismatch between the coating and 
substrate. Stresses arise when the coating/substrate system is 
cooled after deposition or when it is raised above the 
deposition temperature to the test temperature. Table 4 shows 

  
Figure 7.  Examples of coatings failure after 500 thermal cycles at 700oC: a) Through 
thickness cracking in the Fe3Al coating applied at PC=0.3 MPa and b) Delamination of Fe3Al 
coating from the underlying 9Cr-1Mo substrate, PC= 0.6 MPa. 

Figure 8. Examples of interfacial reactions after thermal cycling.  A) Grain boundary 
precipitation in the carbon steel substrate, 500 thermal cycles @ 700oC and b) diffusion of 
nickel from the Inconel 600 substrate into the coating after 500 thermal cycles at 900oC. 

a) 

9Cr-1Mo 

PC=0.6MPab)

a) b)



the CTE for the various materials in this work.  The Fe3Al coatings, whether applied with PC- 0.3 or 0.6 
MPa, exhibit quite low CTEs compared to wrought Fe3Al due to the inclusion of oxides in the coating 
[10]. In general, all the substrates have CTEs that exceed that of the coating.  Therefore, the CTE 
mismatch adds a compressive component to the coating upon cooling after deposition.  However, raising 
the coating/substrate system above the deposition substrate temperature will result in a tensile component 
due to the CTE mismatch. Systems that attained the highest substrate temperatures during deposition 
should experience the smallest tensile component due to CTE mismatch and, therefore, should be less 
likely to fail by delamination or spalling.  However, this trend does not appear to be followed in the plot 
of Fig. 4b for carbon steel substrates which shows that coatings tend to fail with increasing substrate 
deposition temperature.  It has been shown previously that the residual stress in the coating is independent 
of coating thickness [8] and, therefore, the influence of coating thickness on durability is expected to be 
negligible and no clear trends are observed in Fig. 4a.   

The 9Cr-1Mo steel substrate is not expected to exhibit a durability strongly influenced by the deposition 
temperature or the thermal cycling temperature.  The CTE mismatch of Fe3Al on 9Cr-1Mo steel is 
virtually zero and not significant thermal stress due to CTE mismatch should develop.  This would appear 
to be demonstrated in Fig. 4d.  However, the coating deposited at the highest temperature on to 9Cr-1Mo 
steel still preferentially fails compared to coatings applied at lower temperatures, Fig. 4d.   

CTE of the Substrate Materials – As mentioned, the CTEs of all the substrates meet or exceed the CTE of 
the Fe3Al coatings.  As the thermal cycling temperature is increased the stress within the coatings should 
be become increasingly tensile and facilitate crack initiation and propagation.  Thus one would expect the 
substrate/coating systems with the highest CTE mismatch to be more likely to fail than substrate/coating 
system with lower values CTE mismatch, especially as the thermal cycling temperature increases.  Thus, 
one would expect the coating on 316 SS to exhibit the lowest durability since it exhibits the highest CTE 
mismatch of all the substrate/coating systems.  However, the results in Fig. 5 tend to indicate that 
durability increases with increasing CTE mismatch.  It appears that factors other than CTE mismatch are 
playing a critical role in the observed durability of the coating on the different substrates. 

Thermal Spray Combustion Chamber Pressure, PC, - The combustion chamber pressure, PC, directly 
affects the velocity of the particles during thermal spray deposition.  Previous work with this HVOF 
thermal spray equipment [10] has shown that combustion chamber pressures of 0.3 and 0.6 MPa result in 
an average particle velocity of 570 and 630 m/sec, respectively.  A direct effect of the increased particle 
velocity is the lower measured porosity at the higher value of PC, 0.4% vs. 2% at PC=0.3 MPa.  Faster 
moving particles are better able to deform and fill void space. 

Increasing the combustion chamber pressure also has been shown to dramatically increase the residual 
stress in the coating due to the increased peening action of the particles at the higher velocity [10]. This 
peening stress is compressive and resists crack initiation.  Therefore it is expected that coatings applied at 
the higher values of PC generally tend to exhibit better durability which appears to the case for Fe3Al 
applied to Inconel 600, Fig. 5b.  However, coatings applied to 9Cr-1Mo steel performed poorly regardless 
of the value of PC.  Conversely, the coatings on 316 SS perform very well, again, regardless of the value 
of PC.  The initial surface roughness may be the root cause of the difference in behavior since the 9Cr-1 
Mo steel exhibited the lowest surface roughness while the 316 SS and the Inconel 600 surfaces were 
considerably rougher.  It is also possible that the peening action may affect the surface roughness – 
effectively reducing the roughness – or that the different substrates “peen” differently (e.g. the 9Cr-1Mo 
steel rod has a significantly higher yield stress than that of either Inconel 600 or 316SS) and give rise to 



different residual stress states and the different observed durability.  From this work the influence of 
combustion chamber pressure on durability is not entirely clear.   

Surface Roughness – One particularly important parameter is the surface roughness of the substrate.  
Since the particles are at least partially molten during HVOF thermal spray deposition they tend to 
conform well to the surface onto which they are sprayed. Therefore, coating bond strength is greatly 
influenced by interfacial area.  Rougher surfaces have greater interfacial area and typically exhibit greater 
coating bond strength.  In this work, all the substrates were prepared by automated grit blasting and, 
therefore, all substrate surfaces experienced equivalent surface preparation.  However, Table 3 shows that 
the resulting substrate roughness is a sensitive function of the substrate material and is undoubtedly due to 
the inherent mechanical properties of the substrate material (e.g. yield strength, strain rate hardening, 
ductility, etc.).  The 9Cr-1Mo steel substrate is tempered martensite, exhibiting a relatively high yield 
strength and limited ductility at room temperature while the other substrates typically exhibit lower yield 
strength and greater ductility. Therefore, it is not surprising that the 9Cr-1Mo steel substrate exhibits the 
lowest value of surface roughness after grit blasting.  Based solely on substrate roughness, one would 
expect the bond strength to be greatest for the 316 Stainless Steel and the Inconel 600 substrates and 
significantly reduced in the 9Cr-1 Mo substrates.  Figure 5 seems to confirm this assumption with 
coatings on 316 SS and Inconel 600 exhibiting better durability than the coatings on the 9Cr-1Mo steel 
substrate.  However, it is somewhat puzzling that Fe3Al coatings on plates of 9Cr-1Mo steel performed 
very well, Fig. 4c and 4d, and yet performed quite poorly when the substrate was in rod form, Fig. 5a.  
However, the plate-type substrates came from hot rolled plate while the rod material was cold drawn and 
the two materials exhibit a significant difference in the yield strength and hardness.  It is possible that 
differences in either surface roughness or substrate temperature (due to the round geometry and relatively 
small cross section) or both existed between the two types of substrates.  Additional work is being done to 
determine the substrate type dependence for this material. 

Interfacial reactions – Interfacial reactions appear to become a concern at operating temperature over 
about 700oC.  Precipitation at the grain boundaries of carbon steel was observed after 500 cycles at 700oC 
while significant inter-diffusion of nickel into the Fe3Al coating was observed on Inconel 600 substrates 
at a thermal cycling temperature of 900oC.  In this work, the reactions did not seem to affect the durability 
of the coating/substrate systems.  However, the exposure time to the elevated temperatures was relatively 
short (<500 hrs) and brittle phases may form at more extended periods of exposure that could be 
detrimental to coating adhesion.  Furthermore, in the case of the Inconel 600 substrate cycled at 900oC, 
the reaction may be sufficient to fully consume the coating which may compromise the corrosion 
resistance of the coating. Longer term exposure experiments will be needed to assess the kinetics of inter-
diffusion at temperatures relevant to the intended application(s). 

Conclusions�
The work over the past year has begun to reveal that various material and HVOF parameters influence the 
durability of Fe3Al coatings on prospective high temperature structural materials during thermal cycling 
to anticipated operating temperatures in fossil fuel applications.  Specifically, 

� Surface preparation by grit blasting results in a material-specific surface roughness.  The grit 
blasting parameters produced a rougher surface on Inconel 600 and 316 SS substrates than on the 
9Cr-1Mo steel substrates. 



� Substrates that experienced smaller increases in temperature during HVOF coating deposition 
seemed to exhibit greater durability – contrary to arguments based on CTE mismatch. 

� Substrate/coatings systems with greater CTE mismatch appeared to perform better in thermal 
cycling experiment – again, contrary to arguments based on CTE mismatch.  The thermal cycling 
results were consistent, however, with the initial surface roughness of the substrate. 

� Coatings of Fe3Al on Inconel 600 survived 500 thermal cycles at temperatures up to 900oC. 
� Reactions at the coating/substrate interface can be significant at high thermal cycling 

temperatures. 
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