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Achieving a plasma sprayed cast iron coating containing graphite requires stringent control on spray pa-
rameters that synergistically influence the coating properties and thus the performance. The microstructure
of cast iron splats greatly depends on spray parameters such as substrate temperature, chamber pressure,
and spray distance. This paper presents the effect of chamber pressure on the splat microstructure, including
oxides and graphite. At low chamber pressures, most splats exhibit a disk shape with high flattening ratios,
whereas star-shaped splats extensively appear at high chamber pressures. Spraying at high chamber pres-
sures causes the formation of pores and thick oxide zones at the splat/substrate interface, mainly due to the
atmospheric gases, which are responsible for a decrease in splat adhesion. Spraying in Ar atmosphere re-
duces the splat oxidation due to a decrease in the oxygen partial pressure. Small deformed substrate ridges
are observed adjacent to the periphery of splats sprayed at low chamber pressures whereas no ridges are
detected at high chamber pressures. Ridge formation generates a kind of mechanical bond, which increases
the adhesive strength. Since the molten droplets impinge with high velocity and thus high flattening ratio at
low chamber pressures, the solidification rate becomes faster, and graphite formation is resultantly hin-
dered.

Keywords cast iron, chamber pressure, graphite, microstructure,
oxidation, plasma spraying, splat morphology

1. Introduction

There is increasing worldwide interest in using aluminum al-
loys as base materials for many industrial applications, one such
being in automotive cylinder blocks. These alloys have two out-
standing properties: high thermal conductivity and low density.
However, they exhibit poor anti-wear properties due to their
softness, so surface modification is required for high load bear-
ing applications. Recently, some methods have been success-
fully applied to improve the anti-wear property of cast aluminum
alloy cylinder blocks.[1-3] Besides these methods, a superior
wear-resistant surface can be achieved by cast iron coatings.
That is because cast iron exhibits superior wear resistance aris-
ing from the self-lubricating property of graphite. However,
graphite formation during plasma spraying of cast iron requires
great care in the optimization of spray parameters that influence
the solidification rate and thus the performance, since a sprayed
cast iron coating generally contains carbides instead of graph-
ite.[4]

The solidification rate of individual molten droplets im-
pinged and flattened on a substrate affects properties of plasma
sprayed coatings.[5] The microstructure of cast iron splats is
linked to the solidification rate, which has a direct relationship
with spray parameters such as substrate temperature, chamber
pressure and spray distance. A good understanding of these pa-

rameters is achieved by studying their effect on the morphology,
microstructure, interfacial reaction, and graphitization of indi-
vidual splats. In our previous work,[6] the preheat substrate tem-
perature was found to have a great effect on the morphology and
microstructure of cast iron splats.

Sodeoka et al. have reported that higher chamber pres-
sures cause the droplet velocity to slow down.[7] However,
it has almost no effect on droplet temperatures at a certain spray
distance. Fantassi et al. found that the flattening time de-
creases with increasing particle velocity but increases with
particle size.[8] Some other related studies focused on the ef-
fect of oxidation on the splat morphology. The presence of dis-
solved oxygen in a solidifying splat affects the splat-substrate
wetting, which in turn influences the splat flattening.[9-11] Sev-
eral other studies have also reported on the influence of spray
parameters such as chamber pressure on the splat morphol-
ogy.[12-14]

The current study deals with the behavior of sprayed cast iron
splats as a fundamental aspect of cast iron coatings containing
graphite on an aluminum alloy substrate. The focus is on the
effect of chamber pressure not only on the formation of pores
and oxides, which strongly affect the adhesion, but also on the
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Table 1 Spray Parameters for the Splat Collection on a
Preheated Substrate at Different Chamber Pressures

Primary plasma gas Ar, 0.0327 l/min
Secondary plasma gas H2, 0.00327 l/min
Arc current 500 A
Arc voltage 45 V
Powder carrier gas Ar, 0.0017 l/min
Chamber pressure 26.3-100 kPa
Spray distance 350 mm
Substrate temperature 473 K
Spray material Cast iron 38 < dP < 45 µM
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splat microstructure including graphitization, considering that
chamber pressure plays a significant role in splat solidification
through a change in the droplet velocity.

2. Experimental Procedures

A gas-atomized cast iron powder with chemical compo-
sition of Fe-3.75 C-2.70 Si-0.70 Mn-1.18 Al (all composi-
tions in weight percent) was sieved into particle sizes
(dP) of 38-45 µm and fed into the plasma flame as a spray
material, under spray parameters listed in Table 1. Cast
iron droplets sprayed at a constant spray distance (dS) of
350 mm were collected on a mirror-polished Al-Si-Cu al-
loy substrate for different chamber pressures (PC). The
preheat substrate temperature (TS) was kept constant at
473 K for all splat collections and continuously recorded
by keeping the thermocouple in contact with the substrate cen-
ter.

To study the effect of PC on the splat microstructure, several
tens of molten droplets having a nearly equal temperature and
velocity just before impinging were collected on a preheated
substrate by passing through a masking plate with a circular hole

of 30 mm behind a moving graphite shutter. One series of spray-
ing experiments has been carried out in Ar atmosphere by evacu-
ating the chamber to 1.9 kPa before allowing the primary plasma

Fig. 1 SEM micrographs showing a splat morphology of cast iron sprayed at different PC in Ar atmosphere

Fig. 2 SEM micrographs showing a splat morphology of cast iron sprayed at PC = 100 kPa in air atmosphere: (a) disk and (b) star-shape

Fig. 3 Change in flattening ratio of cast iron disk splats as a function of
PC in Ar and air atmosphere
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gas (Ar) to pass through the evacuated chamber to the operating
PC. The other series of sprayings was achieved by evacuating the
chamber exactly to the operating PC. In the extreme case spray-
ing was achieved in air atmosphere at 100 kPa. These kinds of
experiments help us examine the effect of oxygen partial pres-
sure on the microstructure and oxidation of cast iron splats. In
spite of its inapplicable to automotive cylinder bore surfaces,
spraying in a chamber at different PC provides important infor-
mation about the sensitivity of cast iron droplets for oxidation
and graphite formation at a given spray distance. Cast iron coat-
ings containing graphite are quite effective for achieving a low
friction coefficient for other aluminum components with severe
sliding areas.

The number fraction of each splat morphology, i.e., disk and
star-shaped splats sprayed at different PC, was calculated by
counting the corresponding splats using an optical microscope.
Using a conductive adhesive tape, mainly composed of carbon,
to remove splats from the substrate surface makes it feasible to
examine the pore formation on the rear-side. The number frac-
tion of removed splats was simultaneously counted to make an
approximate evaluation of the adhesive property of splats
sprayed at different PC.

Splat cross-sections were carefully prepared to examine the
splat/substrate interface. The samples were polished with emery
papers and then buff-polished with dilute aqueous Al2O3 pow-
der slurry. After rinsing with water and C2H5OH, the cross-
sections were etched for 5-60 s by nital. The topside of cast iron
splats was gently buffed with dilute aqueous Al2O3 powder
slurry and etched to clarify the microstructure of splats, espe-
cially the graphite and Fe3C formation. Element analyses on the
cross-section and the topside of splats have been performed by
an electron probe microanalyzer (EPMA). Different phases of
splats were identified by x-ray diffractometry (XRD) with Co
K� radiation.

3. Results and Discussion

3.1 Splat Morphology

Typical morphologies of cast iron splats sprayed at PC of 26.3
kPa, 100 kPa in Ar, and 100 kPa in air atmosphere are shown in

Fig. 1 and 2, respectively. Looking at Fig. 1, splats sprayed in Ar
atmosphere at low PC are characterized by a thin disk shape with
a regular outer periphery (Fig. 1a), but those sprayed at high PC

are characterized by a relatively thick disk (Fig. 1b) as well as by
a star shape (Fig. 1c). However, disk splats sprayed in air atmo-
sphere exhibit white areas with irregular outer peripheries (Fig.
2a). The irregularity of the disk splats may be attributed to the
formation of those white zones, which are identified as oxides as
will be discussed later. Splat morphology is closely related to
PC, as confirmed by the classification into disk and star-shaped
splats. Most splats exhibit a disk shape at low PC. In contrast, the
number fraction of star-shaped splats intensively increases with
PC regardless of spraying in Ar or air atmosphere, and no
splashed splats appear in the spray conditions used in this study.
A change in the splat morphology from disk to star-shaped splats
with PC is partially caused by the droplet velocity. Sodeoka et al.
measured the droplet velocity at low and high PC.[7] They have
reported that the droplet velocity increases at low PC. According

Fig. 4 Typical rear-side views of removed cast iron splats sprayed at different PC

Fig. 5 Change in number fraction of removed cast iron splats as a
function of PC in Ar and air atmosphere
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to the splat classification, disk splats intensively appear upon
impinging of high velocity molten droplets at low PC. Deforma-
tion dynamics of molten droplets on a substrate surface is af-
fected by the interface condition. One important factor is wetting
at the interface, which has an influence on the development of
the contact between the lower surface of the spreading droplet
and substrate surface.[15] The larger the contact angle, the harder
the spreading. It seems that high surface tension at low tempera-
tures restrains the droplets from extreme spreading with a disk
shape. At low surface tension, the droplet extremely flattened
and star-shaped splats appear due to the local difference in sur-
face tension and viscosity.

The flattening ratio (D/d) of disk splats sprayed at different
PC in Ar and air atmosphere was calculated by measuring the
splat diameter (D) and the molten droplet diameter (d) as a func-
tion of PC, as described in Fig. 3. The diameter (d) was calcu-
lated by droplet volume on the premise of no-weight change in
solid and liquid state.

The D/d ratio decreases with PC due to a decrease in the ve-
locity of molten droplets at impact on a substrate. However, they
are slightly higher for splats sprayed in air atmosphere. It seems
that droplets in air atmosphere have velocities a little higher than
those in Ar atmosphere due to a difference in the viscosity of the
atmosphere. At low PC, the velocity of impinging droplets is
high enough to make them expand widely on a substrate.[7]

MacPherson reported that, if spreading is complete before so-
lidification, the D/d ratio can be calculated from Madejiski’s
analysis using the following simplified equation[9]

D�d = 1.2941��vd���0.2 (Eq 1)

where � is the impact velocity, � the density, and µ the dynamic
viscosity. The simple expression of Eq 1 shows the dependence
of velocity of molten droplets on the D/d ratio.

3.2 Splat Adhesion

A conductive adhesive tape was used to remove splats from
the substrate surface to reveal their rear-side appearance. The
rear-side views of cast iron disk splats sprayed at 26.3 kPa in Ar,
and at 100 kPa in Ar and air atmosphere are shown in Fig. 4. The
pictures give an impression that the number of pores increases
with PC. However, splats sprayed at high PC in Ar atmosphere
(Fig. 4b) reveal a lesser number of pores than those sprayed in air
atmosphere (Fig. 4c). At low PC, the presence of small amounts
of gases inside the chamber and at the substrate surface de-
creases the possibility of gas absorption and adsorption during
the flight and flattening of droplets. Another reason is an in-
crease in the droplet velocity at low PC, which creates good wet-
ting of droplets with the substrate upon impinging; that is, the
strong impingement draws away gases at the interface and thus
fewer numbers of pores appear. Poor wettability in air atmo-
sphere also brings higher amounts of pores at the interface. From
the rear-side observation of disk splats in our previous work,[6]

there exist a few small pores at higher preheat substrate tempera-
tures, which indicates good wetting between the splat and the
substrate.

Approximate evaluation of the adhesive strength of splats
sprayed at different PC in Ar and air atmosphere was performed
by measuring the number fraction of splats removed by an ad-
hesive tape, as illustrated in Fig. 5. For splats sprayed in Ar at-

Fig. 6 Oxygen K� images of topside and rear-side of cast iron splats sprayed at PC = 100 kPa in Ar and air atmosphere
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mosphere, the number fraction of removed splats slightly in-
creases with PC, while the number fraction of those sprayed in
air atmosphere greatly increases with PC. The number fraction
of removed splats sprayed in air atmosphere at 100 kPa shows
the highest value, that is, the weakest splat adhesion. Spraying in
Ar atmosphere obviously improves the adhesive strength of
splats. Weak splat adhesion at high PC is partially linked to pore
formation at the interface, as will be discussed later.

3.3 Splat Oxidation

By EPMA, the top side and rear side of cast iron splats
sprayed at 100 kPa in Ar and air atmospheres were examined as
shown in Fig. 6 of O K� images. Big oxide zones, which are
areas of oxides with diameters range of 5-20 µm, are mainly
composed of FeAl2O4 as identified by XRD and appear on the
surface and rear-side of splats sprayed only in air atmosphere.
On the other hand, no big oxide zones are detected on the surface
and rear-side of splats sprayed in Ar atmosphere. XRD patterns
exhibit an increase in FeAl2O4 intensity with PC in air atmo-
sphere. Splat oxidation strongly depends on the quantity of ab-
sorbed oxygen and on droplet temperature. At high PC, the fly-
ing droplets have lower velocities and are surrounded by many
oxygen molecules. These factors promote splat oxidation during
flight and impinging on the substrate. For example, the oxygen
partial pressure (PO2) is 0.38 kPa in Ar atmosphere at the begin-
ning of spraying, whilst the PO2 changes from 5.3 kPa at PC =
26.3 kPa to 20.9 kPa at PC = 100 kPa in air atmosphere. Droplets
exposed to small amounts of oxygen for a very short dwelling
time are not severely oxidized, so that spraying in Ar atmosphere
decreases the possibility of splat oxidation.

To obtain a better understanding of the interface and of how
these oxides come in contact with the splat and the substrate, a
cross-section of splats sprayed at 100 kPa in air atmosphere was
examined as illustrated in Fig. 7. The big oxides appear inside
splats and are attached to the substrate surface or even engrossed
within the substrate. The adhesive strength of splats decreases
with an increase in the amount of these oxides due to their brittle-
ness. EPMA line analyses on the cross-sections of splats sprayed
at PC of 100 kPa in Ar and air atmosphere are shown in Fig. 8,
which were carried out without crossing the big oxides. Al-

though the PO2 is 55 times higher in air atmosphere than that in
Ar atmosphere at 100 kPa, the splat/substrate interface is slightly
oxidized in both cases. Oxidation is also recognized at a splat
surface sprayed in air atmosphere. It is worth noting that the
weak Al-K� intensity is recognized at the top side of splats
sprayed in air atmosphere. At high PC in air atmosphere, the
droplets velocities are rather low and thus they are exposed for
longer time to the atmospheric oxygen, which promotes the oxi-
dation process during flight. At the interface, mutual diffusion of
a melted substrate with droplets occurs, and the thin-layered
FeAl2O4 is formed, besides big oxides.

Fig. 7 SEM micrograph showing a cross section of cast iron splat
sprayed at PC = 100 kPa in air atmosphere

Fig. 8 Elements distribution on splat cross section sprayed at PC = 100
kPa in (a) Ar and (b) air atmosphere
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The substrate surface was examined after removing splats
sprayed at 46.7 kPa in Ar and at 100 kPa in air atmosphere, as
shown in Fig. 9. There exists a thin oxide layer on the remained
substrate surface in both cases. This thin oxide layer exhibits
higher adhesion to the substrate than the splat. Big holes, which
seem to be the location of removed big oxides, are included in
the thin oxide layer left after removing splats sprayed in air at-
mosphere. The attachment of these big oxides to the splat rear-
side was identified by EPMA as shown in Fig. 6.

3.4 Ridge Formation

Deformed substrate ridges were observed by examining the
periphery of the cross-sections of cast iron splats sprayed at dif-
ferent PC as illustrated by SEM images in Fig. 10. A small ridge
is observed adjacent to the splat periphery sprayed at low PC of
26.3 kPa, whereas there are no ridges detected for splats sprayed
at high PC. The ridge formation results from not only the plastic
deformation of the substrate as a result of the kinetic energy
upon impact but also the movement of partially melted substrate
surface during the flattening of cast iron droplet. The interfacial
temperature (Ti) calculated in the previous work[6] at TS of 473 K
exceeds the melting point of the substrate material, which leads
to partial surface melting upon impinging. The ridge formation
is characterized by spraying of high melting point materials on a
low melting point substrate. Upon impinging and during droplet
flattening, the heat transfer from the droplet to the substrate
causes the substrate surface to melt, and mutual diffusion occurs
at the interface, which eases the thin oxide layer formation of
FeAl2O4. The ridge formation can be considered as a kind of
mechanical bond, which also improves the adhesion property of
splats. This observation proves the importance of the first depos-
ited layer in the adhesion property of coatings.

3.5 Solidification Rate and Splat Microstructure

Now we will discuss the correlation between splat micro-
structure and solidification rate based on the temperature gradi-

ent within a flat disk cast iron splat. The heat flux into the splat/
substrate interface from the splat is equated to the flux away
from the interface into the substrate. The general differential
equation for heat conduction is described by Eq 2 in the case of
one-dimensional heat flow with no interface thermal resistance:

dT�dt = �k��Cp�d
2T�dt2 (Eq 2)

The substrate is semi-infinite in the negative x-domain with
an interfacial temperature of Ti, which is determined by the ther-
mal properties of both the splat and substrate as listed in Table
2.[16] Assuming the preheat substrate temperature to be TS and
the molten splat temperature to be Td, after some solidification
has occurred in the cast iron splat, the solution of the temperature
gradient within the splat is given by Eq 3[17]:

�T − Ti���Td − Ti� = erf �x�2�k�t���Cp��
1�2� (Eq 3)

According to the Geiger and Poirier’s method,[16] Ti is calculated
through assuming the droplet temperature (Td = 2383 K) mea-
sured by Sodeoka et al.[7] The Td is almost constant at a certain
spray distance regardless of the chamber pressure (PC), while
the droplet velocity decreases with an increasing PC. Then the
effect of superheat (�T ) on the solidification time must add to
the absorbing latent heat of molten cast iron. Taking into account
the total quantity of heat to be removed from the molten splat and
assuming no difference in the density of the liquid and solid cast
iron, the effective heat of fusion can be expressed by the sum of
latent heat of fusion and the liquid’s superheat:

Hf� = Hf + C�P(liquid)�T (Eq 4)

The calculated Ti is 1570 K in all PC, which exhibits that the
substrate surface is partially melted. Note that the solidification
time is proportional to the square of the splat thickness (xo). At
PC = 26.3 kPa the average xo is 1.96 µm, and 2.59 µm at PC = 100
kPa in Ar atmosphere. From this information we can estimate

Fig. 9 SEM micrographs showing a substrate surface after removing splats
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the solidification time of the splat, as described in Fig. 11 as a
function of xo

2. The numerical calculations of solidification time
with different xo show an increase in the splat solidification time
with an increasing PC.

With XRD analyses, the splats are composed of Fe-Si-C,
Fe3C, �-Fe, FeAl2O4, and graphite, though each diffraction in-
tensity varies with PC. The top sides of cast iron splats were
polished and etched for microstructural evaluation, as shown in
Fig. 12, of splats sprayed at different PC in Ar and air atmo-
sphere. Microstructures of cast iron splats are related to PC

through a change in the solidification time. As mentioned ear-
lier, the solidification time increases as PC increases, due to a
decrease in the droplet velocity and thus an increase in the splat
thickness. Consequently, a rapidly solidified Fe-Si-C phase ap-
pears with high intensity in the case of spraying at low PC. In
contrast, the intensity of Fe-Si-C decreases, whereas graphite,
Fe3C, �-Fe, and FeAl2O4 increase as the solidification rate de-
creases. In the extreme case, splats sprayed in air atmosphere are
prone to form internal oxides, as shown in Fig. 12(c).

Thermal resistance at the splat/substrate interface was ig-
nored in the above discussion; however, it becomes rather im-
portant at high PC, especially in air atmosphere, due to an oxi-
dized substrate surface. The interface resistance makes the
solidification rate and the Ti decrease, which causes a change in
the splat microstructure and also prevents splats from the forma-
tion of deformed ridges.

4. Conclusion

The effects of chamber pressure (PC) on the morphology,
oxidation and microstructure of cast iron splats on a mirror pol-
ished aluminum alloy substrate were examined as a fundamental
study on plasma sprayed cast iron coatings. The following re-
sults were obtained:

1) There exist two different types of splat morphologies:
mainly disk-type splats at low PC and star-shaped splats at
high PC. At the interface, there appear many pores
sprayed at high PC, which weaken the adhesive strength.

2) Big oxide zones composed of FeAl2O4, which also reduce
the adhesive strength, are observed at the interface of
splats sprayed at high PC in air atmosphere. However, no
big oxides appear in splats sprayed in Ar atmosphere, so
the oxide formation is mainly due to the reaction with at-
mospheric oxygen.

Fig. 10 SEM micrographs showing a cross section of splat peripheries

Table 2 Physical Properties of Cast Iron Splat and
Aluminum Alloy Substrate

Property Cast Iron Splat
Al-Si-Cu
Substrate

Thermal conductivity, J/m K s k� = 33 k = 150
Solid density, kg/m3 �� = 7300 p = 2740
Specific heat, J/kg K CP� = 670 CP = 1100

CP� (1) = 963 …
Heat of fusion, kJ/kg Hf = 210 …
Melting point, K TM = 1423 TA1 = 853

Fig. 11 Change in solidification time of superheated cast iron splat
as a function of xo

2
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3) Small deformed substrate ridges, mainly due to the partial
melting of the substrate surface, are formed adjacent to
the splat periphery sprayed at low PC. No ridges are ob-
served at high PC of 100 kPa because of lowering the in-
terfacial substrate temperature due to the thermal resis-
tance.

4) Splat microstructure is greatly influenced by PC, because
it affects the splat thickness and thus the solidification
time. Short solidification time in low PC forms the Fe-
Si-C phase, while it prevents cast iron splats from the
graphite formation.
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