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Powder metallurgy compact of the composition Fe-C-Cu were prepared by compacting, sintering and steam treatment.
Studies on surface morphology through Field Emission Scanning Electron Microscope (FESEM) equipped with Energy
Dispersive Spectrometer (EDS), micro hardness by Vickers method and wear by pin-on-disk method for the steam
treated specimen were reported. Characterization studies were done by Field Emission Scanning Electron Microscope,
Energy Dispersive Spectrometer and X-Ray Diffraction analysis. The result showed that the tribological properties of the
steam treated specimen were greatly influenced by its % carbon, morphology, micro hardness and iron oxide content in

the steam coatings.
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1. INTRODUCTION

Powder metallurgy is known to be the unique method
for manufacturing several components [1]. Huge
information regarding the mechanical properties is
available for sintered steels, but this information does not
aide in studying the wear behavior of such components.
This is because wear behavior is not an intrinsic property;
rather it depends on the total parameters of the engineering
system [2]. Varied approaches to develop and improve
properties of sintered materials have been tried and proved,
such as adding alloy elements, improved process parameter
control, composite structure generations through hard face
incorporation and finally surface modifications [3, 4].

Information and references are available in large
numbers with respect to sliding wear of powder sintered
iron and steel components. Dry sliding high density
improved control of compaction pressure and sintering
temperature resulted in lower wear rate [5-7]. Also
alloying of phosphorus and graphite showed reduction in
wear rates [5,7-9]. Investigations regarding the
possibility for further microstructure change on the as-
sintered steels using heat treatment were also carried out
[10-12].

During assessment has been noticed in samples of low
density sintered iron, the open surface pores function as
sites for both generation and subsequent collection of worn
debris [13, 14]. Porosity has a complex influence on the
wear behavior and it is found that an optimum porosity
level showed best dry sliding wear behavior [15]. On the
other hand, during fretting wear it is seen that high porous
samples were prone to more oxidation and retaining the
formed oxides. However, increase in applied load and
amplitude brought about severe wear, in contrast to low
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sliding speeds wherein wear was much lesser in
comparison with solid material [16].

Investigation of transitional wear behavior has been
carried out by two alternatives, increasing the load at a
constant sliding speed [5, 9, 17] or increasing the speed
keeping the load constant [8, 18, 19]. The results observed
show low wear rate at low loads since mild wear occurs
with surface oxidation. At increased loads higher metallic
wear is observed along with the high wear rate. The
fundamental reason of wear is oxidation and oxides thus
formed have been influenced by the temperature generated
during the rubbing process [8, 13,18-21]. Powder
sintered components seem to have the advantage of
holding the lubricant in the pores which help in reducing
the wear in comparison to solid materials, where externally
added lubricant gets exhausted [5, 7, 10, 22].

Surface treatment of sintered parts using steam
treatment oxidation is a widely applied technique and such
treated parts have been studied for their tribological
characteristics. Determination of wear rate with respect to
steam treated and untreated sintered iron at a combination
of certain sliding speed/load in an inert atmosphere shows
lower wear rate in steam treated sintered product [20].
Although oxide layer seems to have positive effect, yet it
leads to a decrease in abrasive wear which in turn
decreases the tendency to seizure [22]. As long as the
oxide layer covers the surface, the rate of wear is lesser
independent of chemical composition of the base material.
The time the oxide layer is removed different wear
mechanisms begin to operate on the surface depending on
the combination of load / speed [23].

The study of friction curve helps in understanding the
concept of durability distance for steam oxidation. This
distance indicates where the oxide debris begins to
generate which is indicated by the first fluctuation in the
friction curve. Durability distance is influenced by the
characteristics of the steam oxidized layer, which in turn is
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influenced by the microstructure of the base material [24].
The durability distance concept has been thoroughly
examined and studied using electrical contact resistance
measurement. This helps in getting the effects of
compaction pressure, powder grade, microstructure, oxide
content and hardness with respect to wear [25].

Very few works have been reported about the surface
morphology and wear characteristics specially during dry
sliding for atomized premix ferrous powder with variation
in carbon content in steam treated alloy conditions for
shock absorber applications. This study aims at exploring
the process of steam treatment and also to study the effect
of carbon additions on the surface morphology, and wear
behavior of the steam treated specimen.

2. EXPERIMENTAL DETAILS
2.1. Materials and methods

The following composition was obtained by mixing
atomized iron powder 97 %, carbon 0.2 % and 0.8 %,
copper 2 % along with 0.8 % zinc stearate which was used
as a lubricant. When the percentage of carbon was
increased to more than 1 % the compact became brittle,
high hardness and shrinkage in growth during sintering and
low hardness, negligible growth in case of less than 0.1 %.
A green compact with a diameter of 25.35 mm and 7 mm
thick set in a tool withdrawal type of floating die was
obtained as test samples as per the ASTM standard [26]
with atomized premix ferrous powders, pressed at
350370 MPa, which were sintered at a temperature of
1130 °C in the presence of nitrogen in an Abbot mesh belt
furnace and later cooled to 85-60°C for about
35 minutes. Then for 95 minutes, steam treatment was
carried out at 540 °C in an industrial furnace and then the
samples were directly brought down to room temperature.
Steam treatment was performed according to the ASTM
Standard [27]. Sintered and steam treated specimen density
was determined by water immersion as per Archimedes
method [28].

2.2. Microstructure characterization

The samples were etched with 2 % Nital (98 cm?®
ethanol & 2 cm® nitric acid) and the microstructure was
observed through an optical microscope (Leica DM
2500M) for steam treated samples. Elemental composition
and worn surfaces of the steam treated disk materials was
performed in a Field Emission Scanning Electron
Microscope (Carl Zeiss microscopy Ltd, UK & SIGMA)
equipped with energy dispersive X-ray detector. The phase
structure of the steam treated coating was studied by X-ray
diffraction (XRD) employing Cu Ka radiation (XPERT-
3). The scanning angle (20) ranged from 10 to 90° with a
step size of 0.026°.

2.3. Hardness and wear

Micro Hardness equipment (Matsuzawa MMT-X7 B
type, Japan) as per the ASTM standard [29] was used to
measure hardness at a load of HV1 and holding time of
15 s. Three micro hardness measurements were conducted
and the averages of micro hardness values for the
specimens with 6.0—6.6 g/cc in as-sintered and steam
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treated was reported. The wear behavior of the steam
treated samples was evaluated in a computerized pin on
disk wear testing machine as per ASTM G99-95 [30]. Dry
sliding wear tests were performed at room temperature,
under various loads (20, 40, and 60 N) with a constant
sliding velocity of 0.26 m/s and a distance of 314 m. EN
31 spherical balls with a Rockwell-C hardness of 60 and
10 mm diameter were used as the counter friction pair for
disks prepared with 25.35mm diameter and 7 mm
thickness at a density of 6.6 g/cc. By dividing wear volume
by wear distance, the wear rate (W) is calculated.

3. RESULTS AND DISCUSSION

3.1. Surface morphology

Fig. 1 presents the microstructure of atomized premix
ferrous powder in steam treated respectively of 0.2 % and
0.8% of carbon, compacted to densities of approx.
6.6 g/cc, and sintered at 1130 °C. In the material with
0.2wt.% carbon, the structure is almost ferrite
microstructure. The presence of free copper is low with
ferrite at the grain boundaries due to two different stages of
sintering process i.e. local bonding between adjacent
particles and pore rounding and pore shrinkage. High
sintering temperature produces a significant improvement
in the diffusion, which increases dramatically accelerate
the atomic motion between particles (better sintering
necks), improve the surface reduction of the particles
(activate sintering), increase the sintered density, improve
the homogenization, better mechanical properties and
improve the porosity (rounded and closed).

Microstructure of powder with 0.8 % C, the structure
is mostly pearlite, and the lamellar structure is seen in
Fig.1 b. The ferrite phase is better resolved with globular
pearlite in the ferrite. The pores are more affected by the
reaction of the iron oxide formation, which formed at the
grain boundaries of pearlite. The filled pores with oxide
film formed at the grain boundaries would increase the
hardness of the compact considerably. Both complete
diffusion of copper and carbon into the iron matrix. The
carbon diffuses readily into iron within five minutes at a
temperature of 1040 °C and is known as carbon diffusion
zone. Copper becomes a liquid at 1086 °C and settles at the
grain boundaries, but does not penetrate the iron in the
same manner as the carbon and is known as fusion zone.
These findings are well agreed with earlier studies [31, 32].

The FESEM micrograph of steam treated specimens is
shown in Fig. 2. It can be seen that pores that are created
during compacting of the powders to a certain extent.
Some pores are partially fused by sintering. The grains,
which are in close proximity have partially undergone
fusion and the grains far apart have formed the pores. The
as-sintered material was the base for the surface treatment
of steam oxidation, so that the oxides fuse interior to the
pores either completely or partially.

3.2. EDS analysis of the steam treatment

The composition of the deposited steam coatings was
determined using FESEM fitted with EDS detector. The
weight percentage of major elements, iron oxide, carbon,
copper and zinc are shown in Fig. 3.



Fig. 2. FESEM of atomized iron: a—0.2 % C; b—0.8 % C

The maximum percentage of iron oxide present is the
0.2 % carbon as 97.87 wt.%.EDS analysis of 0.8 % carbon
with 96.04 wt.% is shown in Fig. 4. In the EDS data (Fig. 3
and Fig.4) suggests the presence of magnetite and
hematite in the structure. Mazahery et al have reported that
ferrous materials have shown the presence of oxides,
which is an implication of oxide wear mechanism [33]. In
the current study, high concentrations of iron oxides are
observed from the EDS analysis of the steam treatment as
reported by Mazahery et al. This suggests that iron oxides
formation takes place through oxidizing reaction.

3.3. XRD Analysis of phases

To monitor magnetite (FesO4), hematite (Fe,O3z) and
iron (Fe) content, X-ray diffraction method has been found
to be most effective and accurate. The phases present in the
steam treated specimens with 0.2 % and 0.8 % carbon are
shown in Fig.5 and Fig. 6. XRD analysis shows the
formed oxide layer which consists of magnetite (FesO.),
Hematite (Fe,Os) and substrate iron (Fe). Fig. 1 show that
the oxide layer covers the irregular surface and has a
uniform thickness around 6 um. The particles are loosely
packed; it is observed that there is more room for steam
penetration through the numerous inter-connected pores. In
such cases, a great amount of (FezO.) oxide forms a layer
on the surface of these pores either completely or partially
filling or that helps in the prevention of plastic deformation
and indentation, when the wear and hardness of these
particles are tested. The formation of predominant iron

514

oxides peak in steam treated sintered specimen was
previously reported in several publications [34]. The
magnetite is deposited on the surface of the parts by the
following reactions:
3Fe + 4H,0 — Fe304 + 4H,. (D)
The water vapor in the steam begins to react with iron
and forms magnetite (FesOa), after being steam treated for
1 hour at a temperature close to but below 550 °C. The
magnetite thus produced are blue grey in color, adhere
strongly, have high wear resistance, and form a layer on
the surface of the sample parts and inside the pores, thus
forming a barrier, stopping contaminants from entering the
inner structure. This proves that steam treatment enables
longer shelf life of the parts than the as-sintered parts. The
hydrogen liberated from the above reaction constantly
dilutes the steam. If the hydrogen concentration in the
steam over the surface of the specimens increases more,
the above reaction is reverted and the formation of the
magnetite layer is reduced. Neither the steam temperature
nor the temperature of the specimens exceed 550 °C a
small amount of (FeO) (Wustite) gray, flaky and loosely
adhering, layer forms on all exposed surfaces of the
compact according to the equation:

Fe + H,O — FeO + H,. 2)

When the steam temperature is below 550 °C, the
temperature will condense and a hydroxide of iron will be
formed according to the equation:

2Fe(OH)s — Fe,03 + 3H,0. ©)
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Air must be absent at all times from the furnace once
heated above 320 °C. If the present air causes the parts to
exhibit non-uniform color, then the oxide may form a
small amount of (Fe,O3) (Hematite).

3.4. Hardness, wear analysis

Fig. 7 shows the effect of compacting pressure and
carbon content on the hardness of as-sintered and steam
treated components. The high hardness of Fe-Cu-C
components in as-sintered condition is mainly due to the
combined effect of copper causing precipitation
strengthening. The steam treated specimens have
considerably higher hardness compared to as-sintered
specimens with increasing compaction pressure and carbon
content. As the amount of pearlite that contains the carbon
increases, hardness increases correspondingly until a
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carbon content of 0.8 %, at which point the structure
consists entirely of pearlite (Fig. 1b). At 0.2 % carbon,
ferrite forms at the grain boundaries (Fig. 1a), which
reduces the hardness.
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Fig. 7. Influence of carbon content upon the properties of steam
treated iron

Another significant observation is that steam oxidation
effectively increases the hardness when sintered density is
increased. The increase in hardness in Fe-Cu-C coatings is
mainly due to the formation of the magnetite during the
steam treatment as determined from XRD studies as shown
in Fig. 5 and Fig. 6.

Fig. 8 shows clearly that the friction co-efficient (FC)
of the 0.2 % carbon at a stable load of 60 N of 6.6 g/cc
kept increasing and decreasing and later stabilized at
around 0.429 and Fig. 9 shows the increase and decrease of
friction co-efficient of 0.8 % carbon which later stabilized
at 0.617. 0.2 % carbon curve is divided into the following
four stages as shown in Fig. 8 as stage 1: initial sharp
increase, stage 2: gradual increase, stage 3: secondary
sharp increase and stage 4: surface with nearly constant

value.
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Fig. 8. Friction coefficient profile of 0.2 % C steam coating

On the other hand, in 0.8 % carbon components, the
stages 2 and 3 are missing which means coefficient of
friction increases directly from the initial stage to reach the
final surface values without going through the intermediate
stages 2 and 3 as shown in Fig. 9. The wear and tear rate of
0.2 % and 0.8 % carbon steam treated materials are shown
in Fig. 10. It was also noted that the rate of wear decreased
with increase in the level of load for each condition.
Reduced wear rates were obtained when 0.8 % of carbon



after steam treatment process compared to 0.2 % of carbon.
The variation is more dominant with the increased content
of carbon in the steam treated specimens.
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This trend is in agreement with the work of others
[9, 17, 35—37]. In steam treated samples, hardness is one
of the most important factors in case of wear and therefore
wear is inversely proportional to hardness. According to
[38] porosity reduces mechanical and wear strength
properties.

So the author recommends surface heat treatments to
improve the wear strength. This proves that the hardness of
the given material played a significant role in the wear
behavior. The drastic reduction in wear rate of 0.8 %
carbon samples than 0.2 % carbon samples can be justified
by the following reasons:

1. In this process iron oxide coatings form on the outer
surface of the sample and steam diffusing through the
pores effects an internal oxide coating.

2. This shows that increase in hardness during steam

treatment has a relation to precipitation and oxidation.
Each part will gain weight during the steam operation
due to iron oxide build up in the porous powder metal.
Fig. 11 shows the wear of the 0.8 % C and the 0.2 % C
in the steam treated condition. Fig.11a shows the
presence of surface oxidation on the worn surfaces in the
sliding direction [39]. Fig. 11 b shows the deformed layers
with severe plastic deformation [40, 41] which indicates
high metallic wear. The worn out fragments fill the pores
on the disk surface and forms a protective layer as sliding
advances. Since the hardness for the 0.8 % carbon steam
treated is more than 0.2 % carbon steam treated samples,

516

there is a smaller contact area which results in preventing
direct metallic contact, thereby minimizing the wear rates.

Fig. 11. Worn surfaces of atomized iron: a—0.8% C; b—0.2% C

4. CONCLUSIONS

1. Microstructure of 0.2 % carbon consisted of ferrite and
pearlite and 0.8 % carbon the structure is mostly
pearlite.

Addition of carbon and copper provides liquid-phase
sintering increasing strength of the sintered
components.

Higher hardness and wear resistance results were
obtained for 0.8 % carbon steam treated PM compacts
compared to the results of 0.2 % carbon steam treated
compacts.

XRD analysis showed the developed oxide layer
consists of magnetite with traces of hematite and
substrate iron.

Oxidation and plastic deformation was found to be the
dominant wear mechanism for the Fe-C-Cu based
alloy in the steam treated condition.

Steam treatment improves the wear resistance of
sintered Fe-C-Cu alloy.
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