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Abstract: The effect of tungsten, aluminum, and cobalt on the mechanical properties of iron-based
composites prepared by powder technology was studied. Five samples with different contents of
tungsten, aluminum, and cobalt were established. The five samples have the following chemical
compositions: (I) full iron sample, (II) 5wt.% tungsten, (III) 5wt.% tungsten-4wt.% cobalt-1wt.%
aluminum, (IV) 5wt.% tungsten-2.5wt.% cobalt-2.5wt.% aluminum, and (V) 5wt.% tungsten-1wt.%
cobalt-4wt.% aluminum. The mixed composite powders were prepared by mechanical milling, in
which 10:1 ball to powder ratio with 350 rpm for 20 h was cold compacted by a diaxial press under
80 bars, then sintered at temperatures ranging from 1050 ◦C to 1250 ◦C in an argon furnace. The
samples were characterized mechanically and physically using XRD, SEM, a density measuring
device, a hardness measuring device, a compression test device, and a tribological device for wear
and friction tests. XRD results refer to the formation of different intermetallic compounds such
as Fe7W6, Al5Co2, Fe2W2Co and Co7W6 with the main peaks of Fe. The good combination of
tribological and mechanical properties was recorded for sample number five, which contained 5% W,
4% Al, 1% Co and Fe base, where it obtained the highest wear resistance, largest hardness, acceptable
compressive strength, and lowest friction coefficient due to the good combination of hard and anti-
friction intermetallic action compared with the other samples. This sample is a good candidate for
applications which require high wear resistance and a moderate friction coefficient accompanied with
high toughness, like bearing materials for both static and dynamic loading with superior mechanical
and tribological properties.

Keywords: iron-based composites; tungsten; aluminum; cobalt; specific wear rate; coefficient of
friction; microstructure; powder metallurgy

1. Introduction

Developing composite materials with enhanced mechanical and tribological properties
received considerable attention in recent years [1–3]. Both metal-based and polymer based
composites have been extensively studied in literature [4–6] because of their enhanced
properties over conventional alloys [7,8]. Bearing materials that can be used in high temper-
ature applications have great attention from researchers [9,10], in which various types of
iron-based composites were investigated. Iron powder has gained great attention from re-
searchers in the last few decades [11–13] because it has many advantages over conventional
ferrous alloys, such as superior mechanical properties arising from refined microstructure.
Unfortunately, it has a low tribological properties, so reinforcing it with other additives such
as ceramic metals or materials improves the wear resistance. Powder metallurgy is the most
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suitable technique for the fabrication of these alloys, as it has the advantage of obtaining
final shape or semi-final shape with low cost and better quality [14,15]. Some researchers
work on these alloys such as Cui et al. [16], who added BaF2, Ag and Mo to Fe-Cr matrix
composites under different concentrations. They reported that the optimum tribological
properties were obtained at 8% BaF2, 10% Ag and 8.5% Mo. The effect of boron (B) on the
mechanical properties of Fe-Cr matrix composites was investigated [17]. They found that
the addition of B enhanced the tribological properties of this alloy. Suh et al. [18] added
Multi Wall Carbon Nano Tube (MWCNT) to Fe-based composites. The results revealed that
MWCNTs were decomposed at high temperature and reacted with iron to form an Fe-C
interstitial phase alloy and lose their positive effect on the mechanical behavior of these
alloys. Merie at al. [19] investigated the effect of TiO2 addition on Fe-10% Cu-7% graphite-
12% Ni composites for vehicle brake applications. The results stated that the porosity was
increased with increasing TiO2 content. Furthermore, the highest friction coefficient of 0.43
was recorded for 6% TiO2, and the maximum wear resistance was obtained for 8% TiO2.
Tungsten (W) was added as a solid solution strengthening phase for α- Fe [20], in which
W reacted with Fe and carbon to form iron tungstate (Fe2W2C, Fe3W3C and Fe6W6C).
The formed phases acted as a bearing microstructure for the secondary lubricating films
during the wear process. It was reported that Fe-W-C compounds were thermodynamically
stable, and its elastic constants were larger than Fe3C and Cr7C3. The high hardness of
Fe-W-C ternary compounds is due to the mixed bonds, which are a combination of metallic
and covalent bonds. Co has a similar influence to W on the properties of α- Fe, however
Al acts as a binder and forms anti-friction layers. Kang et al. [21] fabricated Al matrix
composites reinforced by Al–Fe–Cr using a laser powder bed fusion technique to produce a
novel high strength composite. The fabricated samples had nano-quasicrystalline particles
with various sizes for a heterogeneous microstructure. The produced composites have a
high ultimate and yield strength of 530 MPa and 395 MPa, respectively. Gao et al. [22]
fabricated Fe–Cr–B matrix composites reinforced by zirconia toughened alumina parti-
cles using a liquid-phase sintering technique. An interface film with 50 µm thickness is
generated between the Fe–Cr–B alloy and the used particles. The Young’s modulus and
hardness at the formed film are 146.60 GPa and 12.88, respectively, which augment the
adhering between the composite components. The fabricated samples had outstanding
wear resistance which increased as the particles’ volume fraction increased. Pashangeh
et al. [23] fabricated Al-matrix composites reinforced by Al-Cr-Fe using an accumulative
roll bonding technique. The anti-corrosion characteristics of the fabricated samples was
higher than monolithic Al. Somunkiran et al. [24] fabricated Fe-Cr matrix composites
reinforced by C or C-B using a hot pressing technique. The density and hardness of the
fabricated samples changed by the reinforcement elements. C-B reinforced samples had
higher density and hardness than those reinforced by C. Kang et al. [25], who fabricated Al
matrix composite samples reinforced by Al-Fe-Cr using a selective laser melting technique.
The size of reinforcement elements increased from nanometer scale to micrometer scale, and
its structure converted from dense structure to porous structure with increasing laser power.
Chen et al. [26] studied the tribological behavior of Fe-Ni composites considering Ni-coated
reduced graphene oxide-MoS2 fabricated by powder metallurgy. The results concluded that
Ni-coated reduced graphene oxide–MoS2 composites retained their outstanding tribologi-
cal properties at higher temperatures. Bai et al. [27] studied the influence of adding V8C7
to iron composites by in-situ reaction in two steps. They found that V8C7-iron composites
achieved higher yield strength and compressive strength compared to using cast iron with
the same chemical composition and V8C7 area fraction. Jiang et al. [28] examined two types
of high Cr white iron composites with TiC added either in dried or in-situ. They found
that the TiCx in situ prepared composites exhibited superior mechanical and tribological
properties compared with the directly added TiC. This is due to the smaller grain size and
stronger interfacial strength obtained in the in-situ samples. Most of the alloys mentioned
above are expensive and the manufacturing techniques are costly as well.
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The main aim of this work is to develop a new generation of composite material
with high mechanical and tribological properties that could be used as bearing material
applications with reasonable cost by investigating the effect of adding W, Co, and Al
on the mechanical and tribological behaviors of an Fe-based matrix. Fe powder with
fixed W content (5%) and various Al and Co contents will be prepared. Adjusting the
stoichiometric amounts of Al and Co is the biggest challenge to achieving the optimal
mechanical properties. The tribological, physical, and mechanical characteristics were
tested to figure out the role of different reinforcement materials on the composite structure
and to determine the optimal composition.

2. Experimentation

The procedures of the experimental study are presented in Figure 1, which includes the
material selection to obtain samples with diverse weight percentages of Al, Co, and W in
which the W content was kept constant. The main reason behind the addition of W element
to Fe powder was to increase the strength and thermal stability of the produced material,
as W is a ceramic metal has high mechanical properties and good thermal stability [29].
The addition of Co element improves the ductility of the final product and forms a new
intermetallic material with Fe or W [30]. Finally, the addition of Al enhances the ductility
and thermal properties [31]. Mechanical milling of the powders by 1:10 powder-to-ball
ratio and 350 rpm for 20 h was used to reach the desired grain size and to get homogeneous
distribution of the ingredients. The mixed powders were cold compacted using hydraulic
press under 80 bars with a bi-axial die (10.5 ± 0.1 mm diameter and 0.5 ± 0.1 mm height).
The compacted samples, after cold pressing, were sintered at different temperatures of
1050, 1100, 1200, and 1250 ◦C for 60 min to complete the sintering process under an
Argon atmosphere in order to protect samples from any oxidation. This wide range of
sintering temperatures enables us to figure out the effects of sintering temperatures on the
different properties of the fabricated samples. According to the rule of mixtures, sintering
temperature ranges between 1050 up to 1250 ◦C, so we used this temperature range to
check which one is more suitable and gives the highest densification. The effect of sintering
temperature on the density values was studied, as this is the most important parameter for
the powder metallurgy products. The samples were investigated according to standard,
in which five different specimens were produced by employing the technique of powder
metallurgy with the chemical contents in Table 1. These compositions are selected as there
is no previous work done on these compositions; furthermore, constant percentage of W
(5%) is enough for improving the properties of iron. For Al-Co percentages, these ratios are
suitable for investigating the influence of Al and Co on the composite properties.

Table 1. Chemical composition of the prepared samples.

Material
wt. %

Specimen #1 Specimen #2 Specimen #3 Specimen #4 Specimen #5

Fe 100% 95% 90% 90% 90%

W - 5% 5% 5% 5%

Co - - 4% 2.5% 1%

Al - - 1% 2.5% 4%

Sample 1 was prepared to be a reference sample, while 5wt.% W was kept constant
for all other samples, as this content is completely dissolved in Fe as a solid solution in the
temperature range from 1000 to 1250 ◦C according to the Fe-W phase diagram. Co and Al
were varied in samples 3 to 5 to obtain the optimum weight percentage needed for Co-Al
intermetallic formation according to their binary phase diagram.
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3. Characterizations
3.1. Density of Sintered Samples

Density is an important parameter for powder metallurgy samples. Actual density
was determined by Archimedes’ method by using water as a floating liquid as following:

Actual density =
Wair

Wair − WH2O

(
gm/cm3

)
(1)

where, Wair and WH2O are the weights in air and water, respectively. Molten wax of known
density was used to cover the sample’s surface with a thin film to isolate the surface porosity
that exists on it, and then weighted again in air.

Theoretical density was calculated according to density:

(ρ)=
mass, (m)

volume, (v)

(
gm/cm3

)
(2)
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Finally, the relative density is calculated as the actual density of sample/the theoretical density.

3.2. Microstructure Investigation

A scanning electron microscope with an EDX unit (JEOL, JSE-T20) was used to investi-
gate the grains which formed after the sintering process, and to identify the intermetallic
compounds formed during sintering, taking into consideration the precautions in [32–34].
Furthermore, the particle shape and size, grain boundaries, and porosity were investigated.

3.3. Mechanical Properties
3.3.1. Compressive Testing

Compressive testing was conducted on a universal testing machine, model UH–500
KNA, Schematzu, using test specimens 10.4 mm in diameter.

3.3.2. Surface Hardness

Surface micro hardness was measured using Vickers hardness tester MH-5 with 300 g
load and 10 s dwell time. An average of 5 measurements for each specimen was computed
and considered as the final measured value.

3.4. Tribological Testing

Tribological tests were executed on a Pin-On-Disk machine to obtain the specific wear
rate and friction coefficient. The disk was made of alloyed grey cast iron.

3.4.1. Friction Coefficient

The friction coefficient was computed considering a sliding speed of 7 m/s and friction
force of 42 N.

3.4.2. Wear Rate

Specific wear rate defines the reduction of the specimen mass as a measure of wear
with respect to time, and it is computed using the following formula:

Speci f ic Wear Rate (SWR) =
∆W

ρ× V × T × Ff

(
cm3/N.m

)
(3)

where T: test duration (s), ∆w : weight difference (gm), ρ: density, (gm/cm3), Ff: friction
force (N), and V: sliding speed (m/s).

A constant applied load of 42 N was considered. The conditions of tribological tests
are given in Table 2.

Table 2. Tribological testing conditions.

Sample area 85 mm2 Test duration 18 min

Sliding speed 7 m/s Ambient temperature 25 ◦C

Friction pressure 0.5 MPa

The lower wear rates are a direct indicator to the high resistance of the material to
abrasion and wear, which is desirable characteristic for bearing materials. The chemical
composition of the disk used in tribological testing is tabulated in Table 3.

Table 3. Composition of the disk.

C % Mn % Si % S % Ni % Cr % Mo %

3.3–3.5 0.6–0.9 1.8–2.1 0.12 0.6–0.7 0.15–0.25 0.2–0.3
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4. Results and Discussion
4.1. Composition and Phase Structure

Figure 2 shows the XRD of S2, S3, S4 and S5 samples. It shows that sample two
contains peaks corresponding to an Fe and Fe2W6 intermetallic that formed during the
sintering process. For all samples that contain Fe, W, Co, and Al, the mean peaks of Fe metal
strongly appeared. Co3W6, Fe2W3, Co, and Al5Co2 peaks are also observed. According
to the Co-W and Co-Al binary diagrams, and the ternary diagram of Fe, W, and Co, some
intermetallic compounds are formed during the sintering process at certain temperatures
and concentrations. For Co3W6, Fe2W3Co and Al5Co2 intermetallic compounds, their peak
intensities are increased by increasing the percent of both Co and Al [35]. Alumina phases
are also formed during the exposure of the samples to oxygen-containing environments at
high temperature. Furthermore, as-received Al powder contained some Al2O3 particles.
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4.2. Density Estimation

All samples are sintered at 1050, 1100, 1200, and 1250 ◦C in an Ar atmosphere furnace.
By measuring their densities, the results showed that 1050, 1100 and 1200 ◦C are not
suitable temperatures to complete the sintering process, and the density was very low,
ranging between 70–80%. For 1250 ◦C, the density was raised more than 90%. Therefore,
1250 ◦C is the most suitable temperature. Figure 3 shows the effect of metal additions with
different percentages on the relative density of the Fe matrix. It is clear that the addition of
5wt.% tungsten (W) decreased the density of Fe, although W had a higher density value
than Fe (19.4 gm/cm3 compared to 7.8 gm/cm3). This may be because of the existence of
pores, formed from W particle agglomerations due to the large difference in the melting
points between Fe and W: 1538 and 3422 ◦C, respectively, which is clear in the resulting
microstructure. By adding Co and Al (4% and 1%, respectively) to the Fe-W alloy, the
density was increased again in sample three due to the liquid phase sintering established
by the melting of Al at 663 ◦C during the sintering process. The presence of the liquid phase
increased the densification, as liquid Al spreads in the alloy matrix and fills the internal
voids between the particles. Consequently, densification improved. The addition of equal
amounts of Al and Co (2.5% for each) enhanced the densification again. This may be due to
the increase in Al liquid phase and the formation of Fe2W2Co intermetallic phase, which
both have a high density. However, by decreasing the Co to 1% in sample 5, the density was
decreased, which may be due to three factors; the first is the increase in Al content which
has lower density (2.7 gm/cc) than the other contents, and the second is the agglomerations
which were observed in the microstructure. The third factor is the reduction in the Co
content, which results in decreasing the area fraction of Fe2W2Co intermetallic compounds.
In statistics, standard deviation is a measure of the quantity of dispersion or deviation of a
set of values. Figure 4 illustrates the effect of standard deviation on all samples.
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4.3. Microstructure Investigation

Figure 5 shows the microstructure of all samples after sintering at 1250 ◦C at two
different magnifications of 1000X and 2000X for each sample. The most predominant
phase is the grey one, which represents the Fe matrix. Well-defined grain boundaries were
obtained and some pores at the surface for sample 1 (100% Fe) were observed. Sample 2
obtained similar trends to sample 1, which was an indication of 100% full densification but
with a higher area fraction of pores.
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The area fraction of pores in 5%W added sample was higher than that of the pure iron
sintered sample, which implies that W in solid solution increased the porosity. This may be
due to the agglomeration resulting from the large difference in melting points between iron
and tungsten that was confirmed also from the density results [20]. Sample 3 (90%Fe-5%W-
4%Co-1%Al) contains well-defined grain boundaries decorated with intermetallic material
between Fe, Co and W, which imply that 4%Co and 1%Al enhance the precipitation of
intermetallic material at the grain boundaries. Sample 4 (90%Fe-5%W-2.5%Co-2.5%Al)
shows almost no pores. Intermetallics of Fe, W, Co, and Al are formed along the grain
boundaries and inside the grains; the stoichiometric amounts of (90%Fe-5%W-2.5%Co-
2.5%Al) increases the intermetallic area fraction in this sample. Sample 5 (90%Fe-5%W-
1%Co-4%Al) shows the largest area fraction of intermetallic material (Al5Co2; Co7W6 and
Fe2W2Co), which was confirmed by XRD and EDX analysis of material that was found
along the grain boundaries and inside the grains. This confirmed that the stoichiometric
amounts of (90%Fe-5%W-1%Co-4%Al) gives the optimum composition to achieve the
largest area fraction of intermetallic material in this sample. Co7W6 and Fe2W2Co act as a
bearing microstructure for the secondary lubricating films during the wear process [20],
while Al5Co2 acts as an anti-friction particle. From the microstructure images, it is clear
that the most densified sample that has the lowest porosity and more fine particles is S4,
which contains an equal percentage of Co and Al (2.5 and 2.5 ratio).

5. Effect of W, Al and Co on the Properties of Bearing Material
Vickers Hardness

The obtained results of surface hardness are presented in Figure 6. The hardness was
augmented by the addition of W, Co and Al gradually. Sample 5 (90%Fe-5%W-4%Al-1%Co)
recorded the largest hardness (194 HV), which may be due to the large area fraction of
intermetallics formed in this sample. The high hardness is highly desirable for materials
with high resistance to abrasion and wear. The addition of W to Fe improves the total
hardness of the prepared composites [36]. This is due to the higher hardness value of W
compared to Fe, and the good distribution of W all over the Fe matrix. Furthermore, W
is a ceramic metal that acts as an internal ball which causes a grain reinforcement of the
particles. Consequently, the hardness was improved according to the Hall–Petch equation.
Al acts as an internal binder which melts at 663 ◦C during the sintering process and fills
the internal pores, so the hardness was increased. Moreover, the formed Fe7W6, Fe2W2Co,
Co7W6, and Al5Co2 intermetallics have a good role in enhancing the hardness.
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6. Compressive Strength

The compressive strength is shown in Figure 7. Compressive strength has been
increased from 270 MPa to 360 MPa by the addition of (5% W (as a result of Fe7W6 solid
solution strengthening, and the high hardness of W metal. Further addition of Al and
Co does not greatly affect the compressive strength for samples three and four. Both of
them increased the compressive strength, but by a low percentage. This may be due to the
liquefaction of Al at 663 ◦C which fills the internal pores. Consequently, the compressive
strength enhanced as the weakness effect of the voids is excluded. However, Co is a ductile
metal, and its presence reduced the strength of the samples. Sample five shows a slight
decrease in compressive strength by 3% due to the relatively large content of Al (4%),
which acts as a filler material and intermetallic forming element. This slight decrease in
compressive strength accompanied with the largest hardness, largest wear resistance and
minimum friction coefficient make sample five a promising material for both static and
dynamic bearings.
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6.1. Specific Wear Rate

Figure 8 shows the effect of W, Co, and Al additions on the wear rate of iron matrix.
From Figure 6, one can notice a gradual decrease of the wear rate by increasing the additive
metals. The addition of W increased the wear resistance, as W is a hard-ceramic metal that
strengthens the Fe matrix and increases the hardness of iron due to its good homogeneous
distribution through the Fe matrix [22]. The addition of both Co and Al increased the wear
resistance due to the formation of intermetallic phases and the liquefaction of Al during the
sintering process, which increases the densification and consequently improves the wear
resistance. Sample five (90% Fe-5%W-4%Al-1%Co) obtained the largest wear resistance
and the largest hardness (194 HV) due to the high content of Al discussed above.

6.2. Friction Coefficient

The friction coefficient variation as a function of time is shown in Figure 9. The lowest
friction coefficient after reaching a steady state was recorded for sample five, which shows
the largest hardness and the largest wear resistance, implying a promising candidate for
bearing materials applications. This can be explained by the high wear resistance of this
sample. The friction coefficient was usually decreased by increasing the wear resistance,
as the hard surface of the sample resists scratches. This may be due to the formation of
Al5Co2, which acts as an anti-friction particle. Furthermore, reinforcing the Fe matrix with
W improves the overall strength of the prepared samples due to its ceramic nature and high
hardness. The material tested in Sample five (5% W, 1% Co, 4% Al) can be used for bearing
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materials application, as it serves at severe tribological and mechanical conditions for both
static and dynamic loadings, in which all the intermetallics formed are thermodynamically
stable up to 400 ◦C. Additionally, the formed intermetallic phases increased the strength of
the samples and its resistance to scratches. A good interaction between the constituents
is established.
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6.3. Comparison Overview

The test results of all specimens are in Table 4. The results were computed as the
average of five testing reads for each condition. By comparing the friction coefficient of pure
Fe and the other samples containing W, Co, and Al, it is clear that the friction coefficient
was decreased by these additions due to the presence of W powder with its ceramic nature,
helping reduce the friction coefficient. The use of aluminum with a high weight fraction
(4wt.%) boosted the hardness, minimized the friction coefficient as well as wear rate, and
increased the material strength to reasonable value. In our future work, we will employ
different machine learning models such as multilayer perceptron, random vector functional
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link, support vector machine, random forest, and recurrent neural networks [37–39] to
predict the properties of the fabricated samples under different material contents.

Table 4. Characteristics of the tested bearing materials.

Materials Specimen #1 Specimen #2 Specimen #3 Specimen #4 Specimen #5

W content, wt.% 0% 5% 5% 5% 5%

Co content, wt.% 0% 0% 4% 2.5% 1%

Al content, wt.% 0% 0% 1% 2.5% 4%

Relative Density, % 96.2 92.6 93.8 97.3 94.5

Standard Deviation 7.94 6.36 7.06 7.79 6.32

Compressive strength, MPa 270 360 360 360 350

Hardness, HV 81 101 108 157 194

Friction coefficient 0.62 0.58 0.57 0.57 0.53

Specific wear rate, SWR, cm3/Nm 2.98 × 10−8 2.33 × 10−8 1.85 × 10−8 1.23 × 10−8 0.85 × 10−8

7. Conclusions

Fe powder mixed with constant W content (5%) and different Co and Al contents has
been produced by powder metallurgy. Sintering temperature was varied between 1050 to
1250 ◦C. Higher temperatures resulted in liquid phase formation, while lower temperatures
resulted in incomplete sintering, and the optimum suitable sintering temperature was
1250 ◦C, which was selected as sintering temperature for all prepared samples. Generally,
the addition of W, Co, and Al to an Fe matrix enhanced the mechanical properties of the
produced composites. The following conclusions could be deduced:

(1) The relative density was slightly affected by the W, Co, and Al additions. All produced
composites had relative density ranges from (93~97.4%).

(2) The highest relative density (97.4%) was obtained for the composite that contained 5%
W, 2.5% Co, and 2.5% Al.

(3) XRD results indicated the formation of intermetallic compounds between Fe, W, Co,
and Al which improved the mechanical properties.

(4) The largest hardness (192 HV) was obtained for the composite that contained 5% W,
1% Co, and 4% Al, which is higher than that of a pure Fe matrix by about 240%.

(5) Compressive strength was affected greatly by the addition of 5% W, which was
increased by 35% compared to pure Fe powder, and this increase was slightly affected
by Al and Co additions.

(6) The composite that contained 5% W, 1% Co, and 4% Al had the largest hardness,
the largest wear resistance, and the lowest friction coefficient when compared with
a pure Fe matrix. This composite (5% W, 1% Co, 4% Al) is a good candidate for
bearing materials at severe mechanical and tribological conditions for both static and
dynamic loadings.
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