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The Influence of Aluminum Content on the Porosity, Microstructure,  
and Mechanical Properties of Powder Metallurgy Steels

An experimental study was performed to assess the influences of aluminum content on the porosity, microstructure and me-
chanical properties of powder metallurgy steels. Optical microscope equipped with the image processing software and the scanning 
electron microscope were employed to study the microstructure of investigated specimens. In order to find mechanical properties 
of specimens, Vickers hardness and compression tests were conducted. By increasing the aluminum content (from 0 to 4 wt. %), 
the porosity increases (from 6.01% to 8.43%). The microstructure of specimens contains aluminum phase distributed between the 
boundaries of agglomerated iron particles, ferrite, and pearlite. By increasing the aluminum content, stress-strain curves shift sig-
nificantly downwards, and the modulus of elasticity, elongation, yield stress, and Vickers hardness reduce from 1.82 to 0.86 GPa, 
32.1 to 17.8%, 138.1 to 28.2 MPa, and 127.7 to 26.8 HV, respectively.
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1. Introduction

In recent years, sintered iron-carbon steels manufactured 
through powder metallurgy (PM) have been successfully re-
placed by ferrous alloys manufactured by other processes such as: 
casting and forming [1-4]. The powder metallurgy route involves 
the preparing and blending of powders, compaction, sintering, 
and finishing operations [5,6]. The most important features of 
the powder metallurgy process are: low cost, low waste of ma-
terials and low energy consumption, high surface quality and 
high dimensional accuracy, controlled density and porosity, high 
manufacturing rate and also wide variations in compositions. 
The properties of PM components depend significantly on the 
composition of powders' mixture, powder properties (shape and 
size, and distribution of particles), additives and lubricants, as 
well as compacting pressure, sintering temperature, time, and at-
mosphere, and cooling rate after sintering [7-10]. The mechanical 
properties of PM steels are strongly influenced by the processing 
factors, alloying elements, sintering conditions, and the porosity 
[11,12]. It was found that high amounts of porosity reduce the 
mechanical properties of PM steels by initiating the micro-cracks, 
accelerating the growth of micro-cracks, and increasing the stress 
concentration [13-15]. To strengthen the PM steels, the proper 

heat treatment, controlling the cooling rate after sintering and 
the appropriate amounts of additional alloying elements such as: 
Cu, P, Cr, Mo, Ni, Mn and Al can be applied [16-19]. The proper 
alloying elements can affect the microstructure and porosity (pore 
size, shape, and distribution) of PM steels, and as a result, can 
influence the mechanical properties [20].

The addition of carbon in the PM steels increases forma-
tion of the equilibrium liquid phase during sintering and results 
in the improvement of its densification [21-23]. In addition, 
carbon strongly affects the formation of pearlite layers and 
microstructure [24]. The PM steels with higher carbon contents 
require longer times for reactivity, dissolution and diffusion of 
carbon and pearlite formation during the sintering [25]. Boron, 
due to formation of the borides and the borocarbides, is an ef-
fective element for facilitating sintering process. This element 
significantly decreases the porosity of PM steels due to eutectic 
reaction [21,26]. Copper is a feasible alloying element for liquid 
phase sintering. During the sintering process, copper melts and 
penetrates into the neck region between the bonded iron particles 
by capillarity action and subsequently diffuses into ferrite. It is 
noteworthy that the influence of copper is more pronounced in 
the presence of carbon [27]. In addition, phosphorus as a com-
mon alloying element can significantly affect the liquid phase 
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formation (during the sintering process) and microstructural and 
mechanical properties of the Fe-P-C steels [28].

In the sintered Fe-Mn-C low alloy steels, the addition of 
manganese causes to improve the mechanical properties [29]. 
The formation of Mn-oxide inclusions in sintered neck regions 
decreases the mechanical properties [30]. In the sintered Mn-Si 
steels, the formation of Mn-Si oxide inclusions depends on 
the sintering conditions [31]. Nickel can slightly decrease the 
temperature of liquid formation and increase the phase fraction 
of liquid [21,32]. Addition of carbon and molybdenum to Fe-Ni 
sintered alloys improves the distribution of nickel and forms a 
strong interaction between nickel and copper [33]. Addition of 
aluminum to the PM steels changes the microstructure and forms 
a stable AlN [34]. The addition of titanium in the microalloyed 
steels limits the grain growth during the sintering and increase 
the strength through precipitation hardening or solid solution 
strengthening [35]. Although numerous papers have been de-
voted to study the effect of various alloying elements on the 
PM steels, the effect of aluminum was rarely investigated. In 
this present work, the influence of aluminum contents (0, 2, 4, 
and 6 wt. %) on the porosity, microstructure and mechanical 
properties of Fe-C-Al sintered alloys was studied.

2. Materials and Experimental Methods

2.1. Materials

The commercial iron and aluminum powders produced by 
water atomization process were supplied from Mashhad Pow-
der Metallurgy Company. The Fe-C-Al powder mixtures with 
composition of 0.5 wt. % C (pure, in the form of natural UF4 
graphite, ash content below 0.1 wt. %) and addition of 0, 2, 4, and 
6 wt. % Al were used. The purity, particle size distribution, and 
SEM micrographs of iron and aluminum powders are presented 
in Table 1 and Fig. 1, respectively. It can be seen from Fig. 1 
that the shapes of the iron and aluminum particles are angular-
irregular and rounded-irregular, respectively.

Table 1
Purity and distribution of particles

Powder  
type Purity (%)

Particle size distribution (µm)
100-160 63-100 <63

Fe 99.9 18 wt. % 34 wt. % 48 wt. %
Al 99.9 23 wt. % 27 wt. % 50 wt. %

2.2. Manufacturing Process

To manufacture the PM steel specimens containing various 
amounts of aluminum (0, 2, 4, and 6 wt. %), the powder metal-
lurgy technique was selected. Mixing process was performed 
using a rotary V-mixer machine (Rikon Pharma) at 200 rpm for 
30 min. Based on the various amounts of aluminum (from 0 to 
6 wt. %), four different types of mixtures were prepared. As lu-
bricant, 0.3 wt. % of paraffin wax (Mashhad Powder Metallurgy 
Company, Iran) was added to the mixture. The green specimens 
were fabricated using a hydraulic press machine equipped with 
the cylindrical stainless steel die with an inner diameter of 12 mm 
and height of 200 mm. The upper and lower punches were manu-
facture of tool steel. The applied pressure was 650 MPa and the 
specimens were produced at an approximate height of 20 mm. By 
using double pressing, a nearly uniform densification of the green 
compacts is achieved. Finally, using a continuous tubular furnace, 
the sintering process was carried out at 1120°C for 52 min. The 
furnace atmosphere contained a mixture of nitrogen and hydrogen 
with the 90/10 ratio and the dewpoint was approximately 2°C. The 
main operations performed in the furnace for manufacturing of the 
PM steel specimens were dewaxing, sintering and water-cooling.

2.3. Density and Porosity

The green and as-sintered densities were calculated using 
Eq. (1). The porosity percentage was determined from sintered 
density using Eq. (2).

 ρ = m /v	 (1)

Fig. 1. SEM micrographs of a) Fe and b) Al powders
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where: ρ, m, and v are density [g/cm3], mass [g], and volume 
[cm3], respectively and PSintered is the porosity percentage of 
as-sintered specimens, PSintered and ρT are density of the sin-
tered steel (or apparent density) and theoretical density of the 
steel, respectively.

2.4. Microstructural Analysis

For microstructural observations, the PM steel specimens 
were cut using a wire-cut machine (Tops CNC, Model No. DK 
7740, China). Then, the specimens were mounted, ground and 
polished in accordance with standard metallographic procedures 
(ASTM E3-11) followed by etching 2 vol. % Nital. The pore 
morphology and the microstructure of sintered steel specimens 
containing various amounts of aluminum were investigated 
using a light microscope (LM) equipped with the MIPTM mi-
crostructural image processing software and a scanning electron 
microscope (SEM: LEO 1450VP). Prior to conducting the SEM 
studies, the specimens were coated with an Au-Pd alloy using 
a sputter coater machine (SC7620).

2.5. Mechanical Properties

In order to study the influence of aluminum contents on the 
mechanical properties of the sintered steel specimens, the Vick-
ers hardness and compression tests were conducted. A Vickers 
hardness tester (HVS-50) was used to measure the values of the 
hardness of the cross-sectional sintered specimens. The hardness 
values represented for each specimen are average of at least five 
measurements. The compression tests were carried out accord-
ing to ASTM E9 standard using a Zwick machine (Z250) with 
the cross speed of 0.5 mm/min. at room temperature [36]. The 
compression specimens were cut with the wire-cut machine from 
the sintered steels (length of 18 mm and diameter of 12 mm).

3. Results and discussion

3.1. Green and sintered densities

The mechanical behavior of the PM steels is affected by 
density and porosity, what has been confirmed in [37-41]. The 
green and sintered densities of steel specimens with differ-
ent amounts of aluminum are shown in Fig. 2. The green and 
sintered densities differ from 7.17 to 7.31 g/cm3 and 7.21 to 
7.40 g/cm3, respectively. By increasing the amount of aluminum, 
the green density decreases, due to the lower aluminum density 
(2.702 g/cm3) in comparison with iron density (7.874 g/cm3). In 
addition, the sintered density decreases with an increase in the 

amount of aluminum due to atomic diffusion that conducts the 
pores toward the surface of the sintered specimens [42]. In these 
sintering conditions, a liquid phase forms between the iron par-
ticles at an early stage of the process. Then, the molten metal 
penetrates along the iron grain boundaries and the densification 
is completed in a solid state. 

Due to higher sintered density in comparison with the green 
density, it was found that the addition of aluminum to the pow-
der mixtures affected the sintering process and causes a slight 
shrinkage. In contrast, dilatometric investigations of the sintering 
behavior of Fe and Al powders have shown that the formation 
of FeAl is accompanied by expansion due to volume change 
during the formation of the intermetallic phase Fe2Al5 [43]. 
In the specimens containing 0, 2, 4, and 6 wt. % of aluminum, 
differences between the green density and sintered density are 
0.09, 0.07, 0.06, and 0.04 g/cm3, respectively. This reduction in 
the differences, while the aluminum content increases, can be 
related to the improvement of aluminum diffusion by increasing 
the amount of aluminum [44]. It has been shown that the type 
of sintering process affects the density and porosity. Because 
of fast material transport via the liquid phase, the changes of 
pore morphology and porosity content during the liquid phase 
sintering are very fast. It can also be valid in a system with 
a very small volume fraction of liquid so that the liquid (even 
transient) is present only in the neck region between iron parti-
cles and the growth of particles is suppressed. The mechanism of 
pore filling is justified for most of liquid phase sintering where 
the grain shape can be considered to maintain an equilibrium 
shape. During manufacturing of porous Fe-C-Al alloys with 
high porosity, controlling the density (which depends on the 
porosity percentage and pore morphology) by the conventional 
powder metallurgy technique is much easier than the advance 
powder metallurgy methods (such as: electric current-assisted 
sintering, spark plasma sintering, and reactive synthesis) [45,46].

Fig. 2. The effect of aluminum content on the green and sintered densi-
ties of PM steel specimens

3.2. Porosity and pore morphology

The porosity percentage of sintered steels is shown in Fig. 3. 
The porosity percentage (Fig. 3) increases from 6 to 8.5% by 
increasing the amount of aluminum from 0 to 6 wt. %. It has 
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and the sintering atmosphere, and is usually in the range of 5 to 
15% [47,48]. Fig. 4 shows the LM and SEM images of pore 
distribution in the microstructure of steel containing 4 wt. % Al. 
The pores formed between the agglomerated iron particles 
are uniformly distributed in the matrix and have irregular and 
rounded shapes. Increasing the pressing pressure possibly reduce 
the pore size and porosity content [38]. In addition, the forma-
tion of pores between the sintered iron particles decreases the 
mechanical properties of PM steels [49].

3.3. Microstructure Investigations

The microstructures of Fe-0.5C-2Al specimen are shown 
in Fig. 5. In the sintering conditions (1120°C for 52 min.), the 
iron particles agglomerated together and the boundaries formed 
between the agglomerated iron particles. The microstructure of 
the PM steel specimens consists of ferrite and pearlite. In the 
pearlite, the formation of cementite layers between ferrite could 
be carried out because of diffusion of added carbon. The dif-
fusion of carbon can significantly improve the formation of 
bonds between the agglomerated iron particles and thus, the me-

Fig. 4. a) LM and b) SEM porosity micrographs in the 4 wt. % Al specimen

Fig. 5. The microstructure of the PM steel containing 2 wt. % Al (SEM)

Fig. 3. The effect of aluminum content on the porosity percentage of 
steel specimens

been reported that the porosity content of the PM steels depends 
on the size, shape and distribution of iron particles, alloying 
elements, lubricant agent, applied pressure, temperature, time 
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chanical properties of PM steels enhanced [25]. At the sintering 
temperature (1120°C), aluminum oxide (alumina) likely forms 
on the surfaces of aluminum particles. In addition, aluminum 
nitride and iron aluminide form in the neck region between the 
agglomerated iron particles. The formation of polycrystalline 
layers on the surfaces of aluminum particles exposed to a ni-
trogen atmosphere have been reported. These layers consist of 
fine, rod-like crystallites of hexagonal AlN and double layers 
of AlN separated by a thin layer of aluminum which affect the 
mechanical behavior [50,51]. By analysis of the SEM images, 
the surface fractions of ferrite and pearlite were obtained 35.2 
and 64.8%, respectively. It was found that the surface fractions 
of ferrite and pearlite did not depend on the aluminum contents.

3.4. Mechanical Properties

The mechanical properties of the PM iron alloys are influ-
enced by the morphology of iron particles, alloying elements, 
lubricant agents, applied pressure, sintering conditions, density, 
porosity, and the microstructure [37]. By decreasing the density 
(increasing the porosity percentage) of sintered steels, the hard-
ness, tensile, and fatigue characteristics decline [38,39]. Further-
more, increasing the porosity improves the friction and wear 
coefficients and sliding wear of sintered steels [14,40,41]. The 
stress-strain curves of steel specimens are shown in Fig. 6. Some 
similar behaviors are observed in all curves: elastic, plastic and 

Fig. 7. The effect of aluminum content on the mechanical properties of investigated PM steels 

Fig. 6. The Stress-strain curves of PM Al-alloyed steels

strain softening regions. Some fluctuations of the stress were ob-
served in the plastic region. This phenomenon is probably related 
to the pores connections and the growth of the cracks [30,52]. The 
pores formed between the agglomerated iron particles were the 
places of potential crack initiation and its propagation through 
the grain boundaries and matrix of PM steel [48]. 

The results illustrate that when the aluminum content 
is increased from 0 to 6 wt.%, the stress-strain curves shift 
downward. Some mechanical properties of steel specimens with 
different amounts of aluminum are shown in Fig. 7. It reveals 
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that by increasing the amount of aluminum, the modulus of elas-
ticity, elongation, yield strength, and hardness of the PM steel 
specimens are significantly reduced. During the transient liquid 
phase sintering process, the agglomerated iron particles bonds 
are weakened by formation of: molten aluminum, aluminum 
oxide on the surfaces of aluminum particles, aluminum nitride 
(due to the presence of nitrogen (10 vol. %) in the sintering 
atmosphere), and iron aluminide (or other intermetallic com-
pounds). The weakened bonding results in a significant downfall 
of mechanical properties.

4. Conclusions

In this work, steel specimens containing (0-4) wt.-% Al and 
0.5 wt.-% of carbon was successfully produced using powder 
metallurgy route. The effect of Al addition on the porosity per-
centage, microstructure, and mechanical properties was inves-
tigated. The results can be summarized as follows:
1	 –	 The green and sintered densities of steel specimens decrease 

with increasing aluminum content.
2	 –	 The higher sintering density compared to the green density 

indicates that shrinkage occurs during the sintering process.
3	 –	 The porosity of investigated PM Al-alloyed steels increased 

with increasing Al content.
4	 –	 The microstructure of PM steel specimens consists of ferrite 

and pearlite.
5	 –	A s the amount of aluminum increases, the strain-stress 

curves of the investigated alloy steels shift downward, and 
the mechanical properties decline.
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