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1. Introduction 
 
    Near net shape powder metallurgy (PM) steels 
(low carbon (C) iron (Fe)-based alloys) have 
significant growth in the automotive industry. They 
are extensively used as gears, sintered magnets, 
self-lubricating bearings and other complex 
structural components due to their benefits such as 
cost effectiveness, weight and energy savings and 
uniformity in shapes and dimensions. Although 
sintered hardening is used to tailor the 
microstructure of sintered products that acquire the 
desired mechanical performance by optimizing the 

material composition and cooling rate but their 
applications are limited with loss in ductility due 
mainly to the presence of porosity which generally 
ranges from 5 to 10 vol. %. In order to expand the 
scope of sintered part applications, improvement 
in  s intered density without considerably 
increasing the production cost by liquid-phase 
sintering (LPS) is a versatile method. Amongst 
several additive additions, boron (B) is now widely 
accepted for obtaining high density in PM steels. 
Liao et al. [1] reported that B significantly 
improved the density of the PM steels by forming a 
liquid with iron at ~1447 K (1174 °C) due to the 
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reaction of Fe + Fe2B, spreads to interparticle spaces leading to densification 
improvement. Carbon is an indispensable element for high strength sintered steels. 
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intergranular boride absence in the hydrogen-sintered steels. However, when the 
hardening effect was taken into account, the strengthening by intergranular liquid 
phase in the sintered steels was less important than precipitation strengthening. 
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eutectic reaction γ-Fe + Fe2B → L. The liquid form 
spreads into interparticle spaces, particle 
rearrangement due to capillary forces contributes to 
densification results in a final microstructure 
consisting of a B-rich phase network surrounding 
the grains boundary. However, sintered plain 
carbon steel rarely uses LPS because the Fe-B 
eutectic at the grain boundaries is a fairly brittle 
phase. Once high density is achieved, the material 
is brittle [2]. According to experimental results, 
Sercombe et al. [3] concluded that B-containing PM 
steels are suitable materials for LPS densification to 
achieve wear resistant materials with a low porosity.  
    Hardenability alloying elements such as Cr, Mo 
and C have important roles in the progress of LPS 
and the final densification in B-containing PM 
steels. B can form stable phases with some elements 
resulting in alteration of the phase composition in 
both matrix and boride network which affect the 
mechanical property. Various compound phases, 
including M 2B, M3B2 ,  M 7C3 ,  M3 (B ,C),  and  
M23(B,C)6, wherein M comprises one or more of the 
metallic elements, including Fe, Cr, Mo, could be 
present in the B-containing PM steels, depending on 
the steel compositions and process parameters 
[3,4,5]. Many researches have shown the effects of 
various alloying elements on the LPS behavior, 
sintered density, and microstructures. Wu [6] 
reported that, although the increase of B content in 
PM alloyed steels could promote LPS densification 
and porosity reduction but in some cases, the tensile 
strength and elongation were decreased due to 
inadequate microstructures. Wu et al. [7] found that 
Mo and Cr atoms could stabilize M2B boride, where 
M represents the metallic elements Fe, Mo, and Cr, 
at a higher temperature. In addition, they found that 
adding 0.5 wt% C to Fe-0.4B and Fe-1.5Cr-0.4B 
steels could reduce the temperature of liquid 
formation by ~5 °C and ~50 °C, respectively, and 
could enhance the LPS densification. Liu et al. [8] 
showed that the sintered density of Fe-1Ni-1Mo-
xC-0.3B steel was not obviously changed by a C 
content of up to 0.4 wt.% C. In contrast, Xiu et al. 
[9] indicated that the sintered density of Fe-Mo-C-
B steel is improved by increasing the C content 
from 0.2 wt% to 0.44 wt.%. 
    Recently, sintered Fe-Cr-Mo-BN-C steels, 
produced by admixing of hexagonal boron nitride 
(h-BN) and graphite to pre-alloyed Fe-3.0Cr-0.5Mo 
powder, sintering in vacuum atmosphere, and 
cooling with different rates, showed benefits of 
higher strengths [10]. A few researches have been 

conducted for atmospheric effects on B-induced 
LPS of steel powder compacts. It was reported that 
a considerable amount of B removal was observed 
during the heat treatment of Fe-36%Ni and Fe-
78%Ni alloys at 1050°C in different atmospheres 
[11]. Because of deboronization possibility in some 
atmospheres and the roles of carbon in the LPS of 
B-containing PM steel have not yet been fully 
identified. In order to ensure the successful liquid 
phase sintering by B addition, this work has devoted 
to investigate the Fe-1.5Mo-0.22B-xC steels (x = 
0.1 - 0.4 wt.%) sintered under hydrogen and vacuum 
atmosphere. 
 

2. Experimental 
 
    Water-atomized steel powder pre-alloyed with 
1.5 wt.% Mo is commercially available as Astaloy 
Mo from Höganäs AB, Sweden. It was admixed 
with fixed 0.5wt.% h-BN and varied contents of 0.0-
0.4 wt. % C with 0.1% step wise increment. 
Addition of 1 wt.% zinc stearate was also conducted 
in order to lubricate the compact and the pressing 
die. After admixing, green “dog-bone” compacts 
were produced by pressing at 450 MPa to obtain 
green density of 6.5 g/cm3, following the ASTM 
standard B 925-03 (Standard Practices for 
Production and Preparation of Powder Metallurgy 
(P/M) Test Specimens). The density was measured 
by the water displacement method as given in 
Standard 42 (Determination of density of 
compacted or Sintered Powder Metallurgy (PM) 
Products). Sintering was carried out under 
atmospheres of pure hydrogen (the flow rate of 200 
L·h-1) and vacuum (10-9 mbar) atmosphere at 
1280°C for 45 min and then cooled in the furnace 
with the rate of 0.1°C·min-1. For metallographic 
examination the specimens, exposing a cross-
sectional view, were polished and etched with a 
solution of 2% Nital. Microstructural features were 
observed by means of light optical microscopy 
(OM) and scanning electron microscopy (SEM) 
under Hitachi SU 8230 microscope. Energy 
dispersive x-ray spectroscopy (EDS) was used for 
elemental analysis. Tensile properties were tested 
by following the MPIF Standard 10 (Determination 
of the Tensile Properties of Powder Metallurgy 
(PM) Materials). The test was conducted by using 
Instron Universal testing machine using a strain rate 
of 5 mm·min-1. Micro-hardness studies were 
performed using Vicker’s micro-hardness tester.
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3. Results and discussion 
 
3.1 Microstructures 
 
    Microstructures of the sintered steels with 
compositions of Fe-1.5Mo-0.22B-xC (x = 0.1-0.4 
wt.%), produced from Fe-1.5Mo + 0.5h-BN + xC 

powder mixtures and sintered under vacuum 
atmosphere, are shown in Figure 1. They were 
observed by using OM as shown in Figure 1(a, b, c) 
and SEM as shown in Figure 1(d, e, f). It was found 
that microstructures of the vacuum-sintered steels 
without carbon addition consisted of polygonal 
ferrite (PF) grains (Figure 1(a, d)), pores and 
intergranular boride. The latter phase was observed  

 

 

 

 
(a)  0%wt.C addition 

 
(d)  0%wt.C addition 

  
(b) 0.2%wt.C addition 

 
(e) 0.2%wt.C addition 

  
(c) 0.4%wt.C addition 

 
(f) 0.4%wt.C addition 

Figure 1. Images of Fe-1.5wt.% Mo + 0.5wt.% h-BN sintered at 1280ºC for 45 min. under vacuum atmosphere 
with variation of C addition observed by OM (a,b,c) and SEM (d,e,f). 
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(a)  0%wt.C addition 

 
(d)  0%wt.C addition 

  
(b) 0.2%wt.C addition 

 
(e) 0.2%wt.C addition 

  
(c) 0.4%wt.C addition 

 
(f) 0.4%wt.C addition 

Figure 2. Images of Fe-1.5wt.% Mo + 0.5wt.% h-BN sintered at 1280ºC for 45 min. under hydrogen atmosphere 
with variation of C addition observed by OM (a,b,c) and SEM (d,e,f). 
 
at the triple junction and near some pores. The 
volume fraction of intergranular phase resulting 
from liquid solidification increased with increasing 
C content. The material grain morphology changed 
from clean PF grains (Figure 1(d)) to precipitate-
containing grains (Figure 1(e, f)) when C contents 
were increased. Precipitation along lath ferrite 
boundaries was observed in the sintered Fe-1.5Mo-
0.22B-0.4C steel (Figure 1(f)). Liquid phase 
sintering occurs in the vacuum-sintered steels as 

evidenced by (i) the presence of intergranular 
boride, (ii) round grains and round pores (Figure 1). 
    The solubility of B in Fe is limited, thus sintering 
at a temperature higher than 1200C (1473 K) 
conduces to the formation of a liquid boride phase 
[12]. The liquid phase is generated as a result of 
eutectic reaction between Fe and Fe2B. The 
reactions are Fe + Fe2B → L for Fe-B system and 
(Fe, Mo) + (Fe, Mo)2B → L for Fe-Mo-B system 
[13]. The volume fraction of intergranular boride 
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also increased with increasing carbon addition same 
as the result of Sundaram et al. [13] indicated that 
both carbon and molybdenum accelerate sintering 
by promoting the formation of liquid at a much 
lower temperature. The C addition as admixed 
graphite can shift liquid formation temperature to a 
lower one that also contributes to the higher liquid 
volume fraction resulting in better densification.  
    Microstructure of the hydrogen-sintered steels 
are shown in F igure  2.  I t  was found tha t  
intergranular liquid phase was hardly observed. The 
fraction of precipitation in the hydrogen-sintered 
steel matrix was increased with increasing C 
content (Figure 2 (d, e, f)). The precipitates in the 
hydrogen-sintered steels dispersed rather randomly 
compared to that in the vacuum-sintered steels 
(Figure 1(f) and 2(f)). 
    The absence of the intergranular liquid phase is 
consistent with the previous study on deboronization 
possibility in some atmospheres. According to 
Tsuda [11], a considerable amount of B removal 
was observed during the heat treatment of  
Fe-36%Ni and Fe-78%Ni alloys at 1050°C in air. 
Neither argon nor hydrogen (dew point -40°C) 
atmosphere could eliminate the deboronization. 
Hence, deboronization is believed to contribute to 
the intergranular boride absence in the hydrogen-
sintered steels. 
    With comparison between the microstructures of 
vacuum- and hydrogen-sintered steels, the 
intergranular liquid phase was absent in the latter 
whereas the amount of precipitates, increases with 
increasing carbon addition in both sintered steels. It 
is implied that sintering atmosphere types strongly 
influence on intergranular liquid phase formation 
but insignificantly influence on precipitation in 
sintered steel matrix. 
    As far as the sintered density is concerned, 
sintered densities were improved to values higher 
than 7.0 g·cm-3 from the green density of 6.5 g·cm-3. 
The plot of sintered density against added graphite 
(C) content, given in Figure 3, indicates that the 
hydrogen-sintered steels show increase of sintered 
density with C contents of up to 0.3 wt. %, whereas 
the vacuum-sintered steels show non-systematic 
relationship with C content. The added C content 
has two roles in densification of a sintered steel 
specimen. As given above, C promotes formation of 

liquid phase, which enhances densification by 
liquid phase sintering [13]. This role of carbon 
should be applied with caution. For example, in case 
of insufficient liquid phase quantity, the penetration 
of a liquid phase to wet a small gap between powder 
particles by capillary effect will leave porosity 
behind. This means that a small amount of liquid 
can reduce densification of a sintered specimen. 
That is why the vacuum-sintered steels show non-
systematic relationship with C content. The second 
role of C on sintered part densification is that C acts 
as oxide-reducing agent during heating a metal 
powder compact [14]. Metal powder surface oxides, 
entrapped inside the inter-particle contact areas as 
the potential areas for sintered neck formation, can 
be removed by presence of graphite. The C addition, 
in combination with hydrogen as effective reducing 
agent, is expected to produce better densitication. 
 

 

Figure 3. Sintered density of experimental sintered 
steels. 
 
    Figure 4 shows the distribution of major elements 
in the steel matrix and intergranular boride. As seen, 
the boride was enriched with Fe and Mo, while the 
precipitates in the matrix were enriched with C. 
However, the EDS analysis is not suitable for 
detecting low content of light elements like B. 
    According to literatures [3-5], various compounds, 
including M2B, M3B2, M7C3, M3(B,C), and 
M23(B,C)6, wherein M comprises one or more of the 
metallic elements, including Fe, Cr, Mo, could be 
present in sintered B-containing steels, depending 
on the steel compositions and process parameters. 
Due to C enrichment at precipitate sites in the 
matrix, they are presumably cementite (Fe3C) and 
other carbides (M7C3, M3(B,C), and M23(B,C)6). 
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(a) SE image 

 
(b) EDS spectrum 

 
Fe 

 
Mo 

 
C 

 
B 

 

(c) Element mapping images 
 
Figure 4. X-ray mapping of element distribution in Fe-1.5wt.% Mo + 0.5wt.% h-BN + 0.4wt.% C sintered at 
1280ºC for 45 min. under vacuum atmosphere. 
 
3.2 Mechanical Properties 
 
    Figure 5 showed mechanical properties of the 
vacuum and hydrogen sintered specimens. Tensile 
strength (Figure 5(a, b)) and hardness (Figure 5(d)) 
of both sintered steel types increased with 
increasing C content. There was insignificant 
difference in tensile strength and hardness 
compared between both sintered steel types. The 
common feature of both sintered steel types is 
precipitation inside the matrix. Volume fraction of 
precipitates also increased with increasing C 
content. Thus, the strengthening phenomena in both 
sintered steel types is attributed to precipitation 
hardening.  
    The other reason for tensile strength increase in 
the vacuum-sintered specimens with high C 
contents ( 0.1 wt.%) is ferrite morphology. The 
difference in ferrite morphology can be compared 
between the vacuum-sintered specimen (Figure 
1(f)) and the hydrogen-sintered specimen (Figure 
2(f)). In the former specimen, ferrite has lath shape 
with precipitates decorating its boundary. In 
contrast, the ferrite in latter specimen preserves its 
polygonal shape with precipitates dispersing 
randomly inside it. The change of ferrite grain 

morphology from coarse polygonal to lath shape 
provides the hardening effect to a steel [15]. 
    Marked difference was observed for the sintered 
steel ductility (Figure 5(c)). The ductility of the 
sintered steels was dependent on both sintering 
atmosphere and C content. With C contents 
≤ 0.1 wt.%, the vacuum-sintered specimens showed 
elongation higher than that of the hydrogen-sintered 
specimens. Since both sintered low C steels have 
insignificant amount of precipitates inside the 
matrix, the ductility difference is owing to the 
presence of the intergranular liquid phase, which 
shows a discontinuous network along grain 
boundaries (Figure 1(d)). This result conforms to 
the study of Vassileva et al. [16] published that the 
formation of a discontinuous eutectic network along 
the grain boundaries can improve ductility. With C 
contents  0.1 wt.%, the vacuum-sintered specimens 
showed elongation lower than that of the hydrogen-
sintered specimens. The continuous and coarse 
intergranular liquid phase in the vacuum-sintered 
specimens (Figure 1(f)) is the cause of ductility 
reduction. Sandaram et al. [13] reported that 
although C and Mo additions can promote the 
volume fraction of liquid that contributes 
significantly to densification but not necessarily 
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the mechanical properties as it results in 
embrittlement. Kazior et al. [17] reported that 
carbon has significant effect on the tensile 
properties of sintered Fe-Cr-Mo-B steels. Yield 
strength increased from 463 MPa to 509 MPa, 
Ultimate tensile strength (UTS) increased from 613 
MPa to 666 MPa and elongation decreased from 
1.99 % to 1.74 % with C addition. The higher values 
compare to the result of this work due to different 
chemical composition of specimens, pressing and 
sintering condition. The trend is that, the higher 
carbon content, the higher are the yield, strength, 
hardness and lower elongation.   
    High volume fraction of precipitates, presumably 
cementite and other carbides, indicates that there is 
low soluble C content in the sintered steel matrix. 
Since chemical stabilization due to the enrichment 
of carbon in the retained austenite is the most 
important operational mechanism for the austenite 
retention [18,19], the low soluble C content in the 
sintered steel matrix available for retained austenite 
stabilization indicates an inadequate amount of 
retained austenite. High strength steels with 
microstructures containing lath ferrite or martensite 
will have a considerable ductility if a suitable 
volume fraction of retained austenite is present and 
the transformation induced plasticity (TRIP) effect 
[20-22] performs during deformation process. The 

shortage or insufficient volume fraction of retained 
austenite will cause the material be brittle. 
 

4. Conclusions 

    In this study, C additions were varied to observe 
their effects on the liquid formation, steel matrix 
and mechanical properties of the sintered Fe-
1.5Mo-0.22B-xC steels (x = 0.1-0.4 wt. %) sintered 
under hydrogen and vacuum atmospheres. The 
microstructural features are clearly dependent on 
the amount of carbon addition. Carbon plays 
important roles in both matrix microstructural 
development and also intergranular liquid phase 
formation. Increasing C addition tends to increase 
tensile properties and micro hardness. The decrease 
of elongation is due to dispersed precipitates in the 
matrix and formation of thick continuous network 
of boride structures along the grain boundaries. The 
results demonstrated that no significant difference 
in mechanical properties between vacuum and 
hydrogen atmosphere. Deboronization is believed 
to contribute to the intergranular boride absence in 
the hydrogen-sintered steels. Although the presence 
of intergranular liquid phase, the number of pores 
were still observed, possibly due to insufficient B 
content. 
 

 

 
(a) Tensile strength 

 
(b) Yield strength 

 
(c) Elongation 

 
(d) Microhardness 

Figure 5. Mechanical properties of Fe-1.5wt.% Mo + 0.5wt.% h-BN sintered under vacuum and hydrogen 
atmosphere with variation in C addition.  
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