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Abstract 
Microstructural development in sintered Fe-1.5Cr-0.2Mo-xC alloys, produced under different cooling 

rates of 0.1℃∙s‒1 and 5.4℃∙s‒1, was investigated. It was found that, in slowly sintered Fe-1.5Cr-0.2Mo-xC 
alloys, the microstructure changed from hypoeutectoid to eutectoid and to hypereutectoid steel 
microstructural features with increasing carbon content. Under the fast-cooling rate of 5.4℃∙s‒1, the 
microstructural change with respect to the increase of carbon content involved the competition between 
the formation of ferrite + carbide mixture and that of martensite-austenite constituent. The increase of 
tensile strength of slowly cooled sintered Fe-1.5Cr-0.2Mo-xC alloys with increasing carbon content 
was attributed to the increase of pearlite fraction, while the increase of tensile strength of fast-cooled 
sintered Fe-1.5Cr-0.2Mo-xC alloys was attributed to ferrite morphology change, the formation of 
ferrite + carbide mixture, and the formation of martensite-austenite constituent. 

1.  Introduction 
 

Phase transformations, the causes of microstructural development 
in Fe-C steels, during slow continuous cooling or near equilibrium 
condition, can be simply explained by using the binary Fe-C phase 
diagram [1]. As given by Miyamoto et al. [2], phase transformation 
begins with the formation of ferrite as a proeutectoid phase and is 
followed by lamellar pearlite formation in hypoeutectoid Fe-C steels. 
In eutectoid steels, both ferrite and carbide phases transform cooperatively, 
resulting in lamellar pearlite formation. In hypereutectoid steels, carbide 
forms as a proeutectoid phase, followed by a eutectoid transformation 
resulting in lamellar pearlite.  

Economic industrial steel productions rely on processes under 
continuous cooling [3-5]. In continuous cooling regimes, transformation 
types and products, and consequent mechanical properties in steels 
depend on both steel composition and cooling rate [6]. Both stable 
(known in the equilibrium Fe-C phase diagram) and metastable (not 
given in the equilibrium Fe-C phase diagram) phases, having strong 
influences on the mechanical properties of steels, can be formed under 
continuous cooling. 

Most structural sintered alloys are also produced via continuous 
post-sintering cooling. Therefore, microstructures and mechanical 
properties of sintered alloys depend on both steel composition and 
cooling rate. However, the phase transformation products of modern 

metal powders cannot be simply predicted by using traditional 
metallurgical information. It was previously found that when the 
pre-alloyed Fe-0.5Mo-0.15Mn powder was employed, the sintered 
Fe-0.5Mo-0.15Mn-xC alloys showed unconventional eutectoid 
transformation products even under slow cooling with a rate of 0.1℃∙s‒1 
[7]. By using pre-alloyed Fe-1.50Mo powder, the microstructural 
development in sintered Fe-1.50Mo-xC alloys (x = 0.30 wt% to 1.20 
wt% with 0.15 increment) produced under cooling rates of 0.1℃∙s‒1  
and 5.4℃∙s‒1 had eutectoid transformation products with microstructural 
features like those of upper bainite (UB) and inverse bainite (IB) [8].  

According to Koetniyom et al. [9], carbon influences the micro-
structural development of Fe-1.5Mo-0.22B-C vacuum-sintered steel 
when produced at a cooling rate of 0.1℃∙s‒1. In the absence of added 
carbon, the microstructure of this sintered steel consists of intergranular 
boride and polygonal ferrite grains. However, increasing the carbon 
content results in the formation of intergranular liquid phases and alters 
both the quantity and morphology of the eutectoid transformation 
products. 

Conventional ferrite + M3C lamellae or pearlite was hardly observed 
in sintered Fe-Mo-C alloys. The contributions of alloying with Mo and 
C elements and the cooling rate on microstructural developments in 
sintered Fe-Mo-C alloys are sufficiently comprehended. 

However, there is less information regarding the combined 
contributions of alloying chromium (Cr) and C elements and cooling 
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rate on microstructural developments and consequent mechanical 
properties. The Cr-bearing metal powder, commercially known as 
Astaloy CrL powder according to Metal Powder Industries Federation 
(MPIF) Standard 35, FL-5208, with a composition of Fe-1.5Cr-0.2Mo, 
exhibits a relatively stable price trend compared to other alloying 
elements [10]. The Astaloy CrL powder was used to examine the 
relationship between microstructure and mechanical properties [11]. 
Sintered alloys, produced from Astaloy CrL powder modified with 1 wt% 
SiC or 3 wt% SiC and 0.6 wt% C additions and mechanical alloying, 
provided limited information on phase transformations due to low 
sintering temperature [12].  

To deeply understand how the carbon content and cooling rate 
affect phase transformation and the subsequent mechanical properties 
of sintered Fe-1.5Cr-0.2Mo-xC alloys, varied C contents of 0.15 wt% 
to 1.20 wt% with 0.15 increment and varied cooling rates of 0.1℃∙s‒1 
and 5.4℃∙s‒1 were experimentally conducted. To ensure homogenization 
of different Fe-1.5Cr-0.2Mo-xC austenite phases before transformations 
during post-sintering cooling, sintering was conducted at 1280℃ 
for 45 min. 

 
2.  Experimental procedure 

 
2.1  Material processing 

 
The specimen preparation process began with mixing prealloyed 

Fe-1.5Cr-0.2Mo powder, Astaloy CrL grade of Hoganas (Sweden), 
1 wt% zinc stearate, and varying graphite from 0.15 wt% to 1.20 wt% 
by 0.15 increment. By adding different graphite contents, different 
sintered Fe-1.5Cr-0.2Mo-xC alloys could be obtained. The nominal 
compositions of powder mixtures are shown in Table 1. After mixing, 
the powder mixtures were pressed into a dog bone shape as a tensile test 
bar (MPIF Standard 10), achieving a green density of 6.50 ± 0.05 g∙cm‒3. 
Green compact specimens were sintered in a vacuum furnace (Schmetz, 
Germany) at 1280℃ for 45 min. The specimens were divided into 
two groups to study how post-sintering cooling rate affects phase 
transformations, where the first group was cooled at a rate of 0.1℃∙s‒1 
and the second one at a rate of 5.4℃∙s‒1. 

 
2.2  Materials characterization 

The tensile specimens were cross-sectioned by abrasive cutting 
and hot compression mounted in phenolic resin for easier handling. 
According to ASTM E3-01 guidelines, specimens were first planarized 
to reduce the damage created by sectioning. The planar grinding step 
was accomplished by sequential grinding with silicon carbide (SiC) 
abrasive paper to obtain the desired surface finishes. The abrasive 
grinding procedure consists of 240 grit SiC paper followed by 400 grits, 
600 grits, 800 grits, and 1200 grits, respectively. Polishing required 
three steps such as  6 µm, 3 µm, and 1 µm of diamond abrasive on nap 
polishing cloths until a smooth and scratch-free surface was achieved.  
The smooth surface of the samples was then dipped in 2% Nital etchant 
for 20 s before being washed with water and dried. The microstructure 
observation was done using optical microscopy (Olympus STM7 
microscopes) and scanning electron microscopes (FE-SEM, Hitachi 
SU5000). The thermal effects associated with phase transformation 
in specimens were investigated using differential scanning calorimetry. 

X-ray diffraction (XRD) investigation was done using a Rigaku 
TTRAX III apparatus equipped with a copper source (wavelength 
1.5406 Å). The specimens were scanned in the angular two-theta range 
of 30° to 100° at a scan rate of 0.05°∙s‒1 and a step angle of 0.02°. Phase 
identification from XRD peaks was carried out by comparing them to 
established standards from the Joint Committee on Powder Diffraction 
Standards (JCPDS) card collection. 

 
2.3  Mechanical properties 

  
Hardness was measured using a Wilson Rockwell Scale B hardness 

tester, Model 574 Series. The 15 random points on the surface of three 
test samples were measured, and the average results were reported.  

The tensile properties of the samples were thoroughly assessed 
using an Instron 8801 universal testing machine. This analysis strictly 
followed the widely recognized standard testing procedures outlined 
by ASTM E8. The tests were performed at a carefully controlled strain 
rate of 0.00174 s‒1. From the resulting stress-strain curve, we extracted 
detailed information regarding the ultimate tensile strength, which 
indicates the maximum stress the material can withstand before failure, 
the yield strength, which marks the point at which the material begins 
to deform plastically, and the elongation, which measures the material's 
ability to stretch before breaking.  

Table 1. Nominal composition in mixed raw powder. 
 
Alloy ID Metal powder [wt%] Nominal composition [wt%] 
  C Mo Cr Fe 
SC015C 99.85 0.15 0.20 1.50 Bal. 
SC030C 99.70 0.30 0.20 1.50 Bal. 
SC045C 99.55 0.45 0.20 1.49 Bal. 
SC060C 99.40 0.60 0.20 1.49 Bal. 
SC075C 99.25 0.75 0.20 1.49 Bal. 
SC090C 99.10 0.90 0.20 1.49 Bal. 
SC105C 98.95 1.05 0.20 1.48 Bal. 
SC120C 98.80 1.20 0.20 1.48 Bal. 
FC015C 99.85 0.15 0.20 1.50 Bal. 
FC030C 99.70 0.30 0.20 1.50 Bal. 
FC045C 99.55 0.45 0.20 1.49 Bal. 
FC060C 99.40 0.60 0.20 1.49 Bal. 
FC075C 99.25 0.75 0.20 1.49 Bal. 
FC090C 99.10 0.90 0.20 1.49 Bal. 
FC105C 98.95 1.05 0.20 1.48 Bal. 
FC120C 98.80 1.20 0.20 1.48 Bal. 
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3.  Results and discussion 
 

3.1  Microstructures of sintered alloys 
 

3.1.1  Sintered alloy with 0.15 wt% C addition 
 
The slowly cooled sintered SC015C alloy showed a typical hypo-

eutectoid steel microstructure consisting of large polygonal ferrite 
(PF) grains and eutectoid transformation zones (ETZs) consisting of 
pearlite nodules (Figure 1(a)). The average volume fractions of PF 
and ETZs were 87.87% and 12.13%, respectively. Under high SEM 
magnification, there were colonies of degenerate pearlite (DP) and 
lamellar pearlite (LP) in ETZs (Figure 1(b)). The XRD pattern of 
sintered SC015C alloy showed strong peaks of body-centered cubic 
(bcc) crystal structure of α-ferrite and weak peaks of the orthorhombic 
crystal structure of M3C carbide (Figure 1(c)). 

The microstructural feature of sintered SC015C alloy, consisting 
of PF grains and pearlite nodules, is typical in hypoeutectoid Fe-C 
steels. The coexistence of DP and LP structures in ETZs of this sintered 
alloy is a common phenomenon observed in steel with low carbon (C) 
content. The DP structure, with the same cementite crystallography 
and interlamellar spacing as those of LP but with broken or rod cementite 
particles, often forms in Fe-C steels with low C content [13]. 

The fast-cooled sintered FC015C alloy showed finer proeutectoid 
ferrite grains with ragged boundaries and ETZs (Figure 1(d)). Under 
high magnification, the ETZs comprised two different microstructural 
features, such as a ferrite + carbide (FC) mixture and undecomposed 
islands (Figure 1(e)). The FC mixture showed a multilayer structure 
with rows of discrete carbide particles on ferrite plate boundaries. 
However, the interlamellar spacing of the FC mixture was coarse and 
had varied values. The FC mixture could not be identified as DP but 
as upper bainite (UB). The UB definition and morphology, matching 
the microstructural feature of FC mixture in sintered FC015C alloy, 
were given in the literature [14]. The undecomposed islands were 
identified as martensite-austenite (MA) constituents. The XRD pattern 
of sintered FC015C alloy showed strong peaks of α-ferrite and very 
weak peak s of M3C carbide (Figure 1(f)). 

It is noted here that phase transformations in low-carbon (C) sintered 
alloys are strongly affected by the change in post-sintering cooling 
rate. The phase transformations in sintered SC015C alloy produced 
under the slow cooling rate of 0.1℃∙s‒1 include austenite to ferrite 
transformation, resulting in coarse equiaxed ferrite grain formation, 
and eutectoid transformation, resulting in DP and LP formations. With 
increasing cooling rate to 5.4℃∙s‒1, phase transformations in sintered 
FC015C alloy include ferrite transformation resulting in fine irregular 
ferrite grain formation, bainite transformation resulting in UB formation, 
and martensite transformation resulting in MA constituent formation. 
The influence of cooling rate on microstructural development has been 
reported in several studies. The increase in cooling rate leads to a change 
in ferrite morphology from polygonal to acicular type [15]. 

 
3.1.2  Sintered alloy with 0.30 wt% C addition 

 
The slowly cooled sintered SC030C alloy also showed a typical 

hypoeutectoid steel microstructure with a higher fraction of pearlite 
(Figure 2(a)). The average volume fractions of PF and pearlite were 

60.49% and 39.51%, respectively. The pearlite structure showed 
dominant lamellar forms (Figure 2(b)). The XRD pattern of sintered 
SC030C alloy showed strong peaks of α-ferrite and weak peaks of 
M3C carbide (Figure 2(c)). 

 

 

Figure 1. Characterization of sintered alloy with 0.15 wt% C addition, (a-c) 
sintered SC015C alloy, and (d-f) sintered FC015C alloy. 

 

 

Figure 2. Characterization of sintered alloy with 0.30 wt% C addition, (a-
c) sintered SC030C alloy, and (d-f) sintered FC030C alloy. 
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The fast-cooled sintered FC030C alloy showed an abrupt micro-
structural change, particularly ferrite change from large equiaxed 
grains to plate-shaped grains (Figure 2(d)). The MA constituents were 
clearly observed between plate-shaped ferrite grains (Figure 2(e)). 
A few carbide particles were observed on the ferrite plate boundaries. 
The XRD pattern of sintered FC030C alloy showed strong peaks of 
α-ferrite and moderate peaks of face-centered cubic (fcc) crystal structure 
of γ-austenite, whereas the peaks of M3C appeared as XRD noises 
(Figure 2(f)). 

The FC030C alloy microstructure consisting of ferrite plates and 
MA constituent islands on ferrite plate boundaries, as given in the 
SEM images (Figure 2(d,e), was defined as granular bainite (GB). 
According to the literature [16], the microstructure feature consisting 
of irregular ferrite with second phases distributed between the irregular 
ferrite grains is defined as GB, while that consisting of lath-like ferrite 
and carbon-enriched residual austenite or martensite (M/A) constituents 
on the lath boundaries is termed degenerate upper bainite (DUB). 

When the fractions of MA constituents in sintered FC015C 
(Figure 1(d,e)) and FC030C (Figure 2(d,e)) alloys are compared, it is 
found that the MA constituent fraction in the latter sintered alloy is 
much higher. This indicates that at a cooling rate of 5.4℃∙s‒1, carbon 
addition can promote MA constituent formation in sintered FC030C 
alloy. When the GB feature is considered, it can be implied that the 
increase of C content leads to the increase of stability of austenite 
islands remaining between irregular ferrite grains. Austenite islands 
are supposed to transform into MA islands during cooling down to 
room temperature. As given by Lan et al. [17], MA constituents were 
observed in low carbon steel isothermally treated at temperatures 
lower than or equal to 510℃. 

Since sinter hardening combines the sintering process with a 
subsequent cooling rate sufficient to transform a significant portion 
of the material matrix into martensite [18], the microstructure of 
sintered FC030C alloy (Figure 2(d,e)) indicates that sinter hardening 
is successful under such sintered alloy composition and cooling rate 
of 5.4℃∙s‒1. 

 
3.1.3  Sintered alloy with 0.45 wt.% C addition 

 
The slowly cooled sintered SC045C alloy also showed a typical 

hypoeutectoid steel microstructure with a pearlite fraction higher than 
that of ferrite (Figure 3(a)). The average volume fractions of PF and 
pearlite were 46.52% and 53.48%, respectively. The pearlite structure 
showed dominant lamellar forms (Figure 3(b)). The XRD pattern of 
sintered SC045C alloy showed strong peaks of α-ferrite and M3C 
carbide (Figure 3(c)). 

The fast-cooled sintered FC045C alloy showed ferrite plates and 
fine second phases on ferrite plate boundaries (Figure 3(d)). Under 
a high magnification SEM image, the second phases were revealed 
as short and long films of MA constituents and discrete carbide 
particles (Figure 3(e)). The XRD pattern of sintered FC045C alloy 
showed strong peaks of α-ferrite and weak peaks of γ-austenite and 
M3C (Figure 3(f)). 

The mixture of ferrite plates + short and long films of MA 
constituents on ferrite plate boundaries is defined as DUB as given in 
references [16], and the mixture of ferrite plates + discrete carbide 
particles is defined as UB, whose formation mechanism comprised 

at least two stages, the formation of parallel plates of ferrite and the 
transformation of the interspaces to a mixture of cementite and ferrite 
[19]. Thus, the microstructure of sintered FC045C alloy is characterized 
as a mixture of DUB and UB structures. 

When the microstructures of sintered FC030C (Figure 2(d,e)) 
and FC045C (Figure 3(d,e)) alloys are compared, it is found that UB 
structure is hardly observed in the former alloy, whereas a high UB 
structure fraction is found in the latter alloy. This indicates that the 
decomposition of austenite bands between ferrite plates to form FC 
mixtures as the second stage of UB formation does occur in sintered 
FC045C alloy. The decomposition of austenite to FC mixture should be 
related to the increase of C content in this alloy, i.e., the increase of C 
content to 0.45 wt% C in sintered FC045C alloy leads to the increase 
of driving force for carbide precipitation in thin austenite bands between 
ferrite plates. The driving force for carbide precipitation is related to 
C content in a matrix [20]. 

 
3.1.4  Sintered alloy with 0.60 wt% C addition 

 
The slowly cooled sintered SC060C alloy also exhibited a micro-

structure dominated by pearlite nodules with a few PF grains (Figure 4 
(a)). The average volume fractions of PF and pearlite were 10.23% 
and 89.77%, respectively. In some regions, proeutectoid carbide 
particles were observed on prior austenite grain boundaries (Figure 
4(b)). The XRD pattern of sintered SC060C alloy showed strong 
peaks of α-ferrite and moderate peaks of M3C carbide (Figure 4(c)). 

The fast-cooled sintered FC060C alloy showed a microstructure 
consisting of dominant UB structures and some MA islands (Figure 
4(d,e)). The XRD pattern of sintered FC060C alloy showed strong 
peaks of α-ferrite, moderate peaks of M3C, and weak peaks of γ-austenite 
(Figure 4(f)). 

 

 

Figure 3. Characterization of sintered alloy with 0.45 wt% C addition, (a-
c) sintered SC045C alloy, and (d-f) sintered FC045C alloy. 
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Figure 4. Characterization of sintered alloy with 0.60 wt% C addition, (a-
c) sintered SC060C alloy, and (d-f) sintered FC060C alloy. 

 

 

Figure 5. Characterization of sintered alloy with 0.75 wt% C addition, (a-
c) sintered SC075C alloy, and (d-f) sintered FC075C alloy. 

 
The domination of UB structures over MA islands in sintered 

FC060C alloy also confirms the influence of high C content on the 
increase of driving force for carbide precipitation in thin austenite 
bands between ferrite plates. 

Zhao et al. [21] reported that “The formation of MA islands was 
claimed to be due to the partitioning of carbon during the transformation 
to acicular ferrite and the post transformation of carbon-enriched 
austenite”. Later, it was confirmed by Moreno-Fabian [22] that “the 
MA formation occurred in two stages: carbon diffusion in austenite 
above the start of bainitic transformation (Bs) and carbon diffusion 
between bainitic ferrite and austenite at low temperatures”  

 
3.1.5  Sintered alloy with 0.75 wt% C addition 

 
The slowly cooled sintered SC075C alloy also showed a micro-

structure full of pearlite nodules (Figure 5(a)). In some regions, 
proeutectoid carbide particles were observed on prior austenite grain 
boundaries (Figure 5(b)). The XRD pattern of sintered SC075C alloy 
showed strong peaks of α-ferrite and strong peaks of M3C carbide 
(Figure 5(c)). 

The fast-cooled sintered FC075C alloy showed a microstructure 
consisting of dominant UB mixtures and some MA blocks (Figure 5 
(d,e)). The XRD pattern of sintered FC060C alloy showed strong peaks 
of α-ferrite, moderate peaks of M3C, and weak peaks of γ-austenite 
(Figure 5(f)). 

 
3.1.6  Sintered alloy with 0.90 wt% C addition 

 
The slowly cooled sintered SC090 C alloy also showed a micro-

structure full of pearlite nodules (Figure 6(a)). Thin proeutectoid 
carbide particles clearly highlighted prior austenite grain boundaries 
(Figure 6(b)). The XRD pattern of sintered SC090C alloy showed 
strong peaks of α-ferrite and M3C carbide (Figure 6(c)). 

The fast-cooled sintered FC090C alloy showed a microstructure 
consisting of FC mixtures and MA blocks with nearly equal fractions 
(Figure 6(d)). In most FC mixtures, the feature consisting of elongated 
spline carbide particles sheathed with ferrite and secondary discrete 
carbide particles was observed (Figure 6(e)). This FC mixture was 
identified as IB. The XRD pattern of sintered FC090C alloy showed 
strong peaks of α-ferrite and γ-austenite, whereas those of M3C appeared 
as noise (Figure 6(f)). 

Since IB forms below the pearlite transformation field, the highest 
temperature for IB transformation can be regarded as the lowest 
temperature for pearlite transformation [23]. The IB was previously 
reported as the eutectoid transformation products of hypereutectoid 
Fe-C steels isothermally heat-treated at a temperature range of 450℃ 
to 700℃ [24].  

It is noted here that the formation of IB in sintered FC090C alloy 
is dependent on the driving force for the formation of Widmanstätten 
carbide particles as the leading phase in hypereutectoid steels, as given 
by Kannan et al. [23]. However, the experimental results show that 
the IB does not form in the slowly cooled sintered SC090C alloy, but 
it does form in the fast-cooled sintered FC090C alloy. The influence 
of cooling rate on IB formation in sintered hypereutectoid alloys needs 
explanation. In the past works, IB formed in hypereutectoid steels 
isothermally treated at temperatures below 500℃ after austenitization 
for 10 min at 1373 K (1100℃) in argon [25]. Although the cooling rate 
from austenitization temperature to the isothermal heat treatment one 
was not given in the reference [25], it is assumed here that the austenite 
is preserved from austenitization temperature until reaching the 
isothermal heat treatment temperature, at which IB forms.  
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Figure 6. Characterization of sintered alloy with 0.90 wt% C addition, (a-
c) sintered SC090 C alloy, and (d-f) sintered FC090 C alloy. 

 

 

Figure 7. Characterization of sintered alloy with 1.05 wt% C addition, (a-
c) sintered SC105C alloy, and (d-f) sintered FC105C alloy. 

 
The microstructural feature consisting of IB units distributed 

in the MA matrix, as given in Figure 6(d,e), was also previously 
observed in some previous works. Few nodules of pearlite, bainite, 

and IB were found in the MA matrix of fast-cooled sintered 21Si09(c) 
steel [26]. 

 
3.1.7  Sintered alloy with 1.05 wt% C addition 

 
The slowly cooled sintered SC105C alloy also showed a micro-

structure of fully pearlite nodules (Figure 7(a)). Thick proeutectoid 
carbide particles clearly highlighted prior austenite grain boundaries 
(Figure 7(b)). The XRD pattern of sintered SC105C alloy showed 
strong peaks of α-ferrite and M3C carbide (Figure 7(c)). 

The fast-cooled sintered FC105C alloy showed a microstructure 
consisting of dominant IB units and some MA blocks (Figure 7(d)). 
An acicular pearlite colony was also observed among inverse bainite 
structures (Figure 7(e)). The XRD pattern of sintered FC105 C alloy 
revealed strong peaks of α-ferrite and M3C and weak peaks of γ-
austenite (Figure 7(f)). 

 
3.1.8  Sintered alloy with 1.20 wt% C addition 

 
The slowly cooled sintered SC120C alloy also showed a micro-

structure full of pearlite nodules (Figure 8(a)). Thick proeutectoid 
carbide particles clearly highlighted prior austenite grain boundaries 
(Figure 8(b)). The XRD pattern of sintered SC120C alloy showed 
strong peaks of α-ferrite and M3C carbide (Figure 8(c)). 

The fast-cooled sintered FC120C alloy showed a microstructure 
consisting of a dominant IB structure and some MA blocks (Figure 8(d,e). 
Thick proeutectoid carbide particles clearly highlighted prior austenite 
grain boundaries. The XRD pattern of slowly cooled sintered SC120C 
showed strong peaks of α-ferrite and M3C and weak peaks of γ-austenite 
(Figure 8(f)). 

 

 

Figure 8. Characterization of sintered alloy with 1.20 wt.% C addition, (a-
c) sintered SC120C alloy, and (d-f) sintered FC120C alloy. 
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3.2  Mechanical property 
 
Tensile strength (Figure 9(a)), yield strength (Figure 9(b)), and 

hardness (Figure 9(d)) increased, whereas elongation (Figure 9(c)) 
decreased with increasing C content and cooling rate. All fast-cooled 
sintered alloys showed improved tensile strength, yield strength, and 
hardness values compared to those slowly cooled sintered alloys. In 
contrast, the elongation values in all fast-cooled sintered alloys were 
inferior to those of slowly cooled sintered alloys. The strength-ductility 
tradeoff dilemma existed in both slowly and fast-cooled sintered alloys. 

In slowly cooled sintered alloys, tensile strength, yield strength, and 
hardness values increased with increasing C contents of up to 0.75 wt%. 
With C contents of > 0.75 wt%, tensile strength values were nearly 
constant, whereas yield strength and hardness values increased slightly. 
The increase of mechanical properties in slowly sintered alloys with 
C contents of up to 0.75 wt% is attributed to the increase of lamellar 
pearlite fraction. The micromechanical modeling of ferrite-pearlite steels 
clearly demonstrates the effect of pearlite fraction on strength [27]. 

The slowly sintered alloys with C contents of ≥ 0.75 wt% are grouped 
in eutectoid and hypereutectoid steels. To give supporting evidence, 
the eutectoid points of the Fe-1.5Cr-0.2Mo-xC system were evaluated 
from thermal analysis results, as given in Figure 10. The measured 
eutectoid point is at 765.2℃ and 0.77 wt% C. It can be seen that the 
temperature of the austenite to pearlite transformation decreases rapidly 
when the carbon content increases up to 0.75% and does not change 
much above that. Carbon enhances the stability of austenite, thereby 
reducing the driving force for pearlite formation. The microstructures 
of eutectoid and hypereutectoid Fe-1.5Cr-0.2Mo-xC steels comprise 
lamellar pearlite as the main component and proeutectoid carbide 
networks as the minor one. 

The slight increase of mechanical properties in slowly cooled 
sintered alloys with C contents of ≥ 0.75 wt% is attributed to the 
lamellar pearlite interlamellar spacing value, which decreases with 
increasing C content (Figure 11). It was previously reported that the 
interlamellar spacing had Hall-Petch relationship with yield strength 
and hardness but not with tensile strength and elongation [28].  

In fast-cooled sintered alloys tensile strength, yield strength, and 
hardness values increased with increasing C contents of up to 0.75 wt%. 
With C contents of > 0.75 wt%, tensile strength and hardness values 
showed unsystematic change with respect to C content whereas yield 
strength values increased slightly. According to the microstructural 
characterization of fast-cooled sintered alloys given above, there are 
several microstructural factors contributing to the increases in tensile 
strength, yield strength, and hardness. They include ferrite grain size 
and morphology, FC mixtures, and MA constituents. Although the 
fast-cooled sintered alloys have microstructural changes, the tensile 
strength (Figure 9(a)) and hardness (Figure 9(d)) of these sintered 
alloys increase with increasing C content. 

However, the elongation values of fast-cooled sintered alloys 
are inferior to those of slowly cooled sintered alloys (Figure 9(d)). 
This means that all microstructural components, fine ferrite grains, 
elongated shape plates, MA constituent, FC mixtures (UB and IB), 
and martensite, in fast-cooled sintered alloys, can have a negative 
impact on ductility. 

The change of coarse equiaxed to fine equiaxed ferrite grains in 
sintered FC015C alloy leads to the reduction of the elongation value 
to less than 40% of the value of sintered FC015C alloy. The decreased 
elongation with decreasing ferrite grain size was previously reported 
[29]. 
 

 

 

Figure 9. Mechanical properties of sintered alloys; (a) tensile strength, (b) yield strength, (c) elongation, and (d) hardness. 
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Figure 10.  Plots of transformation temperatures, determined by differential 
scanning calorimetry, against C contents of slowly cooled sintered Fe-1.5Cr-
0.2Mo-xC alloys. 

 

 

Figure 11. Plots of pearlite colony size and interlamellar spacing of pearlite 
in sintered alloys with C contents of ≥ 0.75 wt%. 

 
The MA constituent seems to have a negative impact on steel 

ductility. In general, a remarkable decrease in toughness can be 
attributed to the volume fraction of the MA constituent [30]. Li et al. 
[31] reported that microcracks easily develop at the interface between 
MA constituents and matrix once the stress concentration reaches 
the critical stress of the interface, and they progressively spread to 
the matrix. The hard phase, such as the MA constituent, is the nucleation 
of a microcrack, which immediately reaches the boundary of the MA 
constituents/matrix [32]. 

In sintered FC060C alloy and FC075C alloy, precipitation of 
carbide particles on ferrite plate boundaries results in the formation 
of FC mixtures, and some untransformed austenite regions transform 
to large MA blocks. The microstructure consisting of dominant FC 
mixtures and large MA blocks in fast-cooled sintered alloys provides  
strengthening effect higher than full pearlite structure in slowly cooled 
sintered alloys 

In sintered FC090C alloy, the eutectoid transformation of IB 
competes with the stability of untransformed austenite regions. The 
microstructure consisting of a dominant MA matrix with distributed 
IB  units still has an appreciable strengthening effect. The fraction of 
IB increases significantly in sintered FC105C alloy, leading to high  
strength and hardness. The formation of IB in sintered alloys under fast 
cooling was previously reported in fast-cooled sintered Fe-1.50Mo-xC 
alloys with C contents of 1.05 wt% and 1.20 wt% [8] and fast-cooled 
sintered Fe-0.50Mo- 0.15Mn-2.10Si-0.90C [26] alloys. The strength 
and hardness of sintered FC120C alloy are lessened due to the presence 

of thick proeutectoid carbide particles along prior austenite grain 
boundaries. 

The strength and hardness of slowly cooled sintered alloys increase 
with lamellar pearlite fraction, whereas the elongation decreases with 
decreasing PF fraction. The presence of proeutectoid carbide particles 
on grain boundaries of slowly cooled sintered high C alloys also causes 
elongation reduction. The increase of strength and hardness of fast-
cooled sintered alloys is attributed to several factors, such as fine PF 
grains, acicular microstructural components (ferrite plates and MA 
constituents), MA constituent fraction, and IB fraction. The elongation 
values of fast-cooled sintered alloys with all investigated C contents 
are inferior to those of slowly cooled sintered alloys with the same 
C contents. The inferior ductility reflects the strength-ductility trade-off 
commonly found in conventional steels. Although austenite coexists with 
martensite as MA constituents, the transformation-induced plasticity 
(TRIP) effect is not observed in most fast-cooled sintered alloys. 

 
4.  Conclusions 

 
Microstructural development in sintered Fe-1.5Cr-0.2Mo-xC alloys, 

produced under different cooling rates of 0.1℃∙s‒1 and 5.4℃∙s‒1 was 
investigated. Slowly sintered Fe-1.5Cr-0.2Mo-xC alloys exhibited 
microstructural change from hypoeutectoid to eutectoid and to hyper-
eutectoid steel microstructural features with increasing carbon content. 
The experimentally determined eutectoid point was at 765.2℃ and 
0.77 wt% C. The fast-cooling rate of 5.4℃∙s‒1caused microstructural 
changes depending on carbon content. The change involved the 
competition between the formation of the FC mixture and that of 
the MA constituent. The increase of tensile strength of slowly cooled 
sintered Fe-1.5Cr-0.2Mo-xC alloys with increasing carbon content 
was attributed to the increase of pearlite fraction while the increase 
of tensile strength of fast cooled sintered Fe-1.5Cr-0.2Mo-xC alloys 
was attributed to ferrite morphology change the formation of FC 
mixture and the formation of MA constituent. 
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