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Abstract

15 wt% Cr sintered High Chromium Cast Iron (HCCI) with full density was successfully prepared by Super-solidus Liquid Phase Sintering 

(SPLS) technique, with water atomized 15  wt%  Cr high chromium cast iron powder as initial materials. Its densification behavior 

and microstructure evolution in SPLS process and mechanical properties were investigated systematically. Additionally, the impact 

abrasive wear resistance under different impact energies were also analyzed and compared with another sintered HCCI with 20 wt% Cr. 

The results indicated that sintering temperature has a strong influence on the sintered alloy’s density, hardness, impact toughness 

and bending strength. The M7C3 type (M is Cr and Fe) carbides were obviously coarsened as temperature increased and their rod-

shaped branches were fully developed at the same time, thereby resulting in carbide network formation in the matrix. The reasonable 

sintering temperature range was 1195–1205 °C, and the optimum mechanical properties had the hardness of 63.9 HRC, bending 

strength of 2112.65 MPa and impact toughness of 7.92 J/cm2. What is more important impact abrasive wear test results indicated 

15 wt% Cr sintered HCCI’s wear resistance could be comparable to 20 wt% Cr sintered HCCI under impact energy 1~3 J/cm2, and it is 

more cost effective.
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1 Introduction
High Chromium Cast Iron (HCCI) has been widely used 
in mining and cement industries because of its excel-
lent wear resistance [1]. The focus of research is reduc-
ing material wear rate [2]. Some techniques have been 
adopted to further enhance HCCI's mechanical prop-
erties and expand its application range, such as alloy-
ing [3–13], modification treatment [14, 15] and heat treat-
ment [3, 16–21]. These techniques can strengthen HCCI's 
matrix, optimize its microstructure, and adjust M7C3 type 
carbide's size and morphology. Nowadays, cast HCCI's 
mechanical performance has the bending strength of 
1000~1200  MPa,  hardness  of  58~62  HRC  and  impact 
toughness of around 6~8 J/cm2 with a 10 × 10 × 50 mm 
unnotched sample. However, its performance is usually 
disqualified  in  applications with  high  impact  due  to  its 
insufficient strength and impact toughness.

In a recent report [22], a sintered HCCI with 
19.6 wt% Cr was fabricated by a Super-solidus Liquid 

Phase Sintering (SLPS) technique [23]. Its main mechan-
ical properties except hardness were doubled because of 
its unique microstructure evolved in SLPS process, so 
it is highly possible that sintered HCCI would become 
a good wear resistance alloy candidate for impact abra-
sion wear application. However, the preparation cost of 
sintered HCCI is certainly much higher than that of cast 
one. Therefore, the research is needed to make the prepa-
ration more cost-effective.

In this paper, the sintered preparation of HCCI 
with  15 wt% Cr was  systematically  investigated,  aiming 
at reducing initial powders' cost by reducing chromium 
addition  in HCCI.  Its  densification  behavior, microstruc-
ture evolution, phase composition and mechanical property 
were mainly analyzed and compared. In order to evaluate 
the cost performance, the impact abrasion resistance of sin-
tered HCCI with 15 wt% Cr and 20 wt% Cr was evaluated 
separately, and the wear mechanism was also discussed.
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2 Experimental methods
2.1 Preparations of samples
Two kinds of hypoeutectic HCCI initial powders with 
15 wt% Cr  and  20 wt% Cr  are water  atomized  and  the 
results of their composition analysis are listed in Table 1. 
The  initial  powder  morphology  of  15  Cr  hypoeutectic 
HCCI initial powder is shown in Fig. 1, which also pres-
ents the microstructure of powder by a scanning electron 
microscope. As shown in Fig. 1, the powders are of irregu-
lar droplets and there are many fine and dendritic carbides 
in the microstructure. The size distribution of the powders 
is measured by Mastersizer 3000 laser particle size ana-
lyzer and the median diameter (D50) was about 24.7 μm.

The  initial  powders  were  firstly  added  with  a  mass 
fraction of 1 wt% of styrene-butadiene rubber to improve 
their pressability. Then, the mixed initial powders were 
pressed in a steel mold to produce green samples on a 
SFLS single-column hydraulic press, with pressing pres-
sure around 200~300 MPa.

SLPS is an effective sintering technique, which is espe-
cially  suitable  for  prealloyed  powder  compact's  densifi-
cation, as the alloy has a wide solidification temperature 
range [23, 24]. HCCI has also a wide liquid-solid coexist-
ing region in its phase diagram, and its molten liquid is of 
vitally low viscosity, which makes it easier for the mol-
ten  liquid  to fill  the gaps between powders  in  the green 

compact. Therefore, SLPS was used in this research. 15 Cr 
HCCI powder was tested on a STA449C differential ther-
mal analyzer to fix its solidification temperature range and 
the result indicated it is of 1191 °C–1238 °C. So, in order 
to evaluate the influence of temperature on the alloy's den-
sification, microstructure evolution and mechanical prop-
erties, the sintering temperature was gradually increased 
at  the  range  of  1191  °C–1238  °C.  then,  the  convenience 
sintering time was kept at 90 minutes in this research.

The green compact was sintered by SLPS technique in a 
GSL1600X tube furnace with a vacuum about 5  to 20 Pa. 
The green  compact was firstly  heated  to 250  °C and held 
for 30 min to remove residual water vapor in it, and then 
heated to 470 °C and held for 30 min to remove the molding 
agent, and further heated to 1000 °C at the rate of 4 °C/min. 
Afterwards, the compact was heated to sintering tempera-
ture (1185 °C, 1190 °C, 1195 °C, 1200 °C, 1205 °C) at a heat-
ing rate of 2 °C /min and held for 90 min. Finally, the sam-
ples were cooled to 450 °C, at rate of 4 °C/min, then furnace 
cooled to room temperature.

In order to get the theoretical density, the high chro-
mium cast iron sample, obtained by melting the same initial 
powder, is measured and used as the theoretical density.

2.2 Characterization of sintered HCCI
The density of sintered/casted HCCI samples was measured 
by the Archimedes method and their phase composition 
was analyzed with a MiniFlex type X-ray diffractometer 
(XRD, Cu target, λ = 0.15405 nm). Microstructure inspec-
tion was operated on a Leitz-MM6 Optical Microscopy 
(OM) and/or a FEI QUANTA 200 environmental Scanning 
Electron Microscope (SEM).

In order to observe the three-dimensional morphol-
ogy of  carbides  in a  sintered alloy,  a  sample was firstly 
electrolyzed in a perchloric acid alcohol solution for more 
than 24 hours  to dissolve  its metal matrix, and  then  the 
solution was filtered to gather carbides. The obtained car-
bides were washed with water and later separated in a 
high-speed centrifuge.

In order to determine the volume fraction of carbides 
in a sintered sample's microstructure, analysis software of 
Image-Pro Plus was employed to analyze statistically its 
microstructure pictures obtained by OM. The area frac-
tion of a phase in a picture is equivalent to its volume per-
centage  according  to  stereological  principles.  The  final 
area percentage of carbides takes the average of statistical 
analysis results from more than 10 different optical micro-
graphs (200×) for each sample.

Table 1 Chemical composition of HCCI initial powders (wt.%)

HCCI 
Code C Cr Mo Si Fe

15 Cr 3.00 15.00 1.35 1.12 Bal.

20 Cr 2.72 19.68 1.43 1.05 Bal.

Fig. 1 The morphology and microstructure of water atomized 15 Cr 
hypoeutectic HCCI powders.
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The evaluated mechanical properties of the sintered 
HCCI include hardness, impact toughness and bending 
strength. Hardness was detected on a Wilson RB2000 fully 
automatic Rockwell hardness  tester  and each  result  take 
the average of more than 5 inspections. Bending strength 
was measured on an Instron 3369 electronic versatile 
testing machine with a 5 × 5 × 35 mm specimen; Impact 
toughness was examined on a XJ-40A pendulum impact 
tester with a unnotched 5 × 5 × 55 mm test piece. The final 
result of both impact toughness and bending strength 
takes the average of more than three inspections.

Impact abrasive wear test of the sintered alloy was 
carried out on an MLD-10 dynamic abrasive wear tester. 
The schematic diagram and experimental parameters of 
impact abrasive wear test process are shown in Fig. 2 and 
Table 2, respectively. A 10 × 10 × 30mm sintered HCCI 
test sample was used as the upper sample, and the lower 
sample was a ring of GCr15 steel with hardness of 62 to 
64 HRC, rotating at 200 r/min. Brown fused alumina par-
ticles of 15 mesh were used as abrasive. Its flow rate was 
set at 15 kg/h and the impact frequency between upper and 
lower samples was of 200 times/min during whole testing 
process. The total impact abrasive wear test time for each 
sintered HCCI sample was 60 min, which is carried out 
in six steps. To be more specific, after each 10 minutes of 

abrasive impact wear test, the sample is taken out from 
the test machine and weighed after being ultrasonically 
cleaned in alcohol solution and then dried. The impact 
abrasion resistance of a sample was evaluated according 
to its weight loss before and after the test. The impact 
energy for the test was set as 1, 2 and 3 J/cm2, respectively, 
to evaluate the alloy's wear resistance comprehensively. 
Additionally, the wear surface and subsurface of samples 
were also inspected by SEM to analyze and discuss their 
wear behavior and mechanism.

3 Results and discussion
3.1. Densification behavior
The  effect  of  sintering  temperature  on  density  of  15 Cr 
sintered HCCI is shown in Fig. 3. The result indicates 
that the density increases slowly as the temperature is 
increased from 1185 °C to 1190 °C, and then increases rap-
idly from 1190 °C to 1195 °C, and finally reaches a steady 
peak of around 7.65 g/cm3 as it is above 1195 °C. In SLPS 
process,  the  green  compact's  densification  was  closely 
related to the formation of liquid phase as well as its 
amount. When the sintering temperature reached the sol-
idus temperature, with the increase of the sintering tem-
perature,  liquid phase was formed at first on  the surface 
of powder particles in a green compact. The liquid phase 
filled the pores between or among them, causing the ini-
tial rearrangement. At the same time or later, liquid phase 
also emerged at grain or sub-grain boundary in the pow-
ders, which would break powders into smaller grains, and 
then secondary grain rearrangement took place. When the 
temperature was over 1190 °C, there was enough amount 

Table 2 Experimental parameters of MLD-10 dynamic abrasive 
wear tester

Abrasive Flow 
Rate (kg/h)

The Impact 
Frequency 
(times/min)

GCr15 Steel 
Rotation Rate 

(r/min)

Impact Energy 
( J/cm2 )

1

12 200 200 2

3

Fig. 2 Schematic diagram of impact abrasive wear test machine 
and sample

Fig. 3 Effect of sintering temperature on density
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of liquid phase for a compact to process effective densi-
fication, hence,  its density  rose quickly. As  the  tempera-
ture was  higher  than  1195  °C,  the  compact  had  reached 
full density, and its density was almost unchanged. It was 
also discovered that when sintering temperature was 
increased above 1210 °C, compacts began to become 
deformed because there was excessive amount of liquid 
phase. Therefore, the optimal sintering temperature range 
of 15 Cr HCCI should be 1195 °C to 1205 °C, so that a sin-
tered body with a full density (with a porosity of less than 
1.5 % relative to the theoretical density of 7.74 g/cm3 ) and 
an acceptable size and shape can be obtained.

3.2 Microstructure evolution and phase composition
Fig.  4  illustrates  the  effect  of  sintering  temperature 
on the microstructure evolution of 15 Cr sintered HCCI. 
The microstructure consists of white carbide particles 
and grey metallic matrix. It can be observed that tem-
perature  exerts  great  influence  on  carbides'  growth  and 
number. The higher the temperature is, the larger the car-
bide size and the fewer their number become. When sin-
tering was conducted at 1185 °C,  there were  large num-
ber of fine carbides with some black pores in the matrix, 
indicating low densification of the sample, as can be seen 
in Fig. 4 (a). As the sintering temperature increased, fine 

Fig. 4 Effect of sintering temperature on the microstructure evolution: (a) 1185 °C; (b) 1190 °C; (c) 1195 °C; (d) 1200 °C; (e) 1205 °C



Xiao et al.
Period. Polytech. Chem. Eng., 65(2), pp. 261–269, 2021 |265

carbides were gradually dissolved, and large carbides 
became coarser due to Ostwald ripening during SLPS 
process. At the same time, the cross-linking between 
large carbides got more serious, which would deteriorate 
the alloy's strength and toughness.

As shown in Fig. 5, the XRD pattern of 15 Cr sintered 
HCCI indicates that the component phases are M7C3 car-
bide (M = Fe or Cr), martensite and a small amount of aus-
tenite. It can be seen from Fig. 4 (d) that there are larger 
massive carbides in the sample. In addition, there are many 
fine carbides in the matrix, which are secondary carbides 
precipitated from the austenite matrix during the cooling 
process, which has also been seen in other reports [3, 7]. 
During the cooling process from the solidus temperature 
to room temperature, austenite will precipitate secondary 
carbides in the matrix structure. The matrix, composed 
of austenite and martensite, is strengthened by second-
ary carbide, which is conducive to the improvement of 
strength and toughness of sintered HCCI.

The volume fractions of carbide in 15 Cr sintered HCCI 
prepared at different sintering temperatures are shown in 
Fig. 6. It can be found that the fractions are substantially 
stabilized at about 40 %. Sufficient holding time at sinter-
ing temperature and subsequent controlled slow cooling 
rate contribute to full precipitation of carbides. Therefore, 
sintered HCCI can maintain a high carbide volume fraction.

As  shown  in Fig.  7,  the SEM  three-dimensional mor-
phologies of eutectic carbides extracted from 15 Cr alloy 
prepared at different temperatures by deep etching and 
centrifugal separation are displayed They grew in clus-
ter with rod-shape branches. As sintering temperature 
was increased, branches became coarsened, and more and 
more side branches were developed.

When the sintering temperature reached to 1190 °C, 
primary rod carbides became small and a few short sub-
branches were developed with needle tip. However, as the 
sintering temperature reached 1200 °C, primary branches 
had grown into coarse rods with smooth surface as well 
as hexagonal cross section, and its side branches had also 
developed in several ranks, some of which being of a needle 
tip as shown in Fig. 7 (d). Meanwhile, carbide network was 
gradually formed in space as their macroscopic rod branches 
became coarser and coarser as shown in Fig. 7 (e), which was 
certainly harmful to the alloy's strength and toughness.

3.3 Mechanical properties
The relationship between hardness of 15 Cr sintered HCCI 
and sintering temperature is shown in Fig. 8. As the sin-
tering temperature increased, hardness increased rapidly 
at first and then remained at about 64 HRC. In compari-
son with Fig. 3, it could be obviously recognized that there 
was a close inner relation between hardness and density 
for sintered HCCI. Both the high M7C3 carbide volume 
fraction and amount of martensite in the matrix contrib-
uted to 15 Cr sintered HCCI's high hardness.

The  influence  of  sintering  temperature  on  flexural 
strength  and  impact  toughness  of  15  Cr  alloy  is  shown 
in Fig. 9. Both bending strength and impact toughness 
rapidly  increase  initially  and  then  fluctuate  and  finally 
decline as  sintering  temperature  increases  from 1185 °C 
to  1205  °C.  Their  maximums  are  reached  at  1200  °C, 
2112.65 MPa and 7.92 J/cm2, respectively.

The  influence  of  sintering  temperature  on  flexural 
strength  and  impact  toughness  of  15  Cr  alloy  is  shown 
in Fig. 9. Both bending strength and impact toughness 

Fig. 5 The XRD patterns of 15 Cr sintered HCCI 
at different temperature

Fig. 6 Effect of sintering temperature on carbide volume fraction of 
15 Cr sintered HCCI



266|Xiao et al.
Period. Polytech. Chem. Eng., 65(2), pp. 261–269, 2021

Fig. 7 Three-dimensional morphology of carbides in 15Cr HCCI prepared at sintering temperature: 
(a) 1185 °C; (b) 1190 °C; (c) 1195 °C; (d) 1200 °C; (e) 1205 °C

Fig. 8 Effect of sintering temperature on sintered HCCI's hardness

Fig. 9 Effect of sintering temperature on the impact toughness and 
bending strength of sintered HCCI
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rapidly  increase  initially  and  then  fluctuate  and  finally 
decline as  sintering  temperature  increases  from 1185 °C 
to  1205  °C.  Their  maximums  are  reached  at  1200  °C, 
2112.65MPa and 7.92 J/cm2, respectively.

As sintering temperature increased, the alloy's density 
was gradually increased, so were its strength and tough-
ness, because there were fewer and fewer pores in the 
matrix. When  15  Cr  sintered  HCCI  reached  nearly  full 
densification, further temperature rise caused microstruc-
ture to become coarse. Additionally, large rod-shaped car-
bide growth and carbide network formation will occur, 
which was favorable for crack propagation. Consequently, 
both strength and toughness decreased when the sintering 
temperature was over 1200 °C as shown in Fig. 9.

Based on the above discussion, the optimized sintering 
process could be determined as 1200 °C for 90 minutes 
at the vacuum of 5–10 Pa.

3.4 Wear resistance
In order to evaluate the resistance of 15 Cr sintered HCCI 
and compare it with sintered 20 Cr, the two alloys were 
firstly manufactured by optimized sintering process [25], 
and their main physical and mechanical properties are 
listed in Table 3.

The  relationship  between  mass  loss  of  15  Cr  sin-
tered HCCI and time under different impact condition 
during impact abrasive wear process is shown in Fig. 10. 
The result reveals that in the first 10 min of the test, mass 
loss is quite large because there is a running-in period 
between upper and down samples as shown in Fig. 2. 
In the subsequent wear process, its mass loss changed with 
time display periodic fluctuation. The higher the impact 
energy was, the larger the average mass loss per hour 
and the shorter the fluctuation period became. This wear 
mode may mean that micro-crack nucleation, propaga-
tion and junction with each other took place near the wear 
surface or subsurface of the sample, which finally caused 
chip off falling or mass loss fluctuation peak. In contrast, 
wear mass loss of 15 Cr sintered HCCI was quite low and 
varied with time with very small fluctuation under impact 

energy of 1 and 2 J/cm2; however,  in  the case of  impact 
energy of 3 J/cm2, its wear mass loss was magnified seri-
ously. Therefore, 15 Cr sintered HCCI is of good impact 
abrasive wear resistance when its impact energy is not 
higher than 2 J/cm2.

The wear surface morphology of 15 Cr sintered HCCI 
and the microstructure near the surface after impact abra-
sive wear under different impact energy are shown in 
Fig.  11.  In  the  case  of  impact  energy  1  J/cm2, there are 
many obvious large and deep furrows on the wear surface 
as shown in Fig. 11 (a) and there are also a few microc-
racks in the area close to the wear surface on the upper 
side of Fig. 11 (c). Hence, micro-cutting would be main 
wear mechanism in such circumstance. As impact energy 
was 2 J/cm2, the wear subsurface consisted of brittle frac-
ture, fatigue spalling as well as some shallow furrows, and 
broken carbides and microcracks propagated along carbide 
boundaries or inside them could be found in a deep area 
nearby the wear surface, as shown in Fig. 11 (b) and (d). 
Therefore, brittle fracturing and fatigue spalling would 
become primary wear mechanism in this case.

4 Conclusion
1. The fully dense hypoeutectic sintered HCCI with 

15 wt% Cr was prepared by SLPS technique with water 
atomized prealloyed powders as initial materials.

2. The microstructure of 15 Cr sintered HCCI consists 
of hexagonal M7C3-type carbide and martensite, and 
a small amount of austenite. The volume fraction of 
carbide  is stable at about 40 %. Sintering  tempera-
ture exerts a great  influence on carbide's evolution. 

Table 3 Properties of Sintered HCCI

HCCI 
Code

Density 
( g/cm3 )

Hardness 
(HRC)

Bending 
strength 
(MPa)

Impact 
toughness 
( J/cm2 )

15 Cr 7.64 63.9 2112 7.9

20 Cr 7.44 58.0 2122 6.5

Fig. 10 The relationship between the mass loss and the time of the 15 Cr 
sintered HCCI with the best mechanical properties under the impact 

abrasive wear test
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