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Abstract: The sinter-hardening properties of a partially-diffuse alloyed Fe-2Cu-2Ni-1Mo-1C material were investigated. Samples 
were formed by die wall lubricated warm compaction method, then, sintered in hydrogen atmosphere at 1 150 ℃ for 1 h and cooled 
at 4.6, 2.9 and 1.5 ℃/s, respectively, from 900 ℃ down to 600 ℃. Effects of cooling rate on mechanical properties and 
microstructure of the material were discussed. The results show that when the cooling rate increases, the tensile strength of the 
material increases, while, the elongation shows opposite result. The sintered material has a tensile strength of 872 MPa and an 
apparent hardness of HB 257 at a cooling rate of 4.6 ℃/s. Slight shrinkage is observed. Heterogeneous microstructures containing 
martensite, bainite, pearlite and nickel-rich retained austenite are observed in the material. Higher martensite content can be obtained 
at higher cooling rate, while, at lower cooling rate, pearlite and retained austenite dominated the microstructure. 
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1 Introduction 
 

With the rapid development of the automotive 
industry, it presents a great increase in the application of 
high performance powder metallurgy (PM) parts and 
exploits a great market of iron-based PM materials. 
However, some drawbacks of these materials, such as 
low strength and low hardness, need to be overcame. 
Some advanced manufacture methods could be utilized 
to resolve these problems. One is using new forming 
technique to increase density of the material[1−2]. The 
second is admixing alloying elements[3−4]. The third is 
using suitable treatments on the powders and on the 
sintered materials[5]. Among those methods, 
sinter-hardening[6−7] and die wall lubricated warm 
compaction[8−9] attract much attention. Sinter- 
hardening combines sintering and heat-treatment in a 
single process by using a specially designed furnace to 
control the post sintering cooling rate[10]. 
Sinter-hardening eliminates secondary operation such as 
heat treatment, thus reduces cost and avoids deformation 
during quenching. It is suitable for producing those big 

and complex shape PM parts. Specially formulated 
powders are preferable to generate good 
hardenability[11]. Admixing alloying elements such as 
copper, nickel, manganese and molybdenum can increase 
hardenability. In addition, hardenability can be increased 
by increasing density. High density reduces porosity and 
result in the increase of thermal conductivity and thus 
enhances the hardenability[5].  

Many sinter-hardenable powder metallurgy 
materials[12−14,] were developed over the past few 
decades and commonly used Fe-Cu-Ni-Mo-C system 
exhibited good dynamic and static properties[14−16]. 
The primary object of the present study was to evaluate 
the sinter-hardening properties of partially-diffuse 
alloyed Fe-2Cu-2Ni-1Mo-1C powder. Die wall 
lubricated warm compaction followed by 
sinter-hardening process was used to obtain high density 
and high performance PM materials. 

 
2 Experimental 
 

Chemical composition (mass fraction, %) of the 
tested material was 2% Cu, 2% Ni, 1% Mo, 1% 
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C(graphite) and Fe as balance. Water atomized iron 
powder (≤147 µm), carbonyl nickel (3−5 µm) and 
reduced molybdenum powder (3−5 µm), electrolytic 
copper powder (≤74 µm) and graphite powder (≤74 
µm) were used as raw materials in this study. Table 1 
lists the chemical composition and properties of the 
water atomized iron powder. 0.1 % HW lubricant was 
used.  

Iron powders and other alloying elemental powders 
were pre-mixed and annealed at a presetted temperature 
in hydrogen atmosphere. Then the partially alloyed 
powders were milled and mixed with graphite and 
lubricants. 
 
Table 1 Chemical composition and properties of water 
atomized iron powder 

Mass fraction/% 
C O Fe 

Apparent density/ 
(g·cm−3) 

Flowability/
(s·(50 g)−1)

≤0.02 ≤0.02 Bal. 2.95 28 
Particle size distribution/% 

≤45 µm 45−75 µm 75−150 µm 150−210 µm
21.2 28.0 42.4 8.4 

 
Tensile bars were pressed according to GB/T 7963

—1987. Alcohol solution of HW was used as die wall 
lubricant. The mixed powder was heated to (120±2) ℃ 
in a steel mold and pressed at a compacting pressure of 
700 MPa. Sintering was carried out in a modified 
sintering furnace equipped with a rapid cooling system. 
Samples were sintered at 1 150 ℃ for 1 h in hydrogen 
atmosphere. Samples were placed in the furnace chamber 
and tied together with a thermocouple, which was used 
to measure the actual cooling rate. After sintering the 
samples were pulled to the cooling zone quickly. When 
the temperature fell to 900 ℃, nitrogen gas was blown 
directly onto the samples. Time needed to reach 600 ℃ 
was recorded. Cooling rates of 4.6, 2.9 and 1.5 ℃/s 
were obtained. 

Green density and sintered density were measured 
by water displacement method. Tensile properties were 
measured by a CMT5105 universal testing machine. 
Apparent hardness was measured on both the top and 
bottom surfaces of the tensile bars. Samples were etched 
with 3% nital solution. Microstructure was characterized 
with a Lecia optical microscope and a Scanning Electron 
Microscope (SEM, PHILIPS×L30FEG) coupled with an 
Energy Dispersive Spectroscopy analyzer (EDS). 
Dimensional change percentage (ΔLDG) is defined as: 
ΔLDG = [(LS–LG)/LG]×100%, where LG and LS are the 
length of the green and sintered compacts, respectively.  
 
3 Results and discussion 
 
3.1 Mechanical properties  

Figs.1 and 2 show the effects of cooling rate on 

tensile strength and apparent hardness of the sintered 
material. It can be seen that tensile strength increases 
with increasing cooling rate. Tensile strength increases 
from 771 to 794 MPa when the cooling rate increases 
from 1.5 to 2.9 ℃/s. The tensile strength achieves 872 
MPa when the cooling rate reaches 4.6 ℃/s.  

 

 

Fig.1 Effects of cooling rate on tensile strength and elongation 

 

 
Fig.2 Effect of cooling rate on apparent hardness 
 
The reported data apparent hardness was the 

average of three indentations on the top and another three 
on the bottom surfaces of the tensile bars. As shown in 
Fig.2, when the cooling rate increases, the apparent 
hardness increases. The apparent hardness values of HB 
257, HB 241 and HB 223 were obtained at cooling rates 
of 4.6, 2.9 and 1.5 ℃/s, respectively. Elongation 
decreases while the cooling rate increases. These results 
can be explained by the amount of martensite formed at 
different cooling rate. 
 
3.2 Density and dimensional change of sintered 

material 
Table 2 lists the data of green density, sintered 

density and dimensional change of the sintered material. 
It can be seen that the sintered densities are less than the 
green densities. The maximum decrease is 0.07 g/cm3 

and the minimum is 0.02 g/cm3. Die wall lubricated 
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warm compaction could increase green density of the 
compacts effectively and reduce the admixed lubricant 
content[17]. Less admixed lubricant produces fewer 
ashes inside the compacts and results in higher sintered 
density. Dimensional change results show that there is a 
slight shrinkage after sinter-hardening for all three 
cooling rates. 
 
Table 2 Green density, sintered density and dimensional change 
of materials prepared with different cooling rates  

Cooling 
rate/ 

(℃·s−1) 

Green 
density/ 
(g·cm−3) 

Sintered 
density/ 
(g·cm−3) 

Dimensional 
change/ 

% 

4.6 7.38 7.36 −0.11 

4.6 7.39 7.32 −0.04 

2.9 7.38 7.33 −0.02 

2.9 7.36 7.32 −0.06 

1.5 7.35 7.31 −0.06 

1.5 7.33 7.30 −0.11 

 
3.3 Microstructure 

Fig.3 shows the microstructures of the material 
prepared at three cooling rates. In Fig.3, M denotes 
martensite; B+P denote bainite and fine lamellar pearlite; 
P denotes coarse lamellar pearlite; RA denotes retained 
austenite). Microstructure consists of martensite, bainite

and pearlite, and retained austenite. At cooling rate of 4.6
℃/s, the microstructure is mainly martensite with some 
fine lamellar pearlite and few nickel-rich retained 
austenite as balance. Fig.3(d) shows a martensite plus the 
nickel-rich austenite region. 

At cooling rate of 2.9 ℃/s, the martensite content 
decreases while pearlite, bainite and nickel-rich retained 
austenite content increase. It can also be seen that fine 
lamellar pearlite zones are surrounded by coarse lamellar 
pearlite zones. Fig.3(c) shows that microstructure is 
predominately pearlite and retained austenite at cooling 
rate of 1.5 ℃/s. Few free martensite islands and 
transition region of martensite and retained austenite can 
be observed. Comparing the microstructures, it is clear 
that the amount of martensite formed increases with the 
increase of cooling rate. Higher martensite content 
improves the tensile strength and hardness while 
decrease the elongation of the sintered material. 

Fig.4 shows a typical SEM micrograph of the 
material cooled at 4.6 ℃/s. EDS was used to determine 
the distribution of alloying elements in randomly 
selected zone. EDS result shows that nickel 
concentration in the retained austenite region is about 
10%. EDS mapping also reveals that the nickel-rich area 
is rich in copper. At high cooling rate, martensitic 
transformation takes place and few pearlite and retained 
austenite are formed. 

                                                                                                           

  
Fig.3 Optical microstructures of material for different cooling rates: (a), (d) 4.6 ℃/s; (b) 2.9 ℃/s; (c) 1.5 ℃/s 
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Fig.4 SEM image(a) of material prepared with cooling rate of  
4.6 ℃/s and EDS(b) of spectrum zone 
 
4 Conclusions 
 

1) Partially-diffuse alloyed Fe-2Cu-2Ni-1Mo-1C 
powder shows a satisfactory response to sinter-hardening 
process. The sintered material exhibits high mechanical 
property and good dimensional consistence. Tensile 
strength and apparent hardness improve as the cooling 
rate increases. Material with tensile strength of 872 MPa, 
hardness of 257 HB and elongation of 1.7% is obtained.  

2) At high cooling rate, microstructure consists of 
martensite, pearlite, bainite and nickel-rich retained 
austenite. Martensite content increases as the cooling rate 
increases. At lower cooling rate, the martensite content 
decreases and the microstructure is mainly composed of 
pearlite and retained austenite. 
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