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Abstract: DTA, thermal expansion, XRD, and SEM were used to evaluate the effect of quenching temperature on the mechanical
properties and microstructure of a novel sintered steel Fe-6Co-1Ni-5Cr-5Mo-1C. Lattice parameters and the mass fraction of carbon
dissolved in the matrix of the steel quenched were investigated. It is discovered that the hardness of the steel increases with quench-
ing temperature in the range of 840-900°C and remains constant in the range of 900 to 1100°C. It decreases rapidly when the tem-
perature is higher than 1100°C. The mass fraction of carbon dissolved in the matrix of the steel quenched at 840°C is 0.38, but when
the quenching temperature is increased to 1150°C, it increases to 0.98. The carbides formed during sintering are still present at grain
boundaries and in the matrix of the steel quenched at low quenching temperatures, such as 840°C. When the quenching temperature
is increased to 1150°C, most of the carbides at grain boundaries are dissolved with just a small amount of spherical M;C existing in

the matrix of the quenched steel.
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1. Introduction

Compared with traditional cast valve seats, a PM
valve seat can be mass-manufactured with a less ma-
chining and a higher material utilization ratio. Novel
sintered steel for making valve seats has been devel-
oped [1-9]. In sintered steel design for making valve
seats, two aspects need to be considered. The first is
the need to strengthen the matrix of the steel, which
probably could be achieved through the solid solution
mechanism by adding a certain amount of solid solu-
tion steel elements. The second is the requirement to
enhance the wear resistance by controlling the shape,
size and distribution of the secondary hard phases in
the matrix. The hard secondary phases can be added to
the steel or directly form in-situ in the matrix of the
steel during sintering. Fe-6Co-1Ni-5Cr-5Mo-1C is
such a novel sintered steel developed by the authors.
In the steel, nickel and a certain amount of carbon are

dissolved in the matrix for solid solution strengthening.

Chromium and molybdenum are added to the steel for
forming carbides during sintering. Usually, the prop-
erties of the sintered steel can not meet the require-
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ments of valve seat applications. Further heat treat-
ment is necessary to improve the mechanical proper-
ties of the sintered steel. For sintered steels, quenching
is a very important heat treatment procedure for in-
creasing their hardness and the wear resistance.
Among all the processing parameters, quenching
temperature has great influence on the properties and
microstructure of the sintered steel.

There have been some reports on the effects of
quenching temperature on the properties and micro-
structure of ultra-high carbon steel [10-12]. However,
few quantitative studies are available on the evolution
of carbides and the carbon fraction in the matrix of ul-
tra-high carbon PM steel during heat treatment proc-
ess. This article presents the results of a quantitative
investigation on the evolution of carbides and the
change of carbon fraction at different quenching tem-
peratures.

2. Experiment procedure

The sintered Fe-6Co-1Ni-5Cr-5Mo-1C steel was
cut into specimens with a size of 10 mmx10 mmx2
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mm. DTA and thermal-expansion curves were meas-
ured. In the DTA experiment, the steel was heated
from room temperature to 1300°C at 20°C/min. In
thermo-expansion experiment, the heating rate was
10°C/min. The quenching temperature range was de-
termined from the results of these two experiments.
The hardness was measured on the quenched steel us-
ing a Rockwell hardness tester. Specimens quenched
at different temperatures were tempered. Because the
maximum temperature of valve seat steel in an oper-
ating engine is slightly above 600°C, 650°C was cho-
sen as the tempering temperature of the quenched steel.
The toughness of the tempered steel was measured by
Charpy impact test. Optical microscopy investigation
was made on specimens etched with a solution of 3%
pure nitric acid in ethanol as an etching agent. TEM
observations were made on an H-800 system
(Hatachi). The XRD spectrum was measured using a
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3.2. Hardness and impact toughness of the steel

The hardness of the quenched steel is illustrated in
Fig. 2. It reveals three temperature regions in which
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Fig. 2. Effects of quenching temperature on hardness of

the Fe-6Co-1Ni-5Cr-5Mo-1C steel.

the hardness of the quenched steel shows different re-
sponse to the quenching temperature. When the
quenching temperature is lower than 900°C, the hard-
ness increases with quenching temperature. At tem-
peratures ranging from 950 to 1100°C, the hardness
varies slightly with quenching temperature. But when
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D/MAX2500 system with Cu K, radiation; the accel-
erate voltage, electric current and scanning speed used
were 30 kV, 28 mA and 0.1°/min, respectively.

3. Results and discussions

3.1. DTA and thermo-expansion measurement

The DTA and thermo-expansion traces are pre-
sented in Fig. 1. It shows that the austenite start point
of the steel is 770°C and the austenite end point is
820°C. More importantly, it reveals that a phase
transformation occurs at 1180°C, which defines the
maximum allowable heat treatment temperature for
the sintered steel. The sintered steels were all
quenched from temperatures lower than 1180°C. Spe-
cifically, the specimens were held for 30 min at 840,
870, 900, 950, 1000, 1050, 1100, and1150°C, and then
quenched in engine oil to room temperature.
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Curve of DTA (a) and thermo-expansion (b).

the quenching temperature is increased from 1100 to
1150°C, the hardness decreases to a value lower than
HRC 60.

The impact toughness was measured for the steels
quenched at different temperatures and then tempered
at 650°C for 2 h. The results are given in Table 1.

Table 1. Effect of quenching temperature on the trans-
verse toughness of the steel

Quenching temperature / °C  Impact toughness / (J-cm™)

900 2.77
1100 2.96
1150 2.55

3.3. Optical microscopy analysis

The optical micrographs of the quenched steel are
shown in Fig. 3. It shows that carbides distribute both
in the matrix and at grain boundaries and decrease as
the quenching temperature increases, indicating that
more carbides are dissolved into the matrix at higher
temperatures. The retained austenite increases corre-
spondingly with increasing quenching temperature, as
a result of the fact that the amount of steel elements
dissolved in the matrix of the steel increases with in-
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creasing quenching temperature, which hinders the
martensite transformation process during quenching.
In the steels quenched at temperatures ranging from
840 to 1100°C, the grain size remains almost the same
as the quenching temperature increases because of the

presence of stable carbides at grain boundaries, which
stops the migration of grain boundaries. When the
quenching temperature increases from 1100 to 1150°C,
carbides are dissolved rapidly, leading to an increase
in grain size.
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Fig. 3. Microstructures of the steel quenched at different temperatures: (a) 840°C; (b) 900°C; (c) 1100°C; (d) 1150°C.

3.4. Phase detection and precise measurement of
lattice constant by XRD

XRD results (see Fig. 4) indicate that the phase in
the quenched steels are mainly martensite, retained
austenite, minor (Fe,Cr);C; and Fe,MoC. The inten-
sity of the diffraction peaks of carbides and austenite
changes with quenching temperature. The relative in-
tensity data of austenite, (Fe,Cr);C; and Fe,;MoC are
given in Table 2. It shows that the peak intensity of
the retained austenite increased with increasing
quenching temperature, suggesting that the amount of
the retained austenite increases. The diffraction peak
intensity of Fe;MoC decreases rapidly when the
quenching temperature increases to 1100°C, indicat-
ing that the carbide Fe;MoC dissolves quickly into the
steel matrix at this temperature. However, rapid dis-
solution of (Fe,Cr);C; takes place only when the
quenching temperature rises to 1150°C. Therefore, the

quick dissolution of (Fe,Cr);C; and Fe,MoC at grain
boundaries is the main cause to the increase in grain
size at temperatures above 1100°C. This observation
is consistent with the results of optical analysis pre-
sented in the previous section.
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Fig. 4. XRD results of the steel quenched at different
temperatures.

Table 2. Relative intensity of the strongest peaks of major phases in the steel %

Relative intensity

Phases

840°C 900°C 1050°C 1100°C 1150°C
Retained austenite 9.5 10.0 11.0 17.0 22.0
(Fe,Cr),Cs 4.6 4.5 4.3 4.3 3.5
Fe,MoC 53 4.9 4.6 3.8 2.4

The dissolution of carbides in the steel may change
the lattice constant of the steel matrix. It was sug-
gested that precise measurement of the lattice con-
stants of the steel matrix would be helpful to under-
stand the change of the steel’s mechanical properties

with quenching temperature [13-14]. Thus, in this
study, three diffraction peaks of the quenched steel at
high angles were used to calculate the lattice constant
using the least square method. The results for steels
quenched at different temperatures are given in Table
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3. It shows that the lattice constant increases with in-
creasing quenching temperature. More steel elements
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dissolve into matrix at higher temperatures.

Table 3. Lattice constant of the quenched steel nm
Quenching Temperature / °C Feqo) Fepin Fepon Average
840 0.28741 0.28716 0.28708 0.28722
900 0.28733 0.28738 0.28734 0.28748
1050 0.28805 0.28779 0.28767 0.28783
1100 0.28804 0.28798 0.28772 0.28791
1150 0.28811 0.28783 0.28781 0.28792

Among all the elements studied, carbon contributes
more to the change of lattice constant than other ele-
ments do. If the effects of other steel elements on the
matrix’s lattice constant are neglected, then according
to Ref. [15], the relationship between the lattice con-
stant (¢) and the mass fraction (x) of carbon in the
steel matrix can be given by

c=ay+0.116x (D

where q is the lattice constant of pure iron. The value
of which is 0.28664 nm. Based on Eq. (1), the mass

fraction of carbon in the matrix of steels quenched at
different temperatures can be calculated; the results
are given in Table 4. It shows that the carbon mass
fraction increases from the lowest value of 38% at the
quenching temperature of 840°C to the highest value
of 98% at the quenching temperature of 1150°C. At
840°C, 62% carbon is in a form of carbides and only
38% carbon dissolves in matrix. But when the tem-
perature is increased to 1150°C, only 2% carbon is in
the form of carbides, causing a rapid decrease in the
hardness of the steel.

Table 4. Mass fraction of carbon in matrix of the steel quenched at different temperatures

Temperatures / °C 840
Mass fraction of carbon / % 38

900 1050 1100 1150
6 85 93 98

3.5. TEM results

The typical TEM micro-structures for steels
quenched at different temperatures are illustrated in
Fig. 5. It shows that different kinds of carbides are
presented in the steel quenched at 840°C. They in-
cluded spherical M,3C¢ with a size of more than 1 pm
and columnar carbide clusters of hundreds
nano-meters in size. These are the original carbides
formed during sintering. They are still present after
heat treatment because the quenching temperature

200 nm

used is not high enough to turn them into other car-
bides or make them dissolve into the matrix. The steel
quenched at 1150°C contains less carbides as com-
pared with that quenched at 840°C. Most of the car-
bides are spherical in shape with a size only in the
range of 10 to 200 nm. These carbides are distributed
only at grain boundaries. Most of these carbides are
M,3Cs. The amount of these carbides is too small to be
detected by XRD diffraction.
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Fig. 5. TEM images of the steel quenched at different temperatures: (a) 840°C; (b) 1150°C.

3.6. Thermo-dynamics of phase transformation in
quenched steel

Thermo-calc was used to study the phases that may
form in the steel at different temperatures. The results
of this analysis are given in Table 5. It shows that, for

steels quenched at 840°C, the carbides that can form
at equilibrium are My;Cs, k carbide efc. However,
(Fe,Cr);C; and Fe,MoC are present in addition to
those predicted by the calculations. This perhaps is
because the holding time used is not long enough for
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the carbides to transform into the carbides calculated
at equilibrium. It is expected that most of the carbides
would be transformed into the equilibrium carbides at
this temperature if the holding time is sufficiently
long.

Table 5. Phases predicted by Thermo-calc at different
temperatures
Temperature / °C Phases
840 Ferrite, austenite, M,;Cg, K carbide
1000 austenite, M,Cs, k carbide
1100 austenite
1150 austenite

According to the calculations, the equilibrium
phase of the steel at 1150°C would be austenite and no
carbides are expected in the steel. This is roughly con-
sistent with TEM observations for the steel quenched
at this temperature (see Fig. 5). But TEM results show
that there are small amount of M»;C¢ present at grain
boundaries. M,3;Cg is a mediate phase in the process of
austenite transformation. If the holding time is ade-
quately long, all M,3;Cs would dissolve in the matrix,
forming austenite. The evolution of carbides in aus-
tenite at elevated temperatures was studied by other
investigations [16-19] and it was reported that the or-
der of easiness of dissolution of carbides in austenite
is MC>M4C (M,C)>M;C3> M,3C4, which is consis-
tent with the observation of this study.

4. Conclusions

The hardness of the quenched steel increases with
increasing quenching temperature in the range of
840-900°C, but remains almost constant in the range
of 900-1100°C. When the quenching temperature is
higher than 1100°C, the hardness decreases as the
quenching temperature increases.

Quenching temperature greatly affects the carbon
mass fraction in the matrix of the quenched steel. The
carbon dissolved in the matrix is just 0.38 when
quenched at 840°C. But it is 0.98 when quenched at
1150°C.

Most of the carbides formed during sintering can
not dissolve into the matrix of the steel when the steel
is heat treated at relatively low temperatures. At a
higher heat treatment temperature, such as 1150°C,
most of the carbides dissolved into the steel matrix
with just a small amount of tiny spherical M»;Cg¢ pre-
sent at grain boundaries.
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