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Abstract: In this paper, the precipitation of carbide and wear loss of high-carbon 8 mass% Cr tool
steel at two tempering conditions (i.e., 773–803 K and 823–853 K) were studied by INCA Steel,
EPMA-1720H, XRD, and ML-10 tester. The results show that the particles of test steels include the
carbides (Cr7C3 and Cr23C6) and carbides nucleated on Al2O3. When carbides are of the same size,
the number of carbides in test steel at a tempering temperature of 773–803 K is greater than that
at a tempering temperature of 823–853 K, especially when the size of carbides is less than 5 µm.
Compared with the test steel tempered at 823–853 K, the distance between adjacent actual particles
reduced by 80.6 µm and the maximum amount of reduction was 9.4% for single wear loss at the
tempering temperature of 773–803 K. It can be concluded from thermodynamics results that Al2O3

inclusions began to precipitate in liquid, and the precipitation of carbides was at the solid–liquid
region. Al2O3 can be used as the nucleation interface of carbide, thus promoting the formation of
carbides. During the cooling of molten steel, a lower temperature can increase the difference of actual
solubility product bigger than equilibrium solubility product, thus promoting the carbide formation.

Keywords: high-carbon 8 mass% Cr tool steel; different tempering temperatures; wear resistance;
carbide precipitation

1. Introduction

In recent years, cutting dies, forming dies, gauges, and other tool steel have attracted attention in
the critical applications of cold-worked tool steels [1]. The typical application of this steel is the cutter
ring in the TBM (Tunnel Boring Machine), which is used in tunnel excavation in various environments
such as cities, seabeds, and mountains. The special use environment requires materials with excellent
wear resistance. At present, the methods for improving wear resistance include producing a metal
matrix composite (MMC) by spraying carbide on a metal surface, and inlaying a hard alloy outside the
steel matrix [2,3]. But these costs are much higher than ordinary steel materials.

For the steel material matrix, studies showed that the distribution of carbides played an important
role in improving wear resistance [4–6]. In the electroslag remelting–continuous rapid solidification
(ESR-CRS) process, increasing water-cooling pressure is beneficial to reducing the formation of primary
carbides. The precipitation of primary carbide and grain boundary cementite can be effectively
inhibited by controlling the water cooling pressure above 0.06 MPa. [7]. In the austenitizing process,
due to the nonequilibrium segregation behavior, temperature affects the total boron concentration of
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austenite grain boundaries, and the increase in boron concentration enlarges the temperature range
of M23(C, B)6 precipitation [8]. After austenitization, an increase of cooling rate can decrease the
volume fraction of carbide; meanwhile, the size distribution of the carbides is meliorated [9]. During
subzero treatment, lowering of temperature is beneficial to reducing retained austenite content related
to secondary carbide particles. [10].

Surely, the methods of controlling carbide precipitation also include spheroidization [11,12],
control of hot-pressing conditions for carbide fracture [13], tempering [14], and so on. In recent
years, some scholars have studied the precipitation of carbides in these processes. For example,
the precipitation of carbides in medium-manganese steel during tempering was predicted by
thermodynamics and kinetics simulations. The results showed that cosegregation of Mn and C is a
precondition for the precipitation of carbide and its precipitation is attached to the core [15]. For 316H
stainless steel, the precipitation of grain boundary carbides and its size distribution at a temperature
range of 673–1073 K during service were studied by the Kampmann and Wagner numerical framework.
It was reported that temperature has an effect on the size of carbides [16].

However, systematic studies on the effects of tempering temperature on carbide precipitation and
wear resistance have rarely been reported for high-carbon 8 mass% Cr tool steel. In this paper, the tool
steel is taken as an example to study the influence of tempering temperature on carbide precipitation
control from the perspective of precipitation thermodynamics. The analysis of carbide size, quantity,
and morphology was carried out by means of automatic analysis system of inclusions and electron
probe. Finally, the wear resistance was tested to determine the effect of carbide precipitation control on
wear resistance during tempering.

2. Experiment

2.1. Material

The selected tool steel grade, high-carbon 8 mass% Cr tool steel, was provided by a steel
group (Tianjin Cisri-Harder Materials & Technology Co., Ltd., Tianjin) in China. Table 1 shows
the chemical composition of the test steel. Among these elements, alloying elements such as chromium,
molybdenum, and vanadium are all strong carbide-forming elements. For the test steel, higher Cr
and C percentages promoted the formation of eutectic crude chromium carbides during solidification.
Appropriate hardening to 60 HRC can achieve a compression yield strength of up to 2350 MPa [17].

Table 1. Chemical compositions of the test steels (wt %).

Element Fe C Si Mn Cr Mo V

Composition (wt %) bal. 1.2 1.0 <0.6 8.5 2.50 0.50

2.2. Heat Treatment

The parameters of the heat treatment are shown in Table 2.

Table 2. Parameters for the heat treatment process.

Heat Treatment Stage Temperature (K)/Time (min)

Sample A Sample B

Spheroidizing Annealing 1073–1173/40–60 1073–1173/40–60
Austenitizing 1273–1373/20–40 1273–1373/20~40

First Tempering 823–853/60–90 773–803/60~90
Second Tempering 823–853/60–90 773–803/60–90

Final hardness (HRC) 58–60 61–63
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The test steel was divided into two groups, one of which was processed according to process
A, and the final hardness was 58–60 HRC. The other group was processed according to process B,
and the final hardness was 61–63 HRC. The whole heat treatment process included spheroidizing
annealing, austenitizing, and two tempering stages. In the austenitizing process, oil bath protection
was performed to prevent decarburization of the sample surface. Heating of sample was conducted
in a BLMT-1600 ◦C tubular furnace (Luoyang braveman special testing furnace Co., Ltd., Luoyang,
China). In order to ensure low oxygen content in the furnace, purified argon gas was fed from the
bottom of the furnace at a constant flow rate of 100 L/h. A double Pt-Rh thermocouple of type B was
placed in the furnace to control the temperature within ±1 K.

2.3. Microstructural Characterization

The two samples after different tempering were polished and etched with 4% nital solution
to observe the microstructures under optical microscope (OM) (Leica, Wetzlar, Germany).
The microstructures of the unetched samples were observed under electron-probe microanalysis
EPMA-1720H (EPMA) (JEOL, Kyoto, Japan) as well as scanning electron microscope (SEM, Carl-Zeiss,
Oberkochen, Germany) in secondary electron mode. The size distribution and number of the
precipitation particles were measured by automated inclusion analysis system INCA (INCA Steel)
(Oxford Instruments, Oxfordshire, UK). The minimum particle size which INCA Steel could detect
was 1 µm on the surface of a specimen of 4 mm × 4 mm. It is worth noticing that the size is the
equivalent diameter of each carbide in the measured field. The types of carbides were determined by
X-ray diffraction-MXP21VAHF (XRD) (M21X, MAC Science Co., Ltd., Tokyo, Japan).

2.4. Tribological Testing and Examination Techniques

A testing specimen was sectioned from each of samples A and B to a cylinder of 4 mm diameter
and 25 mm length and subsequently achieved ≤3.2 µm average surface roughness (Ra) by plate
grinding. The wear tests were conducted on an abrasive wear tester ML-10 (Xuanhua Material
Testing Machine Factory, Zhang Jiakou, China) using silicon carbide waterproof abrasive sandpaper.
The device schematic is shown in Figure 1. The rotation speed of the sandpaper was 120 rev/min.
The feed rate of the cylinder was 2 mm for the circle. The test distance was 19.69 m, with pressure at
1.19 MPa (15 N). It is worth mentioning that five friction tests were carried out for the same cylinder
of sample A or B. A new waterproof abrasive sandpaper was used for every test. The wear loss of
sample was measured by TG328B analytical balance (Shanghai Yueping Scientific Instrument Co.,
Ltd., Shanghai, China). For the analytical balance, the range of measurement was 0–200 mg, and the
precision was 0.1 mg.
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3. Results

3.1. Precipitates Formation in High-Carbon 8 Mass% Cr Tool Steel Calculated by Thermo-Calc

In high-carbon 8 mass% Cr tool steel, phase transformation and precipitation of carbides can be
calculated by Thermo-Calc with the TCFE7 database.

Figure 2 shows the phase stability diagram during the solidification of liquid steel. When the steel
was slowly cooled to 773 K, two kinds of carbides were precipitated from high-carbon 8 mass% Cr tool
steel, namely M7C3 and M23C6. The formation of M7C3 was prior to M23C6. The starting temperatures
of M7C3 and M23C6 were 1513 K and 1093 K, respectively. As the temperature decreased, the element
contents of the carbides changed.
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Figure 2. Phase equilibrium diagram of the steel calculated using Thermo-Calc software (M represents
metallic element atom; C represents carbon atom).

The series in Figure 3 show the change in the element contents of carbides as a function of
temperature. The elements of Cr, Fe, Mo, and C were contained in both M7C3 and M23C6 carbides.
However, Cr and Fe are the main components in carbides. M7C3 began to precipitate at 1513 K.
A decrease of the temperature made the Cr content increase but the Fe content decrease. The Mo content
increased firstly and then decreased from 1513 K to 773 K. For the carbide of M23C6, the precipitation
temperature was 1093 K. With the decrease of temperature, the Fe content decreased, while the Cr and
Mo contents increased. Compared with the Fe content and Cr content, the Mo content and V content
of the M7C3 and M23C6 carbides were relatively low. M7C3 and M23C6 in high-carbon 8 mass% Cr tool
steel were found in the previous study [18].
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3.2. Morphology of Carbides or the Mixture of Carbides and Oxides

3.2.1. Optical Microscope (OM)

The microstructures of etched specimens that were tempered at different temperatures were
observed by OM as shown in Figure 4.Materials 2018, 11, x FOR PEER REVIEW  5 of 14 
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Figure 4. Metallographic observation of the microstructures of specimens: (a) sample A; (b) sample B.

The observation shows that the microstructure consists of tempered martensite, retained austenite,
primary carbides in martensite, and secondary carbides in a matrix of martensite. This phenomenon
is the same as the thermodynamic calculation results using Thermao-Calc software in Section 3.1.
Based on the carbide’s size, the carbides can be classified as primary carbides (>5 µm) and secondary
carbides (<5 µm). The classification of carbides have been detailed in the literature [19–21]. In general,
small-sized primary carbides are identified as secondary carbides, but the number of such carbides
is negligible. In Figure 4, large, white primary carbides were rod-shaped, and tiny, white secondary
carbides were spherical. Moreover, it can be seen that compared with sample A, sample B, which
tempered at a lower temperature, contains a larger amount of secondary carbides.

3.2.2. Scanning Electron Microscope (SEM)

Some characteristics in the microstructure due to different tempered temperatures were not
observed at low magnifications as shown in Figure 4. Very fine particles can be found in Figure 5.

Materials 2018, 11, x FOR PEER REVIEW  5 of 14 

 

  
Figure 4. Metallographic observation of the microstructures of specimens: (a) sample A; (b) sample 
B. 

The observation shows that the microstructure consists of tempered martensite, retained 
austenite, primary carbides in martensite, and secondary carbides in a matrix of martensite. This 
phenomenon is the same as the thermodynamic calculation results using Thermao-Calc software in 
Section 3.1. Based on the carbide’s size, the carbides can be classified as primary carbides (>5 μm) and 
secondary carbides (<5 μm). The classification of carbides have been detailed in the literature [19–21]. 
In general, small-sized primary carbides are identified as secondary carbides, but the number of such 
carbides is negligible. In Figure 4, large, white primary carbides were rod-shaped, and tiny, white 
secondary carbides were spherical. Moreover, it can be seen that compared with sample A, sample 
B, which tempered at a lower temperature, contains a larger amount of secondary carbides. 

3.2.2. Scanning Electron Microscope (SEM) 

Some characteristics in the microstructure due to different tempered temperatures were not 
observed at low magnifications as shown in Figure 4. Very fine particles can be found in Figure 5. 

  
Figure 5. Carbides and oxides SEM morphology: (a) sample A, (b) sample B. 

The carbides and oxides observed in samples A and B are shown in Figure 5. There were 
individual carbides and carbides nucleated on oxides for both sample A and sample B. It can be 
inferred from Figure 5 that the presence of oxides core promoted the nucleation and growth of 
carbides. EPMA was carried out to further observe the elements’ distribution in the carbides 
nucleated on oxides. 

3.2.3. Electron-Probe Microanalysis (EPMA) 

Figure 5. Carbides and oxides SEM morphology: (a) sample A, (b) sample B.



Materials 2018, 11, 2491 6 of 15

The carbides and oxides observed in samples A and B are shown in Figure 5. There were
individual carbides and carbides nucleated on oxides for both sample A and sample B. It can be
inferred from Figure 5 that the presence of oxides core promoted the nucleation and growth of carbides.
EPMA was carried out to further observe the elements’ distribution in the carbides nucleated on oxides.

3.2.3. Electron-Probe Microanalysis (EPMA)

The EPMA measurements show strong segregation of alloying elements such as aluminum,
silicon, oxygen, carbon, chromium, molybdenum, and vanadium at the oxide and carbide.

The elemental segregation has taken place at the boundaries between oxide and carbide.
The results of the elemental plots reveal that elemental partitioning of sample A was the same as that
of sample B. According to Figure 6, the oxide was Al2O3/SiO2 and the carbides were (Fe, Cr)-rich
Cr7C3 or Cr23C6 for both samples A and B. The carbides contained small amounts of molybdenum and
vanadium, which is consistent with changes in the content of the M7C3 and M23C6 elements in Figure 3.
Carbide nucleated on oxide could be attributed to the precipitation thermodynamics. This part will be
discussed in Section 4.
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3.2.4. Size and Distribution

The details that include the size distribution and number of the carbides and carbides nucleated
on oxides measured by INCA Steel are given in Figure 7.
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In Figure 7, the abscissa represents the size of precipitations and the ordinate represents its
number. It can be seen that under the same size, the number of carbides (or carbides nucleated
on oxides) at tempering temperature 773–803 K was more than that at the tempering temperature
823–853 K, especially when the size was less than 5 µm. Therefore, it could be inferred that low
tempering temperature was beneficial to enlarge the number of the carbides. Moreover, an increase of
size decreases the number of precipitations. Most of the precipitates were less than 5 µm, which are
considered to be secondary carbides, and few carbides were more than 7 µm. This indicates that most
carbides precipitate during tempering. This phenomenon could be attributed to the holding time and
temperature. In general, coarse carbides precipitated from liquid steel or solid–liquid steel, but when
the time of nucleation and growth was not enough, coarse carbides could not form in liquid steel or
solid–liquid steel.

3.2.5. Type of Carbides

In order to determine the types of carbides, XRD was conducted. The result showed that the
type of carbides was M7C3. M23C6 was not found from Figure 8. The reason is that the carbides’
type transformed from M7C3 to M23C6. It can be seen from Figure 2 that when M23C6 begins to form,
the content of M7C3 decreases gradually. The precipitation temperature of M23C6 is lower than that of
M7C3. From the kinetic point of view, the low temperature is not conducive to the growth of M23C6.
The reason for this is that the rate of reaction is exponential with temperature on the basis of the
Arrhenius formula [22]. So, in test steel, M7C3 shows the stronger intensity and clarity of crystalline
diffraction lines than M23C6 in XRD. However, M23C6 was found in EPMA.
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In order to obtain the content of elements in carbides, the carbides nucleated on oxides were
analyzed by line scanning. Figure 9a shows the morphology of carbides nucleated on oxide. From
Figure 9b, it can be seen that the black core is Al2O3, and the gray particles around it are chromium-rich
carbides, in which the chromium content is about 50%, and the carbon content is about 5%. According
to the content of carbides calculated using Thermo-Calc in Figure 3b, it can be inferred that the carbides
are Cr23C6. According to phase equilibrium diagram (Figure 2), M23C6 and M7C3 are two types of
carbides in the steel. Given the above, there are M7C3 and M23C6 in the steel.
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3.3. Wear Resistance

Table 3 presents the mass loss on abrasive wear tests. Since the same cylindrical specimen of
sample A or B was subjected to five friction tests, the wear amount of each wear test is defined as a
single wear loss, and the mass loss of a cylindrical specimen before and after wear is defined as the
total mass loss. As shown in Table 3, for five single wear tests, the single mass loss of sample A was
greater than that of sample B, and difference ranged from 0 to 3.5 mg. The total mass loss of A was
6.8 mg more than B, which shows that the wear resistance of sample B is better than that of sample A.
Combining the number of carbides and carbides nucleated on oxides, it can be found that an increase
in the number of carbides is beneficial to improve wear resistance [23]. The mechanism of this part
will be discussed in Section 4.4.

Table 3. Mass loss for samples A and B.

Sample Mass Loss/mg

1 2 3 4 5 Total

A 38.3 36.1 37.7 40.4 40.6 193.1
B 37.4 35.8 37.7 38.3 37.1 186.3

w(A) − w(B) 0.9 0.3 0 2.1 3.5 6.8
[w(A) − w(B)]/w(B) 2.41% 0.84% 0 5.48% 9.4% 3.66%

4. Discussion

From Section 3, it can be concluded that precipitate types after tempering are mainly Cr7C3,
Cr23C6. Experimental results in Figure 6 show the morphology of carbides nucleated on oxides. By
thermodynamics, the initial generation temperatures of carbides and oxide inclusions are calculated to
explain this phenomenon. The solidification of molten steel can be divided into three stages, namely,
liquid phase, solid–liquid dual phase, and solid phase. The liquidus temperature (Tl) and solidus
temperature (Ts) of test steel are calculated to be 1365 K and 1682 K by the Empirical formula [24],
respectively. The results are similar to the calculation of the Thermo-Calc software.

Tl = 1809 − 83w(C) − 7.8 w(Si) − 5 w(Mn) − 32 w(P) − 31.5 w(S) − 1.5 w(Cr) − 2 w(Mo) − 2 w(V) − 3.6 w(Al) − 18w(Ti) (1)

Ts = 1809 − 344w(C) − 12.3w(Si) − 6.8w(Mn) − 124.5w(P) − 183.5 w(S) − 1.4 w(Cr) − 4.1w(Al) − 4.3w(Ni) (2)

where w is the percentage of mass concentration for the element.
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4.1. Formation of Oxides and Carbides in the Liquid Phase

Depending on the composition of molten steel, the possible forms of oxides in the steel include
Cr2O3, Al2O3, MnO, SiO2, V2O3, and MoO2. The Gibbs free energy of formation of oxides in the liquid
steel is obtained through the following chemical reaction, as shown in Table 4.

Table 4. Chemical reactions and Gibbs Energy ∆Gθ.

Number Reaction ∆Gθ (J/mol)

1 2/3[Cr] + [O] = 1/3 Cr2O3 −273010 + 119.69T [25]
2 2/3[Al] + [O] = 1/3 Al2O3 −408333.333 + 131.26T [25]
3 [Mn]+[O]= MnO −244316 + 106.84T [25]
4 1/2[Si] + [O]= 1/2 SiO2 −297142.5 + 114.88T [25]
5 2/3[V] + [O]= 1/3 V2O3 −251164 + 102.24T [26]
6 1/2[Mo] + [O]= 1/2 MoO2 −172254.805 + 115.08T [27]

In order to make the reaction (1~6) spontaneously proceed to the right, the condition to be reached
is ∆G < 0.

∆G = ∆Gθ + RT ln
aMxO

ax
[M]

a[O]
= ∆Gθ + RT ln

aMxO

f x
[M]

[%M]x f[O][%O]
(3)

where aMxO, a[M], a[O] are the activities of oxides MxO, M, and O, respectively; [%M] and [%O] are
the mass fractions of metal M and oxygen in molten steel, respectively; f [M] and f [O] are the activity
coefficients of the metal elements M and oxygen, respectively, calculated by the Wagner model.

According to Table 1, except for the high content of Cr, the content of other alloying elements is
relatively low. So the mass fraction of the alloying elements is regarded as tending to zero, and the
solvent is iron liquid whose concentration is close to 1. The Wagner model can be characterized by a
single interaction coefficient, in which the activity coefficient expression of each element is

lg fk =
n

∑
j=2

ej
k[%j] (4)

where ej
k is the first interaction coefficient between the solute elements, k is any solute component of

the multiphase, and j is the 2, 3, ..., n solute component. The first interaction coefficient of each element
in the molten steel for O, Cr, Al, Mn, Si, V, Mo is shown in Table 5 [25].

Table 5. The first interaction coefficient of each element to C, O, Cr, Al, Mn, Si, V, Mo.

ej
k

Al C Cr Mn Mo N O S Si V

C 0.043 0.14 −0.024 −0.012 −0.0083 0.11 −0.34 0.46 0.08 −0.077
Cr −0.12 −0.0003 0.0018 −0.19 −0.14 −0.02 −0.0043

Mn −0.07 −0.091 −0.083 −0.048
Mo −0.097 −0.0003 0.0046 −0.1 −0.0007 −0.0005
O −3.9 −0.45 −0.04 −0.021 0.0035 0.057 −0.2 −0.133 −0.131 −0.3
Si 0.058 0.18 −0.0003 0.002 −0.23 0.056 0.11 0.025
V −0.34 −0.35 −0.97 −0.028 0.042 0.015

According to Equation (4) and Table 5, the activity coefficient of each element was obtained, which
are f C = 1.02, f O = 0.06, f Cr = 0.71, f Al = 1.45, f Mn = 0.82, f Si = 2.14, f V = 0.35, and f Mo = 0.76.

In the liquid phase (T > 1682 K), each activity coefficient and concentration are substituted into
Equation (3), and the Gibbs free energy of the oxide is generated. The relationship diagram of ∆G ~ T
is shown in the liquid zone of Figure 10a. It can be seen that only Al2O3 is formed in the liquid phase,
and other oxides cannot be formed in the liquid phase.
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When the actual solubility product of the precipitate-forming element is larger than the
equilibrium solubility product, carbide can be formed. The solubility product of Cr7C3 or Cr23C6 in
liquid steel is deduced as follows:

23[Cr] + 6[C] = Cr23C6(s), ∆Gθ = −887890 + 1284.48T (5)

7[Cr] + 3[C] = Cr7C3(s), ∆Gθ = −356120 + 417.6T (6)

According to the principle of precipitation thermodynamics, the equilibrium solubility product of
MxCy in liquid steel can be expressed as

ln
(
[%M]x[%C]y

)
= B +

A
T
− x ln fM − y ln fC (7)

According to Equations (5)–(7), the solubility products of Cr23C6 and Cr7C3 in liquid steel are
obtained as follows:

ln
(
[%Cr]23[%C]6

)
= −1284.48 +

887890
T

− 23 ln fCr − 6 ln fC (8)

ln
(
[%Cr]7[%C]3

)
= −417.6 +

356120
T

− 7 ln fCr − 3 ln fC (9)

Put fC = 1.02, fCr = 0.71 into Equations (8) and (9), and the relationship between ln([%Cr]x[%C]y)
and T is shown in the liquid zone of Figure 8b. It can be seen that Cr23C6 and Cr7C3 cannot be formed
in liquid steel.

4.2. Formation of Oxides and Carbides in Solid–Liquid Dual Phase

Due to the element segregation in the solidification front, the Scheil formula is introduced in the
solidification process as follows:

[%N] =
[%N0]

Ps(K N − 1) + 1
(10)

[%M] = [%M0] (1 − Ps)
(KM−1) (11)

Ps =
(T m − Ts)(T l − T)
(T l − Ts)(T m − T)

(12)

where [%M] and [%N] are the mass fraction of the metal element M and the nonmetal element N in
the solid–liquid phase during solidification;

[%M0] and [%N0] are the mass fraction of the metal element M and the nonmetal element N in
the liquid steel before solidification;
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KM and KN are the equilibrium solute partition coefficients for M and N, respectively. In the
literature [27], the equilibrium partition coefficients of solute elements oxygen, carbon, vanadium,
chromium, molybdenum, and aluminum in the solidification process are 0.02, 0.17, 0.90, 1, 0.80, and
0.60, respectively;

T is the temperature of the system during solidification, K;
Tm is the melting point of pure iron, 1809 K;
Tl, Ts are the liquidus and solidus temperatures of steel, 1682 K and 1365 K, respectively.
Put the oxygen concentration and the metal element concentration calculated by the Scheil

equation into Equation (2), and the relationship of oxides between ∆G and T can be obtained, as
shown at the solid–liquid two-phase zone of Figure 10a. In the same way, the relationship of carbides
between ln([%Cr]x[%C]y) and T is shown in Figure 10b. It can be seen from Figure 10a that when the
temperature is in the solid–liquid two-phase region, the Gibbs free energy of Al2O3 is much smaller
than other oxides, so Al2O3 is easily formed. Due to the segregation of solidification, the concentration
of the liquid phase in the solid–liquid two phases is greater than the solid phase.

The equilibrium solubility product curves of Cr7C3 and Cr23C6 in the liquid phase of the
solidification front have intersections with the actual solubility product curves. With the decrease of
temperature, the actual solubility product becomes greater than the equilibrium solubility product,
and the precipitation thermodynamic condition is reached. The intersection points are the initial
precipitation temperatures of precipitates in the solid–liquid two-phase zone, and the theoretical
precipitation temperature of Cr7C3 and Cr23C6 are 1425 K and 1375 K, respectively, which can be
judged by the intersection point [28].

4.3. Formation of Carbides in Solid Phase

Since the Gibbs free energy of element dissolution in solid-phase ferrite has not been studied,
empirical data in austenite is still used in the calculation process. During the solidification
process, high-carbon 8 mass% Cr tool directly enters the austenite zone and has no solute in the
high-temperature ferrite zone according to Figure 2. The chemical reaction of Cr forming carbides in
austenite can be obtained by Equations (13) and (14).

[Cr]L = [Cr]δ 4Gθ ≈ 1046 J/mol (13)

[Cr]γ = [Cr]δ 4Gθ ≈ 418 J/mol (14)

where δ represents high-temperature ferrite and γ represents austenite.
According to the equilibrium solid solubility formula of graphite C in austenite,

lg[C]γ = 3.605− 5386
T

(15)

The free energy of dissolving graphite C into austenite is

C(s) = [C]γ,4G = 32167.2 − 28.72T (16)

According to Equations (13)–(16), the solubility products of Cr23C6 and Cr7C3 in austenite are
obtained as follows:

23[Cr]γ + 6[C]γ = Cr23C6(s),4Gθ = −959797.2 + 1172.7T (17)

7[Cr]γ + 3[C]γ = Cr7C3(s),4Gθ = −389247.6 + 376.98T (18)

Combined with the solubility product formula, the relationship between the solubility product
and the temperature can be obtained for Cr23C6 and Cr7C3, as shown in Figure 10b. It can be seen
that Cr23C6 and Cr7C3 begin to precipitate. The temperature is lower and the difference between the
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actual solubility product and the equilibrium solubility product is larger. The carbide is easier to be
formed. This is consistent with the statistical results in Section 3.1, that is, the amount of carbides
and carbides nucleated oxides in B is greater than in A. The thermodynamic calculation results of the
precipitation of oxides and carbides are in agreement with the observations in Section 3.2. Because
Al2O3 precipitates in the liquid phase, Cr7C3 and Cr23C6 begin to precipitate in the solid–liquid
two-phase region. Therefore, the phase nucleation of Al2O3 is precipitated first, and Cr7C3 and Cr23C6

are attached to the edge as the core.

4.4. The Improvement of Wear Resistance

Al2O3 inclusion could be taken as heterogeneous nuclei for carbide formation [29–31]. Since the
surface on the Al2O3 inclusion is a carbide, it is assumed that in hardness, the carbide nucleated on
oxide is the same as the carbide. In the following discussion, both carbides and carbides nucleated
on oxides are referred to as particles. S. Wei et al. reported carbides’ dispersed distribution can resist
microcutting of hard abrasive particles [23].

The distance between carbides decreases and it is more difficult for abrasives to cut into the
matrix, so the wear resistance is better [2]. To clearly compare the distance between adjacent particles,
related parameters are listed in Table 6. The calculation method is shown in Equations (19) and (20).

Si =
Ni

∑
j=1

π

(
dj

2

)2

(19)

where Si is the total area occupied by the particles, i = 1 represents carbides, and i = 2 represents
carbides nucleated on oxides. Ni and dj can be obtained by INCA Steel. Assume that the particles are
homogeneously distributed in the test steel with equal diameter Di, as shown by the solid circle in
Figure 11. The distance Z between the actual adjacent particles is calculated as follows:

Z = 2

[√
S× 106

π(N1 + N2)
−
√

S1 + S2

π(N1 + N2)

]
(20)

where S (mm2) is the area of the measured region. According to Section 2.3, the measured area is 4 ×
4 mm.

Figure 11 is a schematic diagram of carbides in steel and hard particles during the wear process.
According to Equations (1) and (2), the distance Z between the actual adjacent particles was obtained
for samples A and B, as shown in Table 6 and Figure 11.

Table 6. Number, total area of particles, and the distance between adjacent actual particles for samples
A and B.

Sample A B

Number of Carbides N1 329 910
Number of Carbides Nucleated on Oxides N2 163 399

Total Area of Carbides S1 (µm2) 682.04 2498.33

Total Area of Carbides Nucleated on Oxides S2 (µm2) 1150.70 9993.32

The distance between Adjacent Actual Particles Z (µm) 201.36 121.30
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Figure 11. Schematic diagram of carbides in steel and hard particles during wear process: (a) sample
A, (b) sample B.

The solid circle represents the actual particle (i.e., carbide of the carbide nucleated oxide) and the
dotted circle is the auxiliary line to acquire Z in Figure 11. As can be seen from Figure 11, the distance Z
between the actual adjacent particles is 201.36 µm for sample A, and Z for sample B is 121.30 µm. The
triangle represents hard particle (i.e., silicon carbide particle). The length of hard particle embedded in
the matrix for B is shorter than for A. So the resistance of sample B is prior to sample A. The conclusion
is consistent with Zhang’s opinion [2].

5. Conclusions

(1) When the size of carbides is the same, the number of carbides in test steel at a tempering
temperature of 773–803 K is greater than that at a tempering temperature of 823–853 K, especially
when the size of carbides is less than 5 µm.

(2) There are carbides and carbides nucleated on oxides of Al2O3 in high-carbon 8 mass% Cr tool steel.
Al2O3 precipitates in the liquid phase, Cr7C3 and Cr23C6 begin to precipitate in the solid–liquid
two-phase region.

(3) For the carbides in the test steel, a decrease in the temperature and an increase in the difference
between the actual solubility product and the equilibrium solubility product promote the
carbide formation.

(4) The distance between adjacent actual particles is 121.30 µm at the tempering temperature of
773–803 K, which is 80.6 µm shorter than the tempering temperature 823–853 K.

(5) Compared with the test steel tempered at 823–853 K, the maximum amount of reduction is 9.4%
for single wear loss at the tempering temperature of 773–803 K.
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