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The evolution of carbides and the hardness of GCr15 bearing steel specimens during the quenching process were 

investigated using scanning electron microscopy (SEM) and hardness testing. The volume fraction and size of undissolved 

carbides under different quenching parameters were analyzed. The results indicated that as the austenitizing time increased 

from 0 to 25 minutes, the volume fraction of undissolved carbides decreased from 10.77 to 5.72 %, while the mean 

diameter of undissolved carbides first decreased from 0.264 to 0.214 μm, and then increased to 0.227 μm; as the 

austenitizing temperature increased from 810 to 930 ℃, the volume fraction  decreased from 9.25 % to 0.53 %, while the 

mean diameter first decreased from 0.238 to 0.222 μm, and then increased to 0.248 μm; as the heating rate increased from 

2 to 8 ℃/min, the volume fraction increased from 5.10 to 6.76 %, while the mean diameter decreased from 0.234 to 

0.217 μm. It is found that the energy absorbed during austenitization plays a crucial role in the volume fraction and mean 

diameter of undissolved carbides. That is, before the heat treatment reaches equilibrium or the carbides are fully dissolved, 

as the energy absorbed during the heat treatment process increases, the volume fraction of undissolved carbides decreases, 

while the mean diameter of undissolved carbides tends to increase. It is demonstrated that the hardness of the GCr15 

bearing steel specimens is closely related to the volume fraction and mean diameter of undissolved carbides. That is, before 

the coarsening of carbides, the hardness of GCr15 steel specimens gradually increases as the volume fraction of carbides 

decreases. 
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1. INTRODUCTION 

GCr15 bearing steel is a common high carbon 

chromium rolling bearing steel, which is mainly used to 

manufacture different rollers, shaft sleeves, bearing balls on 

transmission shafts, and so on [1]. When GCr15 bearing 

steel is used to manufacture bearing parts, the working 

environment is harsh, and it can experience contact stresses 

of up to 3000 MPa [2]. Therefore, the bearing steel 

generally needs to have extremely high hardness 

(>653 HV ≈ 58 HRC), good wear resistance, strong 

tenacity, and high fatigue strength [3 – 7]. The steel grade 

and service environment determine that the main heat 

treatment processes for GCr15 bearing steel are 

spheroidization annealing, quenching, and low temperature 
tempering. The microstructure of spheroidization annealing 

is mostly spherical or granular pearlite, to improve 

machinability. After spheroidization annealing, GCr15 

bearing steel will then be subjected to quenching and low 

temperature tempering treatment in order to enhance 

hardness, wear resistance, and to possess a certain degree of 

toughness. In general, for hypereutectoid alloy steels like 

GCr15 steel, the quenching heating temperature is 

AC1 + 30 ~ 50 ℃, and the quenching medium is oil to 

avoid cracking after quenching. The tempering temperature 

is 150 – 250 ℃, which can reduce the internal stress and 

brittleness of the steel and maintain its high hardness and 

wear resistance after quenching. The microstructure of 

GCr15 bearing steel after quenching and tempering 

treatment is mainly composed of tempered martensite, 
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dispersed and fine granular carbide, as well as a small 

amount of retained austenite. 

In the above-mentioned three heat treatment processes 

of GCr15 bearing steel, the quenching process plays a 

connecting role, whose microstructure parameters have a 

decisive impact on the final service life of a bearing. On the 

one hand, accompanied by the transformation from ferrite 

to austenite, spherical or granular carbides in the 

spheroidization annealing microstructure of GCr15 bearing 

steel largely dissolve into austenite or fragment during the 

austenitizing process before quenching, which greatly 

enhances lattice distortion after quenching [8], resulting in 

a sharp increase in solution strengthening. Meanwhile, the 

undissolved spherical or granular carbides become fine and 

dispersed [9]. Thus, the second phase dispersion 

strengthening is enhanced. The combined effect of solution 

strengthening and second phase dispersion strengthening 

makes the strength, hardness, and wear resistance of 

spheroidization annealed GCr15 bearing steel sharply 

increase after quenching. On the other hand, although the 

hardness of GCr15 bearing steel after low temperature 

tempering decreases and its toughness increases, compared 

with the hardness after quenching, the hardness after low 

temperature tempering decreases slightly. Alternatively, the 

hardness after low temperature tempering is close to that 

after quenching [4]. Accordingly, the strength, hardness, 

and wear resistance of GCr15 bearing steel are indirectly 

determined by the quenching process. 

 During the austenitizing process before quenching, the 

carbide gradually dissolves into austenite, and austenite 
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grain continues to grow. To some extent, the microstructure 

parameters of quenching are depended on the austenitizing 

process [11]. It is generally agreed that for high carbon 

steels such as bearing steel, the mechanical properties such 

as strength and hardness are closely related to the volume 

fraction (or area fraction) and size of undissolved carbides, 

as well as the size and amount of prior austenite grain 

[10 – 12], among which the volume fraction and size of 

undissolved carbides directly affect the evolution and 

properties of the microstructure [13 – 18]. Generally, the 

size of undissolved carbides should be controlled starting 

from the spheroidization annealing process. He et al. [19] 

reported that during the spheroidization annealing process 

of Cr-Mo-Si-V alloy steel, the microhardness of the sample 

decreased first quickly and then slowly with the increase of 

the average diameter of secondary carbides. Li et al. [8] 

proposed a novel online subcritical spheroidization 

annealing technology that can be used to refine the size of 

undissolved carbides after quenching and tempering, and 

reduce the volume fraction of undissolved carbides, thereby 

improving the mechanical properties of bearing steel. For 

quenched microstructure, it is generally desirable that the 

volume fraction of undissolved carbides is controlled within 

3 % – 6 % [20 – 22], which is not only conducive to 

inhibiting the growth of prior austenite grain by pinning 

effect, but also serves as a hard phase to prevent wear 

damage during bearing operation [2]. The volume fraction 

of undissolved carbides, whether too large or too small, is 

detrimental to the mechanical properties of bearing steel. 

For example, it is pointed out in the literature that if the 

volume fraction was too large, the corresponding strength 

and hardness would be too low to endure the working 

conditions of the bearing [12]. On the contrary, Park et al. 

[23] believed that a low volume fraction of undissolved 

carbides after quenching and low temperature tempering 

could indirectly lead to fatigue fracture of high carbon steel. 

The changes in the size and volume fraction of 

undissolved carbides from spheroidizing annealing to 

quenching are the largest, while the changes from quenching 

to tempering are very small [1]. However, there was little 

research on how quenching parameters affect the size and 

volume fraction of undissolved carbides. In this work, the 

microstructure evolution behavior in GCr15 bearing steel 

during the quenching process was analyzed by calculating 

the size and volume fraction of undissolved carbides. The 

hardness after quenching was also measured. The 

relationship between the hardness of GCr15 bearing steel 

and the volume fraction and size of undissolved carbides are 

also discussed. 

2. EXPERIMENTAL METHODS 

The experimental material is GCr15 bearing steel 

subjected to spheroidization annealing with a size of 

 15 × 16 mm. The main chemical component is examined 

by the spectral analyzer (NSC SparkCCD 7000) and given 

in Table 1. Based on the chemical composition of the steel 

grade, the values of the equilibrium temperatures A1 and 

Acm at the critical phase transition point were calculated 

using Jmatpro 6.0 software, as shown in Fig. 1. It is seen 

from Fig. 1 that the A1 and Acm temperatures of GCr15 steel 

are 738 and 890 ℃, respectively. According to the principle 

of heat treatment, the reasonable heating temperature for 

quenching GCr15 steel should be Ac1 + (30 – 50 ℃), where 

Ac1 is the austenitizing temperature at which the ferrite to 

austenite starts to transform, which is strongly affected by 

the heating rate [22]. Generally, Ac1 is higher than the A1 

equilibrium temperature and has a higher value in the higher 

heating rate. In this experiment, the austenitizing 

temperature (Ac1) was selected based on the A1 temperature. 

Table 1. Main chemical composition of GCr15 bearing steel, wt.% 

C Si Mn Cr P S 

1.0 0.25 0.35 1.50 0.020 0.020 

 

Fig. 1. Temperature chart of A1 and Acm calculated by Jmatpro 

software 

All these specimens were put into a box type resistance 

furnace (KSL-1000X) for austenitizing and then subjected 

to quenching. The progress of each quenching process is 

described as follows. The specimen was heated at a certain 

heating rate to the austenitizing temperature, held for some 

time, and then quickly taken out for oil quenching to room 

temperature. The detailed quenching parameters are present 

in Table 2. 

Table 2. Quenching parameters of the GCr15 bearing steel 

Specimen 
Heating rate, 

℃/min 

Austenitizing 

temperature, ℃ 

Austenitizing 

time, min 

V6T840H0 6 840 0 

V6T840H5 6 840 5 

V6T840H10 6 840 10 

V6T840H15 6 840 15 

V6T840H20 6 840 20 

V6T840H25 6 840 25 

V6T810H20 6 810 20 

V6T870H20 6 870 20 

V6T900H20 6 900 20 

V6T930H20 6 930 20 

V2T840H20 2 840 20 

V4T840H20 4 840 20 

V8T840H20 8 840 20 

For microstructural investigation, all the specimens 

were mechanically processed and polished using a standard 

metallographic procedure, and then etched with a 4% nitric 

acid alcohol solution. Microstructure was examined by 

scanning electron microscope (SEM; ESCAN VEGA II 

LSU). The hardness was measured by the Rockwell 

hardness tester with a load of 150 kgf and a holding time of 

10 s. The hardness of the specimen was demonstrated by the 
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average of 5 readings. According to the micrographs 

obtained by SEM, the mean diameter and volume fraction 

of undissolved carbides were measured using Image-pro 

Plus 6.0 software. The calculation method for the mean 

diameter and volume fraction of undissolved carbides can 

be found in references [8, 25 – 29]. 

3. RESULTS AND DISCUSSION 

3.1. Microstructure after spheroidization 

annealing 

The GCr15 bearing steel specimen used in the 

experiment was subjected to a spheroidization annealing 

process, to reduce hardness and facilitating processing. Its 

microstructure is mainly composed of spherical or granular 

pearlite (i.e., spherical or granular carbides distributed on 

the ferrite matrix), as shown in Fig. 2 a. As shown in the 

figure, the size of carbides after spheroidization varies, and 

are dispersed and uniformly distributed on the ferrite matrix. 

In addition, individual thick and big undissolved carbides 

with a size of about 2.0 μm can be seen in the figure, which 

are generally believed to be inherited from proeutectoid 

network carbides [30]. The mean diameter of the carbides 

was measured, which was 0.24 μm. Fig. 2 b further shows 

the distribution of carbide size, which is similar to the study 

by Li et al. [8]. The figure shows that 57.24 % of carbides 

have a particle size less than 0.2 μm, among which 23.24 % 

are less than 0.1 μm. But there are still 3.16 % of carbides 

with a particle size greater than 1.0 μm, among which 0.2 % 

have a particle size of around 2.0 μm, which is caused by 

the spheroidizing annealing process [8, 26]. The hardness of 

the specimen after spheroidization annealing was 21 HRC 

using the HRSS-150 Rockwell hardness tester, which is 

suitable for cutting processing and provides microstructural 

preparation for subsequent quenching. 

3.2. Effect of austenitizing time on microstructure 

evolution 

Fig. 3 shows the microstructure evolution in the 

specimens (V6T840H0, V6T840H5, V6T840H10, 

V6T840H15, V6T840H20, and V6T840H25) under 

different austenitizing times.  

  
a b 

Fig. 2. SEM images showing microstructure and carbide size distribution of the tested steel: a – SEM images; b – carbides size 

   
a b c 

   
c e f 

Fig. 3. SEM images showing microstructure of specimens with different austenitizing holding times: a – V6T840H0; b – V6T840H5; 

c – V6T840H10; d – V6T840H15; e – V6T840H20; f – V6T840H25 

undissolved carbide 

ferrite 

undissolved carbide strip 

undissolved carbide 

martensite 

remained austenite 



38 

 

It can be seen from the figure that the microstructure of 

the specimen is composed of martensite matrix, carbide 

distributed thereon and remained austenite. Under different 

austenitizing times, the morphology of martensite matrix 

and carbide is quite different. The undissolved carbide strip 

can still be seen in the specimen without holding time 

(V6T840H0) due to the heredity from proeutectoid network 

carbide [30]. As the holding time prolongs, the particle size 

of carbides gradually decreases and then increases, with the 

specimen (V6T840H15) holding for 15 minutes having the 

smallest particle size. It can also be seen from the figure that 

the martensite is thicker after the longer austenitizing time. 

As the austenitizing time increases, the austenite grain 

gradually grows, and the martensite transformed after 

quenching also becomes coarser accordingly. The volume 

fraction and mean diameter of undissolved carbides were 

measured, as shown in Fig. 4. In Fig. 4 a, the “- ∞” 

represents the volume fraction of carbides in the initial 

spheroidized microstructure, which is approximately 

19.38 % in this work. This value is calculated as 18.31 % 

using Jampro 6.0 software, while it is approximately 

14 – 24 % in other literature [1, 8, 24, 26]. The reason for 

some errors between the value measured in this work and 

previous research may be mainly due to differences in 

calculation method, measurement method, etching time, 

and microstructure homogeneity [8]. The “∞” represents 

the volume fraction of equilibrium carbides calculated by 

Jampro 6.0 software at this austenitizing temperature, 

which is 3.29 %. From Fig. 4 a, it can be seen that as the 

austenitizing time increases from 0 to 25 minutes, the 

volume fraction of undissolved carbides decreases from 

10.77 % to 5.72 %. Due to the A1 temperature (738 ℃) of 

the specimen being much lower than the set austenitizing 

temperature, when heated to around A1 temperature, the 

carbides in the spherical pearlite begin to fragment or 

dissolve. When the temperature rises to this austenitizing 

temperature, the volume fraction of dissolved carbides 

reaches 8.61 % (= 19.38 % -10.77 %). When the 

austenitizing time reaches 10 minutes, the undissolved 

carbides change slowly with temperature, indicating that 

the dissolution of carbides has begun to approach 

equilibrium. However, when the austenitizing time is 25 

minutes, the volume fraction (5.72 %) of undissolved 

carbides is still higher than the equilibrium volume fraction 

(3.29 %), which means that there is still a certain 

austenitizing time to reach equilibrium. 

Accompanied by the dissolution of carbides, the mean 

diameter of undissolved carbides also changes, as shown in 

Fig. 4 b. The “-∞’’ in the figure represents the mean 

diameter of carbides in the initial spheroidized 

microstructure, which is 0.352 μm in this work. When the 

austenitizing time increases from 0 to 5 minutes, the mean 

diameter of undissolved carbides decreases from 0.264 to 

0.230 μm. The mean diameter deceleration is 6.8 × 10-

3 μm/min, which is a significant decrease. From 5 to 

15 minutes, the mean diameter of undissolved carbides 

decreases from 0.230 to 0.214 μm. The mean diameter 

deceleration is 1.6 × 10-3 μm/min, which is a slow descent. 

From 15 to 25 minutes, the mean diameter of undissolved 

carbides even increases from 0.214 to 0.227 μm, which 

indicates that the undissolved carbide begins to coarsen at 

this time. Consequently, at the early stage of 

austenitization, a large amount of carbides dissolve, 

resulting in a decrease in the mean diameter of undissolved 

carbides. However, as the austenitizing time prolongs, the 

carbon content in austenite gradually approaches an 

equilibrium state, leading to a gradual decrease in the 

driving force of carbide dissolution. Therefore, the 

dissolution rate of carbides gradually decreases with the 

prolongation of austenitizing time. Before approaching 

equilibrium, undissolved carbide particles start to coarsen 

at the expense of small-sized undissolved carbide particles 

due to the reduction of interfacial energy with austenite 

[31], which is similar to the Ostwald ripening law [33] (i.e., 

larger particles coarsen and smaller particles dissolve). 

3.3. Effect of austenitizing temperature on 

microstructure evolution 

Identical spheroidized microstructure was subjected to 

quenching treatment under different austenitizing 

temperatures. Fig. 5 shows the quenched microstructure of 

specimens under different austenitizing temperatures with 

an austenitizing time of 20 minute. The microstructure with 

an austenitizing temperature of 840 ℃ is shown in Fig. 3 e. 

Under different austenite temperatures, the microstructure 

is still composed of martensite matrix, carbides distributed 

thereon and remained austenite. Obviously, compared with 

the austenitizing time, the austenitizing temperature has a 

greater impact on the microstructure of GCr15 bearing 

steel. For the same steel grade, compared with extending 

the austenitizing time, increasing the austenitizing 

temperature before reaching the Accm temperature clearly 

increases the carbon dissolving ability of austenite, 

therefore the driving force for carbide dissolution is greater 

in higher temperatures. 

With the increase of austenitizing temperature, the 

solubility and diffusivity of carbon and chromium in 

austenite both increase, which are beneficial to the carbides’ 

dissolution. As a result, a significant decrease in the number 

of undissolved carbides is observed on the electron 

microscope image as the austenitizing temperature 

increases. At the austenitizing temperature of 900 ℃, 

although the temperature has exceeded the Acm temperature 

of the specimen, due to the short holding time, the 

dissolution of carbides has not reached the equilibrium state 

at this temperature, so a small number of undissolved 

carbides can still be seen. At the austenitizing temperature 

of 930 ℃, a very small number of undissolved carbides can 

be observed, indicating that the dissolution of carbides has 

not yet reached equilibrium in this state. 

Fig. 6 further shows the volume fraction and mean 

diameter of undissolved carbides under different 

austenitizing temperatures. Compared with the 

austenitizing time, as the austenitizing temperature 

increases, the volume fraction of undissolved carbides 

decreases more significantly (compared to Fig. 4 a and 

Fig. 6 a), indicating that the austenitizing temperature has a 

more significant effect on the dissolution of carbides. 

Comparing Fig. 4 b and Fig. 6 b, it can be seen that when 

the temperature exceeds 870 ℃, the austenitizing 

temperature has a more significant effect on the coarsening 

of undissolved carbides than the austenitizing time. 
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a b 

Fig. 4. Volume fraction and mean diameter of undissolved carbide with austenitizing holding time: a – volume fraction; b – mean 

diameter 

  
a b 

  
c d 

Fig. 5. SEM images showing the microstructure of specimens with different austenitizing temperatures: a – V6T810H20; b – V6T870H20; 

c – V6T900H20; d – V6T930H20 

  

a b 

Fig. 6. Volume fraction and mean diameter of undissolved carbide with austenitizing temperature: a – volume fraction; b – mean diameter 

 

3.4. Effect of heating rate on microstructure 

evolution 

The effect of the heating rate on the quenching 

microstructure of GCr15 steel specimens is shown in Fig. 7. 

The microstructure with a heating rate of 6 ℃/min is shown 

in Fig. 3 e. Similar to the aforementioned microstructure, 

the spheroidized undissolved carbide and retained austenite 

can still be observed on the martensite matrix. From these 

figures, it can be seen that as the heating rate increases, the 

volume fraction of undissolved carbides increases, which is 

mainly attributed to the faster heating rate directly pushing 

up the temperature at which ferrite transforms into austenite 

(i.e. Ac1 temperature). Fig. 8 further shows the volume 

fraction and mean diameter of undissolved carbides under 

different heating rates. As the heating rate increases, the 

volume fraction of undissolved carbides almost linearly 

increases, while the mean diameter of undissolved carbides 

decreases slightly. It can be seen that a decrease in heating 

rate still leads to coarsening of undissolved carbides. 
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a b c 

Fig. 7. SEM images showing microstructure of specimens with different heating rates: a – V2T840H20; b – V4T840H20; c – V8T840H20 

 

Fig. 9 shows a schematic diagram of the heat treatment 

process. If the shadow area enclosed by the heat treatment 

curve in the diagram is defined as the energy Q absorbed by 

the specimen during the heat treatment process, that is, 

= TdtQ , (1) 

where T is the heat treatment temperature; t is the heat 

treatment time. 

 

Fig. 9. Schematic diagram of heat treatment process 

Based on the influence of quenching parameters on the 

evolution of quenched microstructure, a general pattern of 

the influence of quenching parameters on the evolution of 

undissolved carbides can be summarized. That is, before 

the heat treatment reaches equilibrium or the carbides are 

fully dissolved, as the energy absorbed Q during the heat 

treatment process increases, the volume fraction of 

undissolved carbides decreases, while the mean diameter of 

undissolved carbides tends to increase. 

As a consequence, the rationality of the selected 

quenching parameters can be determined based on the 

energy absorbed by the specimen during the quenching 

process, which provides a new idea for the rationality of 

selecting quenching parameters. The absorbed energy is too 

high, and although the volume fraction of undissolved 

carbides decreases, the mean diameter increases due to 

coarsening, resulting in mechanical properties such as 

hardness that may not be suitable. On the contrary, if the 

absorbed energy is too low, the volume fraction of 

undissolved carbides is too high, and then the required 

mechanical properties cannot be also obtained. However, it 

should be emphasized that there is still no quantification of 

the extent to which the absorbed energy is appropriate, so 

further research is needed. 

3.5. Quenching hardness 

Due to different microstructure parameters, the 

hardness of the specimen also varies. The relationship 

between different quenching parameters and hardness is 

present in Fig. 10. From the figure, it can be seen that the 

hardness of GCr15 bearing steel specimens varies between 

60 and 66 HRC with different quenching parameters. 

Among them, when the austenitizing time increases from 0 

to 25 minutes, the hardness of the specimen first increases 

from 60.0 HRC to 65.5 HRC, reaches its maximum at 15 

minutes of austenitizing time, and then slightly decreases to 

64.5 HRC, as shown in Fig. 10 a. When the austenitizing 

temperature increases from 810 to 930 ℃, the hardness of 

the specimen first increases from 63.1 HRC to 65.8 HRC, 

reaches its maximum at the austenitizing temperature of 

870 ℃, and then slowly decreases to 64.9 HRC. When the 

heating rate increases from 2 to 8 ℃/min, the hardness of 

the specimen decreases from 65.6 HRC to 64.3 HRC. 

The following is an explanation of the relationship 

between the hardness of GCr15 bearing steel and the 

austenitizing time based on the evolution of quenched 

microstructure, especially the volume fraction and size of 

undissolved carbides. For GCr15 bearing steel, hardness is 

related to the volume fraction and size of undissolved 

carbides, as well as the size and amount of prior austenite 

grain [10 – 12]. Generally, a smaller volume of undissolved 

carbide, as well as finer undissolved carbide particles and 

prior austenite grain size, will increase the hardness of the 

quenched microstructure [8]. As shown in Fig. 4, when the 

specimen was quenched at the austenitizing temperature 

and without holding time, 8.61 % volume fraction of 

carbide dissolved into austenite, and the mean diameter of 

the undissolved carbide was 0.264 μm. Compared with the 

spheroidized annealing microstructure, the volume fraction 

and mean diameter of undissolved carbides decreased by 

44.43 % and 32.39 %, respectively. That is, the dissolved 

carbide in austenite and subsequently quenched martensite 

increased by 44.43 %, and the decrease of 32.39 % in mean 

diameter resulted in finer and more dispersed carbides. 

Under the double strengthening of solution strengthening 

and second phase dispersion strengthening, the hardness of 

the quenched microstructure of the specimen reached 

60.0 HRC. Compared with the hardness (21 HRC) of 

spheroidization annealing microstructure, the hardness 

significantly increases by 185.71 % [23]. When the 

austenitizing time is 5 minutes, the volume fraction and 

mean diameter of undissolved carbides are 8.12 % and 

0.230 μm, respectively, which is further decreased by 

24.61 % and 12.88 %, respectively, compared with the 

austenitizing time of 0 min. 
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a b 

Fig. 8. Volume fraction and mean diameter of undissolved carbide with heating rate: a – volume fraction; b – mean diameter 

   
a b c 

Fig. 10. The relationship between hardness and quenching parameters of the GCr15 bearing specimens: a – austenitizing time; 

b – austenitizing temperature; c – heating rate 

 

The solution strengthening and the second phase 

dispersion strengthening were further strengthened. As a 

result, the hardness increased to 64.1 HRC, with an increase 

of 6.83 %. As the austenitizing time further increased to 

15 minutes, the volume fraction and mean diameter of 

undissolved carbides in austenite only decreased by 

16.75 % and 6.96 %, respectively. Therefore, the hardness 

increased slowly, with an increase of only 2.18 %. 

Subsequently, when the austenitizing time increased from 

15 to 25 minutes, the decrease in volume fraction of 

undissolved carbides was slower, only 15.38%. The mean 

diameter even increased by 6.07 % due to coarsening. In 

addition, the size and amount of the prior austenite grain 

increase with the increase of austenitizing time [32]. 

Therefore, when the austenitizing time exceeded 

15 minutes, the hardness slowly decreased with the increase 

of austenitizing time. It can be seen that before the 

coarsening of carbides, the hardness of GCr15 steel 

specimens gradually increases as the volume fraction of 

carbides decreases. 

Similarly, the variation of hardness with austenitizing 

temperature and heating rate can also be explained based on 

the volume fraction and mean diameter of undissolved 

carbides, as well as the changes in the size and amount of 

the prior austenite grain, and will not be further elaborated 

here. 

4. CONCLUSIONS 

The evolution of microstructure and hardness of 

GCr15 bearing steel under different quenching parameters 

were investigated in this work. The main conclusions are 

summarized as follows: 

1. As the austenitizing time increases from 0 to 

25 minutes, the volume fraction of undissolved 

carbides decreased from 10.77 to 5.72 %, while the 

mean diameter of undissolved carbides first decreased 

from 0.264 to 0.214 μm, and then increased to 

0.227 μm. 

2. As the austenitizing temperature increases from 810 to 

930 ℃, the volume fraction decreases from 9.25 % to 

0.53 %, while the mean diameter first decreases from 

0.238 to 0.222 μm, and then increases to 0.248 μm. 

3. As the heating rate increases from 2 to 8 ℃/min, the 

volume fraction increases from 5.10 to 6.76 %, while 

the mean diameter decreases from 0.234 to 0.217 μm. 

4. Before the heat treatment reaches equilibrium or the 

carbides are fully dissolved, the more energy absorbed 

during the austenitization process, the smaller the 

volume fraction of undissolved carbides, and the mean 

diameter of undissolved carbides tends to increase. 

5. The quenching microstructure of GCr15 steel 

specimen is composed of martensite matrix, carbide 

distributed hereon and retained austenite. The hardness 

is 60 ~ 66 HRC, and is closely related to the volume 

fraction and mean diameter of undissolved carbide. 

That is, before the coarsening of carbides, the hardness 

of GCr15 steel specimens gradually increases as the 

volume fraction of carbides decreases. 
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