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Abstract: The relationship between the stability of tool materials and their cutting perfor-
mance is a critical technical challenge for the manufacturing industry, which is essential for
selecting appropriate treatment processes to achieve superior treatment tool performance.
In this paper, a standard cutting tool experiment was used to study the sharpness of the
knife with different residual austenite content. The cutting edges of the knife were charac-
terized by an optical microscope (OM), scanning electron microscope (SEM), electron back
scattering diffraction (EBSD), and transmission electron microscope (TEM), to analyze the
relationship between tool edge hardness and microstructure. The microstructure stability of
the material was analyzed by a separated Hopkinson pressure bar (SHPB) experiment. The
results show that the hardness and cutting performance of the knives are affected by the
joint action of carbide and residual austenite, with an initial increase followed by decreases
as the heat treatment quenching temperature increases. After the knife material is treated
by cryogenic process, the hardness of the knife is increased by 3.89 HRC, the initial sharp-
ness by 15.3%, and the sharpness and durability by 18.8%. The residual austenite in the
knives was found to be unstable and easy to transformation during high-rate deformation
processes. This study elucidates the effect of residual austenite content on the sharpness of
the knives, providing a foundation for the reasonable control of residual austenite content
in the actual production settings.

Keywords: residual austenite stability; cutting performance; SHPB; fault substructure

1. Introduction
Since ancient times, from bronze knives, iron knives, to the present stainless-steel

knives, knives have never been absent from human civilization, playing a vital role in the
human kitchen. In today’s kitchens, the function of the knives is more and more refined
and people’s understanding of the knives and its cutting process is also more profound;
however, the sharpness of the knife remains the most important factor when selecting a
tool [1,2]; A sharper tool means achieving more with less effort [3]. At present, in a large
number of studies [4–12], it can be determined that the sharpness of the knife is mainly
determined by the shape of the cutting edge and the material. During the cutting process
of the knife, the stress concentration at the tip of the cutting edge drives the knife to cut
the material more easily. At the same time, the intense friction between the cutting edge
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and the cutting material causes wear, leading to a decline in the knife’s sharpness after
each use. McCarthy [13] developed a finite element model to analyze how factors such
as the width of the edge tip, the angle of the edge, and the shape and size of the knife
affect the sharpness performance. The study found that all tool shape variables would
affect the sharpness performance, with the edge tip width having the most significant effect.
The stress of the cutting edge is related to the shape and size of the cutting edge, and the
hardness, toughness, and wear resistance of the cutting tool material determine the wear of
the cutting edge in the cutting medium. Zhang [14] quantitatively analyzed the relationship
between cutting depth and cutting edge wear through mathematical modeling, considering
the effects of material wear resistance, the cutting edge angle, and cutting edge tip width
on the knife’s cutting performance. The study found that the wear mechanism changes
after the contact stress between the knife’s and the cutting medium decreases.

Residual austenite is the untransformed austenite during the martensitic phase transi-
tion of materials, which plays an important role in the properties of materials. In the cutting
process, the content, form, and distribution of residual austenite will affect its stability, and
then affect the cutting performance of the material [2]. The stability of residual austenite is
influenced by various factors such as material chemical composition, process treatment, and
stress state [15–17]. Zhu [18] obtained 23CrNi3MoA steel with different contents of residual
austenite through carburizing, analyzing the influence of residual austenite volume fraction,
size, and distribution on the microstructure’s mechanical stability and the evolution rule of
the material during the friction and wear process. The study determined the reverse change
mechanism of residual austenite during the friction and wear process. The carbon content
of 50Cr15MoV martensitic stainless steel is about 0.5%, the chromium content is about 15%,
and a small amount of molybdenum, vanadium, and other alloying elements are added.
Compared with Cr13 martensitic stainless steel, the carbon and chromium content have
been increased, resulting in higher hardness [19,20]. The hardness can reach 58HRC after
quenching, ensuring the sharp performance of the tool, and it is often used in high-grade
knives, scissors, and medical equipment. Many scholars [19–25] have studied the effect of
quenching temperature on the microstructure and properties of 50Cr15MoV martensitic
stainless steel and found that the content of residual austenite increases with the increase
in quenching temperature, and its properties are jointly influenced by residual austenite
and carbide.

In summary, most of the research focuses on improving the cutting performance of
the knife by changing the geometry of the knife or improving the performance of the tool
steel through the microstructure of the material regulation. The relationship between the
cutting performance of the knife and the stability of the microstructure, and the relationship
between the performance of the steel and the sharpness of the knife, are often overlooked.
The development of this work is more conducive to a clear understanding of the sharp
performance of the tool.

In this paper, 50Cr15MoV martensitic stainless steel was treated by different processes
including different quenching temperatures, tempering, and cryogenic treatment, to obtain
sample cutters with different residual austenite content. The performance of 50Cr15MoV
martensitic stainless-steel cutters with different residual austenite content was compared,
and the stability of residual austenite in the material was analyzed.

2. Materials and Methods
In this experiment, a 50Cr15MoV steel plate purchased in the market with a thickness

of 3 mm. The chemical composition of the steel plate was measured by a SpecEYECCD4000
direct reading spectrometer from Suzhou Mega Instruments Co., Ltd., Suzhou, China, and
the chemical composition is shown in Table 1. A 100 mm × 20 mm sample was cut from
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the steel plate by wire cutting, and the sample was put into the Muffle furnace and held
at different quenching temperatures for 20 min for oil quenching, and then immediately
tempered at 180 ◦C for 3 h. After quenching at 1080 ◦C, the sample was held at −196 ◦C
for 1 h for cryogenization, and then immediately tempered at 180 ◦C for 3 h. The different
process treatments of the samples are shown in Table 2. Subsequently, the sample was
polished to remove the surface oxidation layer and decarburization layer, and then the
sample was processed on the grinder, and the cutting edge was cut at an angle of 19◦. The
test knife sample is shown in Figure 1.

Table 1. Chemical elements of 50Cr15MoV(wt%).

C Si Mn p S Cr N Mo V Fe

0.482 0.436 0.411 0.018 0.003 14.72 0.036 0.552 0.121 Bal.

Table 2. Processing technology of knife sample.

Craft Number Quenching
Temperature/◦C Quenching Cryogenic

Treatment Tempering

1 1020 Heat retention
20 min and oil

quenching

-
180 ◦C × 3 h

and air cooling
2 1050 -
3 1080 -

4 1080 Liquid
nitrogen for 1 h

Metals 2025, 15, x FOR PEER REVIEW 4 of 14 
 

 

the samples, and the distance between the test points was 5 mm. The average hardness of 
5 test points of the core and the edge is taken as the test result, and the hardness of the 
core and the edge are compared. 

Table 1. Chemical elements of 50Cr15MoV(wt%). 

C Si Mn p S Cr N Mo V Fe 
0.482 0.436 0.411 0.018 0.003 14.72 0.036 0.552 0.121 Bal. 

Table 2. Processing technology of knife sample. 

Craft 
Number 

Quenching 
Temperature/°C 

Quenching Cryogenic Treatment Tempering 

1 1020 Heat retention 
20 min and oil 

quenching 

- 
180 °C × 3 h and 

air cooling 
2 1050 - 
3 1080 - 
4 1080 Liquid nitrogen for 1 h 

 

Figure 1. Testing knife (a), cutting stroke (b), and viewing surface (c). 

3. Results and Analyses 
3.1. Microstructure 

The microstructure of the sample after different processes is shown in Figures 2 and 
3. Figures 2a–c and 3a–c show the optical and scanning microstructure at different quench-
ing temperatures. The particles distributed on the surface of the figure are carbides, which 
are mainly distributed on the prior austenite grain boundaries and within the martensite 
of the prior austenite grains. According to the distribution of carbides in Figure 3, it can 
be observed that as the quenching temperature increases from 1020 °C to 1080 °C, carbides 
gradually dissolve back into the matrix, and the carbides on the surface of the sample 
reduce from 9.21% to 3.31%. During the quenching process at 1020 °C, there is still a large 
number of carbides on the surface topography; the content was 9.21%. When the quench-
ing temperature reached 1080 °C the content was 6.93%, and when the quenching temper-
ature reached 1080 °C, the carbides on the surface topography were sparsely distributed 
and the content was 3.31%. Carbide has excellent wear resistance due to its extreme hard-
ness, and the wear resistance of the material plays an important role in improving the 
cutting performance of the tool. 

However, the undissolved carbide will reduce the carbon content of the material ma-
trix, thereby reducing the hardness of the material, and the wear resistance of the material 
will also be reduced. Therefore, there is a suitable value for the carbide content on the 
surface of the material to achieve optimal performance. Figures 2d and 3d are the micro-
structure of the samples treated by the cryogenic process, and it can be seen that the sur-
face carbide is further reduced to 1.76%. 
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The sharpness performance is tested in accordance with ISO8442-5:2004 (E) [26] on
the type LX01 blade sharpness persistence tester. Under the premise of a fixed tool, a
mechanical device is used to deliver the cutting medium. The cutting medium is a standard
test sandpaper with a silicon dioxide content of 5%, under the normal load p = 50N, the
stacked sandpaper is clamped with a force of 130N, and the tool completes a cutting once
back and forth, which is called a cutting cycle, and each cycle includes two strokes forward
and backward. Each cycle is two strokes forward and backward. The stroke length is 40 mm
and the moving speed is 50 mm/s. According to ISO8442-5:2004 (E) [26], the cutting depth
of the first three cutting cycles is the initial cutting thickness, which is used to characterize
the initial sharpness (ICP) of the knife. The total cutting thickness after the completion of
all 60 cycles is called the cumulative cutting thickness, which is used to characterize the
sharp durability of the tool (TCC). The sharpness of the knife was characterized by ICP
and TCC.

The sample was cut at the cutting point of the knife that completed the sharpness
performance test, and the observation surface was the edge and far edge of the tool section,
as shown in Figure 1. Metallographic observation and scanning observation were carried
out on the observation surface, and an EBSD test was carried out on the edge and far
edge. After grinding the sample on SiC metallographic sandpaper to 2000 mesh sandpaper,
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the semi-automatic polishing machine carried out mechanical polishing; the polishing
liquid was 0.25 µm diamond polishing liquid. Then, the ground and polished sample was
washed with alcohol, and dried with a hair dryer, and the microstructure was observed.
The prepared sample was eroded with 4% nitrate alcohol solution, and the metallographic
structure of the sample was observed with a DMI8C Leica optical microscope, followed by
a TESCAN CLARA scanning electron microscope. The sample was electrolytically polished;
the electrolytic polishing liquid was 50 mL perchloric acid and 450 mL anhydrous ethanol,
the polishing working voltage was 20 V, and the polishing time was 10 S. Then, the EBSD
test was carried out using the field emission scanning electron microscope with an EBSD
probe to analyze the phase content of the microstructure, and the EBSD data were analyzed
and processed using Channel5 software.

After the test knife was cleaned, a Rockwell hardness test was carried out with an
HRS-150 Rockwell hardness tester on the back of the knife; the total test force is 1471 N,
and the allowable error is ±1%. Five points were tested for each knife, and the distance
between the adjacent indentation center and the indentation center to the knife edge was
greater than 3 mm. A Vickers hardness test was carried out on the edge and far edge of the
knife section, the polished sample was cleaned by ultrasonic wave, and the microhardness
test was carried out on the TIME6614AT Vickers hardness tester from Beijing Times peak
Technology Co., LTD, Beijing, China, after drying. The loading force was 0.5 N, and the
load retention time was 15 S. Five points were taken from the center and edge of all the
samples, and the distance between the test points was 5 mm. The average hardness of
5 test points of the core and the edge is taken as the test result, and the hardness of the core
and the edge are compared.

3. Results and Analyses
3.1. Microstructure

The microstructure of the sample after different processes is shown in Figures 2 and 3.
Figures 2a–c and 3a–c show the optical and scanning microstructure at different quenching
temperatures. The particles distributed on the surface of the figure are carbides, which are
mainly distributed on the prior austenite grain boundaries and within the martensite of
the prior austenite grains. According to the distribution of carbides in Figure 3, it can be
observed that as the quenching temperature increases from 1020 ◦C to 1080 ◦C, carbides
gradually dissolve back into the matrix, and the carbides on the surface of the sample
reduce from 9.21% to 3.31%. During the quenching process at 1020 ◦C, there is still a large
number of carbides on the surface topography; the content was 9.21%. When the quenching
temperature reached 1080 ◦C the content was 6.93%, and when the quenching temperature
reached 1080 ◦C, the carbides on the surface topography were sparsely distributed and
the content was 3.31%. Carbide has excellent wear resistance due to its extreme hardness,
and the wear resistance of the material plays an important role in improving the cutting
performance of the tool.

However, the undissolved carbide will reduce the carbon content of the material
matrix, thereby reducing the hardness of the material, and the wear resistance of the
material will also be reduced. Therefore, there is a suitable value for the carbide content
on the surface of the material to achieve optimal performance. Figures 2d and 3d are the
microstructure of the samples treated by the cryogenic process, and it can be seen that the
surface carbide is further reduced to 1.76%.
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Figures 4 and 5 show the distribution of residual austenite in the EBSD test at the edge
and far edge of knife samples of different processes, in which red is the residual austenite
phase and blue is the martensitic phase. The comparison of residual austenite content is
shown in Figure 6. It can be found from the figure that the residual austenite content of
the whole material gradually increases with the increase in quenching temperature. In
the 1020 ◦C quenching process, the volume fraction of residual austenite is 6.44%. In the
1050 ◦C quenching process, the volume fraction of residual austenite is 10.97%. During
the quenching process at 1080 ◦C, the volume fraction of residual austenite increased to
21.86%, while the volume fraction of residual austenite decreased to 4.43% after cryogenic
treatment. The main reason for the change in residual austenite content is that as the
quenching temperature increases from 1020 ◦C to 1080 ◦C, the amount of dissolved car-
bides in the material matrix increases, while carbon elements and alloying elements can
improve the stability of the austenite phase in the matrix and then reduce the martensite
transition temperature, finally leading to more austenite remaining untransformed after the
quenching process [27,28]. In Figure 4, the grain boundaries of the primitive austenite can
be identified by the orientation of martensite. Compared with Figure 4a, the martensitic lath
size in 4b and 4c is thicker, and white massive residual austenite without martensitic phase
transition appears because the grain size of the primitive austenite is larger and more stable
under high-temperature conditions, so obvious residual austenite can be observed after
quenching at 1080 ◦C. At the same quenching temperature, compared with the material
without cryogenic processing, the content of residual austenite is significantly reduced,
because as the temperature continues to decrease, the martensitic transition endpoint tem-
perature will also decrease. In the cryogenic treatment, the residual austenite will continue
to transform to martensite. At the same time, the residual austenite content of the cutting
edge is higher than that of the far edge, the martensite changes, and the residual austenite
content increases due to excessive external stress in the sharpening process of the cutting
edge. For the knife treated by a cryogenic process, the residual austenite content at two
locations has almost no change, the tissue of the sample treated by cryogenic treatment
is more stable, and the tissue subjected to greater external stress will not change. The
presence of the right amount of residual austenite has a positive effect on the microstructure
of the material, which can improve ductility and wear resistance. A previous study [18]
has revealed the relationship between the phase transition of residual austenite and the
wear mechanism during the friction process, and a certain amount of residual austenite can
reduce the stress concentration caused by the transition from austenite to martensite and
can improve wear resistance and ductility.

Combined with the distribution of carbides and the content of residual austenite
treated by different processes, the change in carbides and residual austenite content is
related. With the increase of quenching temperature, the dissolution amount of carbides
increases, the content of C and alloying elements in the matrix increases, the austenite in
the matrix becomes more stable, and the residual austenite content also increases.

The TEM structure of the two groups of samples is shown in Figure 7, where Figure 7a
is the structure of the sample of process 3, Figure 7b is the structure of process 4, and
Figure 7c is the high-resolution map of the marked area in Figure 7b. The crystallographic
data were calculated by the diffraction spots of the matrix and compared with the crystal
face spacing database of the phase, confirming that the sample matrix was martensitic and
exhibited a lath-like structure, and the martensite laths in Figure 7b are smaller and more
closely packed, arranged in parallel. The interface between the adjacent martensite lath
phase is not obvious, and there are layer fault substructures in fine martensite. After treat-
ment with liquid nitrogen, the sample’s dislocation density significantly increased, leading
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to strong dislocation hardening, which provides additional work hardening capability in
the early deformation stage of the sample and enhances the strength of the material [29–31].
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area in b (c).

3.2. Knife Performance Comparison

Martensitic stainless steel can improve the mechanical properties of the material by
adjusting the process; quenching temperature is an important parameter to determine the
hardness of the material, cryogenic treatment can promote the transformation of residual
austenite to martensite, and the increase in martensite content can improve the hardness
of the material. Figure 8 shows the change in hardness of the test tool after different pro-
cessing processes. With the change in quenching temperature, the hardness first increases
and then decreases and reaches the maximum value at 1050 ◦C; the hardness value is
56.33 HRC. Under the condition of 1080 ◦C quenching temperature, the hardness of the
samples after cryogenic treatment is increased by 3.89 HRC. The hardness of martensitic
stainless steel after different processes is mainly affected by the content of carbide and
residual austenite. Under the condition of a lower quenching temperature of 1020 ◦C, the
amount of dissolved carbide is less, the content of carbon in the matrix is reduced, and the
hardness is not high. With the increase in quenching temperature, carbide continuously
dissolves into the austenitic matrix, which can improve the supersaturation and lattice
distortion of carbon elements in the martensitic matrix formed by quenching treatment;
the hardness of the material also increases and the hardness reaches the maximum value
56.33 HRC at 1050 ◦C quenching process. With the further increase in quenching tempera-
ture to 1080 ◦C, the carbon element in the matrix continues to increase, and the stability of
austenite improves. More austenite cannot be transformed into martensite during quench-
ing treatment, so the content of residual austenite also increases; at this time the effect of
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residual austenite content on the hardness is greater than that of carbide, and the hardness
of the material is reduced to 54.97 HRC. After the quenching temperature conditions in-
crease the cryogenic process, the residual austenite content decreases from 21.84% to 4.43%,
and its influence on the hardness is also greatly reduced, so the hardness of the material is
increased by 3.89 HRC.
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After different process adjustments, the structure of the test knife is changed greatly,
and these changes inevitably lead to alterations in the material properties. The sharpness
performance of the tool treated by different processes is shown in Figure 9. It can be
observed from the figure that the initial sharpness and sharpness durability of the tool
that underwent process 2 reached a maximum value, and the sharpness of the knife that
underwent process 4 is 18.8% higher than that of the knife of process 3. The sharpness of
the knife after cryogenic treatment does not reach the knife of process 2 at a quenching
temperature of 1050 ◦C. Although cryogenic treatment greatly reduces the residual austenite
content, under the condition of 1080 ◦C quenching, the carbide in the material dissolves
into the matrix, significantly reducing the carbide content on the surface. Carbides have
high wear resistance and play an important role in improving the sharpness of the knife.
However, even though the residual austenite content of process 4 is very low, its sharpness
is not greatly improved due to the reduction in carbides on the surface.

Metals 2025, 15, x FOR PEER REVIEW 11 of 14 
 

 

increased first and then decreased, and the hardness of the samples after cryogenic treat-
ment was much higher than that of the samples without cryogenic processing. 

 

Figure 9. Sharpness (ICP and TCC) of knife with different processes. 

 

Figure 10. Vickers hardness of the edge and far edge of the knife with different processes. 

3.3. Microstructure Stability Analysis 

The sample of Φ 3 × 2.4 mm was cut from the knife material of processes 3 and 4, and 
the Hopkinson pressure rod (HPB) test was carried out. The strain rate was 5000 s−1, and 
the real stress-strain curve obtained is shown in Figure 11. In the initial stage of the sam-
ple, an obvious elastic stage and yield stage can be seen, but there is no obvious strength-
ening stage. In the initial stage of strain, the stress of the material presents a linear increase 
trend with the increase in strain, which is the stage of elastic deformation. After the end 
of the elastic deformation stage, the material begins to enter the elastoplastic deformation 
stage, the stress growth of the material becomes slow, there is an obvious yield platform, 
and the upper and lower yield points appear on the yield platform. At the high strain rate 
of 5000 s−1, stress changes due to the transfer of stress waves, and the distribution of stress 
is uneven, which manifests as stress fluctuations on the yield platform, so the upper and 
lower yield points appear, and the stress also shows similar fluctuations in the subsequent 
strain [32]. Then, the stress of the material does not continue to rise with the increase in 
strain, and there is no strain-strengthening phenomenon. By comparing the mechanical 
curves of two different process materials, it can be found that the material with cryogenic 
treatment has a slightly higher yield strength and smaller strain. 

The comparison of the structure of the sample before and after the Hopkinson pres-
sure rod test is shown in Figure 12. After the pressure rod test, the carbide on the surface 
of the material in contrast to Figure 3c,d.Under the strain rate condition of this experiment, 
the SHPB test is in an adiabatic environment, and the deformation at a high strain rate is 

Figure 9. Sharpness (ICP and TCC) of knife with different processes.

As shown in Figure 10, the hardness of the far edge of the knife without cryogenic
processing is higher than that of the edge, while the hardness of the far edge and the edge
of the tool with cryogenic treatment is almost the same. With the increase in quenching
temperature from 1020 ◦C to 1080 ◦C, the hardness of the knife edge and the far edge in-
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creased first and then decreased, and the hardness of the samples after cryogenic treatment
was much higher than that of the samples without cryogenic processing.
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3.3. Microstructure Stability Analysis

The sample of Φ 3 × 2.4 mm was cut from the knife material of processes 3 and 4, and
the Hopkinson pressure rod (HPB) test was carried out. The strain rate was 5000 s−1, and
the real stress-strain curve obtained is shown in Figure 11. In the initial stage of the sample,
an obvious elastic stage and yield stage can be seen, but there is no obvious strengthening
stage. In the initial stage of strain, the stress of the material presents a linear increase trend
with the increase in strain, which is the stage of elastic deformation. After the end of the
elastic deformation stage, the material begins to enter the elastoplastic deformation stage,
the stress growth of the material becomes slow, there is an obvious yield platform, and
the upper and lower yield points appear on the yield platform. At the high strain rate of
5000 s−1, stress changes due to the transfer of stress waves, and the distribution of stress
is uneven, which manifests as stress fluctuations on the yield platform, so the upper and
lower yield points appear, and the stress also shows similar fluctuations in the subsequent
strain [32]. Then, the stress of the material does not continue to rise with the increase in
strain, and there is no strain-strengthening phenomenon. By comparing the mechanical
curves of two different process materials, it can be found that the material with cryogenic
treatment has a slightly higher yield strength and smaller strain.
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The comparison of the structure of the sample before and after the Hopkinson pressure
rod test is shown in Figure 12. After the pressure rod test, the carbide on the surface of
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the material in contrast to Figure 3c,d.Under the strain rate condition of this experiment,
the SHPB test is in an adiabatic environment, and the deformation at a high strain rate
is accompanied by a temperature rise. The mechanical energy generated during the
plastic deformation is converted into heat. The material undergoes an adiabatic heating
process [32–35], which leads to the precipitation and growth of carbides in the material.
The phase distribution diagram after the SHPB experiment is shown in Figure 13. There is
almost no residual austenite phase in the samples treated by the two processes, and the
residual austenite is unstable in the process of plastic deformation at a high rate.
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4. Conclusions
(1) The microstructure of 50Cr15MoV after different processes including different quench-

ing temperatures, tempering, and cryogenic treatment is composed of plate martensite,
undissolved carbide, and residual austenite. When the quenching temperature in-
creased from 1020 ◦C to 1080 ◦C, the content of undissolved carbide decreased from
9.21% to 3.31%, and the volume fraction of residual austenite increased from 4.43% to
21.84%. Under the same quenching and tempering conditions, the addition of the cryo-
genic process reduced the residual austenite in steel by 17.43%, and the martensitic
lath became smaller, and a large number of fault substructures appeared.

(2) As the quenching temperature increased from 1020 ◦C to 1080 ◦C, the hardness
of 50Cr15MoV increased from 55.17 HRC to 56.33 HRC and then decreased to
54.97 HRC, reaching the maximum value of 56.33 HRC when the quenching tem-
perature was 1050 ◦C. The hardness of the material increased by 3.89 HRC after
cryogenic treatment.
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(3) When the quenching temperature increased from 1020 ◦C to 1080 ◦C, the sharpness
performance of 50Cr15MoV first increased and then reduced; when the quenching
temperature is 1050 ◦C, the sharp performance of the knife is the best, the ICP was
112.6 mm and TCC was 783.9 mm. The ICP of the knife after cryogenic treatment
increased by 15.3% and TCC increased by 18.8%.

(4) After processing, a large number of lamination-fault substructures are formed, which
can improve the strength of the material and reduce the strain. The residual austen-
ite in the material was unstable, and no residual austenite was found at the high
deformation rate of 5000 s−1.
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