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Abstract - This study has shown that to obtain a high level of final properties of tool steel, the most
optimal is to obtain a substructure with a high level of defectiveness of the crystal structure of steel.
It was found that the use of thermal cycling treatment contributes to an increase in the level of
defectiveness of the crystal structure. It was also found that the use of aqueous solutions of
polymers as a quenching medium makes it possible to obtain a cooling rate less than in oil
quenching, which helps to reduce the level of quenching stresses.
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1. Introduction
Heat treatment of non-heat-resistant tool steels
includes heating the initially annealed (equilibrium)
structures by 30-500 C above the Ac1 point,
quenching in oil or water, and low tempering.
To improve the mechanical properties and wear
resistance, various heat treatment options are
proposed, including multiple-phase recrystallization
[1, 2]. In these studies, we used modes with doublephase recrystallization, the first being high
temperature.
The objects of research were carbon and alloy
tool steels, samples of these steels were subjected to
heat treatment with double-phase recrystallization.
The first recrystallization was carried out with
heating to various temperatures, ranging from the
generally accepted ones, up to 1200 0C. After heating,
quenching in oil and intermediate tempering was
carried out. The second phase of recrystallization
was carried out with heating only up to the
temperatures usually accepted for each steel.
The different state of the solid solution,
depending on the temperature of preliminary
hardening, on the level of defectiveness of the crystal
structure, changes the amount of excess phase carbides - after the final heat treatment.
Microstructural studies, as well as carbide analysis,
have found that the amount of excess carbides after
the second quenching from standard temperatures is
always less if the pre-quenching was carried out
from 1100-1150 0C.

The movement of carbon atoms to dislocations
reduces the specific volume of the martensite phase,
which, in turn, affects the general level of volumetric
changes that occur as a result of phase
transformations during quenching. It is shown that
the minimum increase in geometric dimensions is
observed during quenching from 1100 0C.
Intermediate tempering and re-quenching do not
change this pattern. At the same temperature, for
this steel grade, the minimum degree of martensite
tetragonality was recorded. The final deformation
after heat treatment according to the specified
regime turned out to be less than for specially
developed regimes that reduce the deformation [3,
4].

2. Methods
U10, 9XC, and XVG tool steels were selected as
objects of research. Steel U10 belongs to carbon tool
steels. Steel 9ХС, XVG to low-alloyed low heat
resistance. Steel X12M is a high-chromium heatresistant steel (Table 1).
Heating of steel samples was carried out in salt
baths NaCl and BaCl2. The holding time was 0.5 - 3
minutes per 1 mm of the specimen cross-section.
During quenching, samples of steels U10, 9XC, and
XVG were quenched in a solution of water-soluble
polymers Na-KMC and Uniflok. Steel X12M was
quenched in oil.
Metallographic analysis was carried out on a MIM7, and MIM-8 microscope with magnification from
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10 to 1000 times. The grain point of steel was
determined according to GOST 8233, “steel,
microstructure standards”.
X-ray structural analyses were carried out on an
X-ray diffractometer DRON-2.0 in the radiation of an
iron anode. The phase analysis of the steels and the
level of defectiveness of the crystal structure were
carried out.
The hardness of thermally worked samples was

Steel
grades
U10
9ХС
ХVG
Х12М

Table 1. Chemical composition of the investigated steels
The number of chemical elements included in the composition of steels, %
C
Si
Mn
Cr
W
Mo
S
P
0,95-1,04
0,15-0,35
0,15-0,35
0,10-0,40
0,028
0,03
0,85-0,95
1,20-1,60
0,30-0,60
0,95-1,25
0,2
0,2
0,03
0,03
0,90-1,05
0,1-0,40
0,80-1,10
0,90-1,20 1,2-1,6
0,3
0,03
0,03
1,45-1,65
0,15-0,35
0,15-0,40
11,0-12,5
0,4-0,6
0,03
0,03

3. Results
Previous studies have found that thermal cycling
treatment, including high heating temperatures,
leads to an increase in the wear resistance of steel
[5-7]. A universal indicator of the stages of the
formation of a wear-resistant structure is the level of
defectiveness of the crystal structure with an
appropriate microstructure.
In the beginning, studies were carried out on the
effect of double cyclic heating for quenching
according to the scheme (Fig. 1) on the width of the
X-ray line (220) as an integral characteristic of the
defectiveness of the crystal structure.

a)

b)
Figure 1: Thermal cycling scheme. a) hardening
scheme; b) the scheme of cyclic impulse tempering
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determined on a TK-2 hardness tester by GOST 9013,
"Metals, Rockwell measurement method". Endurance
tests of the steels under study, treated according to
different heat treatment modes, were carried out on
a 1K62 screw-cutting lathe.
The cutters were tested for wear resistance
during the longitudinal turning of steel 45. The
amount of wear of the cutters along the rear surface
was determined using the MPB-2 microscope.

For the first heating of all studied steel grades,
the temperature range from 840 °C to 1200 °C was
selected. The second heating temperature was
standard for each steel grade. This is 780 0С for U10
steel, 840 0С for 9ХС and ХVG steel. The results of the
study showed (Fig. 2) that with an increase in the
temperature of the first heating after quenching, a
structure with the maximum level of defectiveness of
the crystal structure is formed. An increase in the
temperature of the first heating from 1000 °C to
1200 °C promotes the dissolution of oxides and
nitrides, which, upon cooling, leads to a
nonequilibrium state of the steel structure [7,8].

Figure 2: X-ray line width (220) of U10, 9XC, XVG
steels depending on the hardening modes of thermal
cycling without tempering. 1. Steel U10, second
heating temperature 780 0С; 2. Steel 9ХС, second
heating temperature 840 0С; 3. Steel ХVG, second
heating temperature 840 0С
In addition, the study of steels quenched using
double thermocycler hardening without tempering
showed that with an increase in the temperature of
the first austenitization, a more complete dissolution
of carbides, an increase in the length of martensite
plates, and an increase in the amount of retained
austenite are observed.
Thus, when carrying out double cyclic hardening,
the most optimal temperature of the first heating
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from the point of view of obtaining the maximum
level of defectiveness of the crystal structure is the
temperature range of 1100-1150 °C (Fig. 2). To
achieve a stable hardening result, a heating
temperature of 1150 °C was chosen for U10, 9XC,
and XVG steels.
To determine the optimal temperature and the
number of impulse tempering on the defectiveness
of the crystal structure, studies were carried out on
the influence of tempering temperatures from 400 °C
to 600 °C and with the number of impulse tempering
from 1 to 3. The results of the study showed (Fig. 3,
a) that for steels U10, 9XC, and XVG, the greatest
defectiveness of the crystal structure is achieved
with a double pulse tempering [7-10].

Thus, the formation of an increased density of
crystal lattice defects during quenching from
elevated temperatures leads to a decrease in the
amount of carbon in the tetragonal lattice of
martensite and the escape of some carbon atoms to
lattice defects. This tendency persists even after
impulse tempering, which is reflected in the change
in the crystal lattice parameter of steel 9XC (Fig. 3,
b).
The first high heating temperature leads to
homogenization of the austenite; therefore, after
plugging, a more homogeneous martensitic structure
with retained austenite is formed. The change in the
hardness of steels depending on the pulse tempering
temperature is shown in Table 2.
Table 2. Change in hardness of steels U10, 9XC, XVG
depending on the temperature of pulse tempering
Steel
Tempering
Hardness, on a
grade
temperatures, 0С
scale of HRC

a)

b)
Figure 3: The width of the X-ray line (220) of steel
grade U10 a), grade 9XC b) depending on the modes of
thermal cycling (cyclic hardening + pulse tempering).
a) Pulse tempering temperature 400 0С, 450 0С, 500
0С; b) Pulse tempering temperature 450 0С, 500 0С,
600 0С
An increase in the defectiveness of the crystal
structure after double cyclic quenching and double
pulse tempering was also reflected in the crystal
lattice parameter (Fig. 4, b). For 9XC steel, the
smallest crystal lattice parameter is obtained after
two-fold impulse tempering at a temperature of 600
°C.

U10

450
500

45-47
39-40

9ХС

450
500
600

49-51
47-48
39-41

ХVG

450
500
600

46-50
44-48
39-42

The final heat treatment of the investigated steels
consisted of quenching the steels from the generally
accepted standard temperatures, tempering was carried
out from temperatures providing a hardness of 60-62 HRC.
For U10 steel, the hardening temperature is 780 0С, and for
9ХС, ХVG steels - 840 0С. Tempering for steel U10 - 180 200 0С, for steel 9ХС 200 - 250 0С, for steel ХVG 200 - 250 0С.
The entire cycle of heat treatment was carried out
according to the scheme in Fig. 5. The use of cyclic
hardening and pulsed double tempering as preliminary
heat treatment was carried out to prepare the basic
structure of the matrix to obtain fine grains upon reheating,
to create a fine structure with the maximum possible level
of defectiveness of the crystal structure and to preserve its
elements during subsequent heat treatment.
From this point of view, carrying out the first heating
from an elevated temperature provides, during cyclic
quenching, the creation of a structure with an increased
density of crystal structure defects, dissolution of carbides,
and other impurity phases, followed by their precipitation
in the form of dispersed particles during pulsed tempering.
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Figure 4: The proposed scheme of heat treatment of the investigated steels

Figure 5: Change in the austenitic grain of U10 steel
after thermal cycling. The second quenching was
carried out from a temperature of 780 °C. 1. without
impulse release; 2. impulse vacation 400 °С; 3. impulse
vacation 450 °С.

Figure 6: Change in the austenitic grain size of steels
9XC and XVG after thermal cycling. The second
quenching was carried out from a temperature of 840
°C. 1. steel 9ХС impulse tempering 600 0С; 2. steel XVG
pulse tempering 600 0С

A microstructural study of U10 steel showed that the
size of austenite grain depends on both the cyclic hardening
modes and the pulse tempering temperature (Fig. 5).

4. Discussion
An increase in the temperature of the first heating up to
1100 0С during cyclic hardening leads to grain growth and
higher grain fragmentation. At a heating temperature of
1150 0C, the refractory and hardly soluble impurity phases
dissolve, which are released in the form of fine particles
upon repeated heating.
These particles serve as a kind of barrier to the growth
of austenite grains when quenched from standard
temperatures.
After cyclic hardening and pulse tempering at 600 0C
and secondary hardening from standard heating
temperatures, in all cases, fine acicular martensite retained
austenite and dispersed secondary carbides are obtained. A
slightly different picture is observed for steel XVG. During
cyclic hardening, the growth of austenite grain and
martensite plates is observed. No carbide phase is found in
the microstructure of steel XVG after final heat treatment
according to standard modes (Fig. 6).
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Figure 7: X-ray line width (220) of U10, 9XC, and XVG
steels depending on the temperature of the pulse
tempering. 1. steel U10 first heating 1150 0С, second
780 0С hardening + pulse tempering + standard
hardening 780 0С, vacation 200 0С; 2. steel U10 first
heating 1150 0С, second 840 0С hardening + pulse
tempering + standard hardening 840 0С, tempering
250 0С; 3. steel XVG first heating 1150 0С, second 840
0С hardening + pulse tempering + standard hardening
840 0С, tempering 300 0С
Similar results were obtained for steel XVG (Fig. 7).
All the above-described changes in the crystal structure
in steels U10, 9XC, and XVG take place at the same level of
hardness within the same temperature of the final
tempering (table 3).
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Table 3. The hardness of U10, 9XC, and XVG steels after a full
cycle of thermal cycling
Steel
Impulse
Final
Hardness,
grade
tempering
tempering
HR
temperature, temperature,
0С
0С
400
58 - 59
U10
200
450
59 - 60
500
58 - 59
450
58 - 59
9ХС
250
500
57 - 58
600
57 - 58
450
56 - 57
ХVG
300
500
56 - 57
600
57 - 58
Studies of the microstructure of steels by the X-ray
phase method also showed that the percentage of residual
austenite after the final heat treatment of the investigated
steels is: for U10 steel - 25%; for steel 9ХС - 20%; for steel
XVG - 26%. In general, the percentage of retained austenite
in the structure of steels differs slightly from the content of
retained austenite after standard heat treatment.
One of the main factors determining the quality of steel
hardening is the mode of its cooling. Of greatest interest are
studies of cooling conditions in two temperature ranges. In
the zone of pearlite cooling 870-275 0С and the temperature
range of martensitic transformation 275 - 55 0С for carbon
and low-alloy steels. In the upper-temperature range, fast
and uniform cooling is recommended, since a high cooling
rate ensures high hardness and hardenability. Uniform
cooling eliminates warpage. In connection with the above,
experiments were carried out to determine the cooling
capacity of polymer solutions produced in the Republic of
Uzbekistan. Water, mineral oil, and UZSP-1 solution were
used as reference liquids.
As control parameters, the HRC hardness was
determined and etching in an aqueous solution of
hydrochloric acid was used to determine the presence of
cracks.
The test results for water-polymer-based quenching
fluids are shown in Fig. 8. Experiments have shown that the
Na-KMC solution is the least suitable since the cooling rate
strongly depended on the concentration of the solution. In
this respect, the use of the Unifloc solution is more
favorable. To determine the effect of water-soluble
quenching liquid based on the "Uniflok" preparation on the
hardness of U10, 9XC, and XVG steels after quenching and
tempering, samples of these steels were prepared for heat
treatment. The content of the "Uniflok" preparation in the
quenching liquid was 3%. The test results are shown in Fig.
9. As can be seen from Fig. 9, the hardness of steels 9XC and
XVG after quenching and tempering practically differs little
from the hardness obtained after quenching in oil. The
hardness of U10 steel is slightly lower than after quenching
in water. In general, it can be noted that the quenching
liquid based on the "Uniflok" preparation may well replace
oil as a quenching liquid for low-alloyed tool steels of the

9ХС and ХVG type. In some cases, for U10 type carbon tool
steels, quenching liquid based on the "Uniflok" preparation
can replace water. Possessing a lower cooling rate than
water, quenching liquid based on the "Uniflok" preparation
protects against cracking and warping of the tool during the
hardening of thin tools.
The tests of the cutting tool were carried out in
laboratory conditions by turning a workpiece made of steel
with 45 cutters. For testing, 2 cutters were prepared from
9XC steel and 2 cutters from XVG steel.

Figure 8: Influence of the content of polymer components in
the quenching liquid on the cooling rate, interval 275 ° C - 55 °
C. ○ - Na-KMC; х- drug "Uniflok"; - Na-KMC + 2% methyl
acrylate

Figure 9: Change in hardness of steels U10, 9XC, and
XVG depending on the tempering temperature.
Quenching in a water-polymer medium based on the
"Uniflok" preparation; ○ - steel U10; х – steel 9ХС;
- steel ХVG.
The first cutters made of steels 9ХС and XVG were
subjected to thermal cycling for hardness of 62 - 63 HRC.
The test results are shown in Fig. 10. Figure 10 shows that
at the initial stage of wear, the so-called processing wear is
practically the same for all cutting cases, then during the
period of steady wear, there is a difference in wear between
the cutters that have undergone standard and thermal
cycling. The maximum difference occurs between these
cutters in the zone of catastrophic wear. Since the wear of
cutting tools is, in general, a large number of deformation
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processes with multiple elastic-plastic deformations, the
wear resistance will depend mainly on some structural
parameters, in particular, on the grain size and the density
of crystal structure defects, which is demonstrated by the
modes of thermal cycling.
Thus, the wear resistance of cutting tools made of
steel 9ХС and XVG can be increased by 1.5 times due
to the use of thermal cycling modes (Fig. 10).

Figure 10: The amount of wear of cutters made of
steel 9XC, depending on the cutting time. Cutting
speed V = 25 m / min. 1 – a cutter that has undergone
standard heat treatment; 2 - a cutter that has gone
through a full cycle of thermal cycling

5. Conclusions
Based on the research carried out, the following
conclusions can be drawn:
The technology of thermal cycling treatment of
U10, 9XC, XVG, and X12M tool steels has been
developed, which allows for increasing the wear
resistance of steels by 1.5 - 2.0 times.
The thermocyclic treatment modes of tool steels
are recommended, consisting of cyclic quenching
with a temperature of 1150 0С in a water polymer
medium and cyclic pulse tempering in the
temperature range of 450-600 0С, which allowed to
abandon of the annealing operation and reduced the
technological cycle of heat treatment by 4 hours.
A quenching liquid based on the local watersoluble preparation “Uniflok” has been developed,
which ensures a 30% reduction in the import of
boiled oil.
A quenching medium based on the water-soluble
preparation "Uniflok" is recommended for
quenching carbon and low-alloy tool steels,
providing a cooling rate of 50 / sec in the region of
martensitic transformation of steel.
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