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Abstract—Technical features and examples of the practical use of technology of combined hardening treat-
ment of steel tools are presented, which includes (1) hardening thermal cycling treatment (HTC) of tool
blanks and (2) thermo-hydro-chemical treatment (THCT) of the finally manufactured instruments. THCT cre-
ates volumetric hardening of tools by thermal cycling with incomplete solid-phase α ↔ γ transformations, followed
by quenching and tempering. HTC creates surface hardening of tools by boiling refractory compounds in hydrosols
followed by tempering. As a result of combining THCT + HTC, the service life of cutting steel tools increased by
2–20 times, and that of die tools by 1.9–2.1 times compared to traditionally hardened tools.
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INTRODUCTION
A primary reason for the creation of this technol-

ogy for combined hardening of steel tools was the
acute situation that developed at the Russian enter-
prise Salut (Moscow). This well-known aerospace
company was faced with the problem of a shortage of
nuts for assembling aircraft engines, which are made
from difficult-to-cut heat-resistant alloys with a hard-
ness of up to HRC 35. To cut threads in the nuts, the
plant used steel taps M5, M6, M8 and M10 of Russian
and foreign production: ISCAR, TITEX PLUS, and
others (Fig. 1). Because the best steel taps only cut 20
to 50 nuts before regrinding, the operational produc-
tivity for cutting nuts from difficult-to-cut alloys was
so low that it held back the plant’s production of air-
craft engines.

In turn, factory specialists tried to use carbide taps
instead of steel ones, but they were unable to cut even
one nut because of the high fragility of the cutting edge
of these taps. Strengthening of taps made from high-
tungsten and cobalt high-speed steels using traditional
heat treatment methods also did not produce results,
since with an increase in the hardness of tool steels,
the cutting edge of taps becomes more brittle and
chips, and with an increase in viscosity, the hardness
and strength of steels naturally decrease, which leads
to crushing of the cutting edge and severe wear of
tools. Only a simultaneous increase of inversely
dependent properties of tool steels—hardness and
strength, on one hand, and toughness and ductility, on

the other hand—along with an increase in the wear
resistance of tools, can solve this problem. For this
purpose, a new technology has been developed for vol-
umetric and surface hardening of steel tools by com-
bining the methods of hardening thermal cycling
treatment (HTC) and thermo-hydro-chemical treat-
ment (THCT). As a result of such hardening with taps,
significantly (4–20 times) more nuts were cut with
taps than with traditional tools, which made it possible
to solve the problem of nut shortage at the Salyut
enterprise.

In contrast to modern methods of volumetric and
surface hardening of materials, which are activated by
high-energy sources (high-frequency currents, laser,
plasma, electron beam, etc.) using vacuum technology
[1–5], the proposed technology for hardening steel
tools, combining two process of HTC and THCT,
meets the requirements for rapid implementation in
production and is characterized by simplicity, high
productivity, and efficiency when using standard
equipment and cheap components [6–8]. However,
there are still no systematic data on testing and appro-
bation in production conditions of steel tools com-
bined strengthened with the help of HTC and THCT,
which prevents the wider use of this combined tech-
nology and tool products strengthened with its help at
many enterprises of mechanical engineering, aero-
space, and energy complexes. Therefore, the purpose
of this work was to draw up flowcharts for the techno-
logical implementation of HTC and THCT operations
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Fig. 2. Flow diagram of technological operations of the
proposed process of hardening thermal cycling treatment
(HTC) of steel tools [7].
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Fig. 1. Samples of taps strengthened by traditional and
combined methods.
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within the framework of a single combined hardening
technology, to evaluate its advantages over other hard-
ening methods, to conduct large-scale tests and mas-
tering in production of combined hardened steel tools,
and to develop recommendations for the practical
application of the proposed combined technology.

DEVELOPMENT OF TECHNOLOGY
FOR VOLUMETRIC AND SURFACE 

HARDENING OF STEEL TOOLS 
BY COMBINING THERMOCYCLIC 

AND THERMO-HYDRO-CHEMICAL 
TREATMENTS

The new technology of combined hardening fits
well into the general technological process of manu-
facturing steel tools. To do this, first, the HTC process
of tool blanks is performed, and after their finishing,
the THCT process of ready-to-use tools is carried out,
which generally creates volumetric and surface hard-
ening of steel tools. Both HTC + THCT processes are
highly productive, do not require large implementa-
tion costs, and can be carried out using the standard
equipment [6].

At the first stage of combined processing, for more
effective volumetric hardening of steel tools, the heat
treatment is carried out using the HTC method [6, 7]
with incomplete solid-phase α ↔ γ transformations in
cycles, followed by quenching and tempering in the
specified sequence (Fig. 2) on conventional thermal
equipment. With this mode of thermal cycling, the
standard heating time for steel samples in each cycle is
reduced by a quarter to a half. The thermal cycling
operation is usually carried out in two furnaces (salt
baths) [6, 7], and all other technological operations
(heating, cooling, tempering, cleaning, straightening,
etc.) are performed according to the traditional heat
treatment scheme [9]. The new HTC modes make it
possible to form two types of structural compositions:
a gradient structure, in which, owing to incomplete
heating of the tool from the surface to the core, its
INORGANIC MATE
hardness and fragility decrease, and a composite
structure, in which grains with different hardness and
degree of alloying alternate owing to the incomplete-
ness of phase transformations of steels [6]. In general,
owing to the formation of a highly alloyed, finely
ground martensitic structure with a low content of
retained austenite and a large proportion of dispersed
carbides during HTC, many strengthening mecha-
nisms are realized, as a result of which an increase in
the tensile strength of high-speed and die steels in
bending by 1.5–2.3 times has been achieved, the
impact strength is increased by 1.2–14.5 times, and
the increase in surface hardness is 1–2.5 HRC units
higher compared to traditional heat treatment [6].

At the second stage of combined processing, the
THCT method is used [6, 8], which creates surface
hardening of the finally manufactured steel tools.
During THCT, the instruments are boiled in hydro-
sols of refractory compounds to deposit solid lubricant
nanostructured coatings and then heat treatment
(tempering) is carried out in the indicated sequence
(Fig. 3) using standard chemical and thermal equip-
ment. Hydrosols for conducting THCT of instruments
are preprepared using a special technology of nanodis-
RIALS: APPLIED RESEARCH  Vol. 15  No. 4  2024
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Fig. 3. Flow diagram of technological operations of the
proposed process of thermo-hydro-chemical treatment
(THCT) of steel tools [8].
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persion of ceramic micropowders, which is created by
the propping action of surface active substances
(SASs) and the “pseudo-cavitation” thermohydrody-
namic effect of a boiling aqueous medium containing
SASs and microdispersed powders of refractory com-
pounds [6, 8]. As a result of THCT, a double effect of
strengthening steel tools is achieved through the appli-
cation of solid lubricating nanoceramic coatings with
high antifriction properties and the formation of a
field of high (470 MPa) compressive stresses, compa-
rable to the level of stresses created during surface
plastic deformation (SPD). In this case, two types of
composite structures are formed: in the tool in the
form of a “solid lubricating layer–transitional stressed
layer–matrix” composition and in a nanocomposite
coating consisting of nano- and micron-sized grains
with different strength values and crack resistance [6].
During THCT, the many mechanisms for strengthen-
ing steels are implemented. In particular, in the poly-
oxide nanocoatings obtained on steels, an increase in
hardness up to 2950 HV was achieved, as well as a
reduction in the friction coefficient in the absence of
lubrication by 8.2–8.7 times (to 0.067) and an increase
in the durability of steel tools with such coatings by
more than 2 times compared with the initial state [6].

The developed technology of combined hardening
treatment (HTC + THCT) has advantages over the
known methods of volumetric and surface hardening
of steel tools [1–9]:

• This technology is simple to implement, is easily
implemented into production, and allows the use of
traditional equipment.

• This technology is highly productive and allows
fast and high-volume processing of various cutting and
stamping tools made of any steel grades.

• This technology is most effective for particularly
critical metalworking tools and those working on
CNC machines, for thin, impact, and heavily loaded
tools, and for tools used for cutting and forming diffi-
cult-to-cut alloys.

• After combined hardening, high-speed steel
tools can cut alloys with a hardness of 48 HRC, which
sometimes makes it possible to replace expensive car-
bide tools with steel ones.

• This technology is economically feasible; the
cost of processing steel tools does not exceed 10% of
their total cost.

• This technology is energy efficient and does not
require a vacuum or protective atmosphere.

• This technology is biocompatible with the envi-
ronment and uses environmentally friendly chemical
components.
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
PRACTICAL EXAMPLES OF TESTING 
AND USE OF STEEL CUTTING 

AND STAMPING TOOLS STRENGTHENED
BY COMBINED PROCESSING

The new technology of combined processing
(HTC + THCT) for volumetric and surface hardening
of steel tools has proven to be in demand and has found
application where standard hardening technologies
cannot solve the problem of extremely low durability
of heavily loaded and impact tools intended for cutting
and forming difficult-to-machine alloys [6]. There-
fore, factories of aerospace and energy complexes,
which produce aircraft engines, nozzles and parts of
aircraft (missiles), and energy and aviation turbines
made of titanium, heat-resistant, chromium-nickel,
and other high alloys, have become the potential con-
sumers of combined hardened tools.

At a number of Russian enterprises (FSUE MMPP
Salyut, JSC NPO Lavochkina, JSC Proton-Perm
Motors, JSC UEC-Perm Motors, JSC NPO Energo-
mash, Public Joint Stock Company UFA Engine
Manufacturing Association, OJSC MKB Iskra, JSC
DUKS) tested a wide range of taps, individual stan-
dard sizes of countersinks, reamers, cutters, drills from
high-speed steels R18, R6M5K5, R9M4K8MP, and
R12M3K5F2MP, and dies from steels Kh12MF and
 15  No. 4  2024
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Table 1. Test results and industrial use of combined hardened steel metalworking tools

Tool type Tool steel grade Alloys processed Durability Kw Industrial use

FSUE MMPP Salyut

Implemented in 2002–
2006 with an economic 
effect of RUB 300000, 
Russian Federation 
($11100)

Nut taps M5 R18 15Х16К5Н2МVFA 10–13.3

KhN73MBTYu-VD 16.7

KhN73MBTYu-VD 9.7–20

M6 R9M4K8MP 11X11H2V2MF 3.9

M10 R12M3K5F2MP KhN73MBTYu-VD 6.7

Core drills R6M5K5 ХН77TYuR 4

JSC NPO Lavochkina
Implemented in 2006Nut taps M3, M4, 

M5, M6
R9M4K8MP 07X16H 8–13

JSC Proton-Perm Motors
Not implemented

M8 taps R9M4K8MP 12Х18Н10Т 9–12

OJSC MKB Iskra Implemented in 2013–2018 
with an economic effect of 
RUB 4870000, Russian 
Federation ($85800)

Drills, reamers R9M4K8MP 26X2NVMBR-SH >2–3

Taps M3, M4, M5, 
M6, M8, M10

R9M4K8MP 32R2NVMBR-SH >3–4

JSC UEC-Perm Motors

Nut taps M6 R9M4K8MP ХН77TYuR 8–20 Implemented in 2006–2011 
with an economic effect of 
RUB 4416309, Russian 
Federation ($120 900)

M8 R12M3K5F2MP 10Х11Н23Т3МР 10–20

R9M4K8MP 10Х11Н23Т3МР >10

M10 R12M3K5F2MP ХН77TYuR >20

JSC NPO Energomash

Nut taps M3, M4, 
M5, M6, M8, M10 
M16, M18, M20, 
M24

R9M4K8MP
R12M3K5F2MP

Heat-resistant and tita-
nium alloys

>10

Implemented in 2006–2012 
with an economic effect of 
RUB 3400500, Russian 
Federation ($111000)Reamers, countersinks, 

drills (1.5–5 mm)
R9M4K8MP 4–5

Fungal cutters P18 5–6.3

Public Joint Stock Company UFA Engine Manufacturing Association

Implemented in 2007–
2009 with an economic 
effect of RUB 5 396480, 
Russian Federation 
($180200)

Nut taps M6 R9M4K8MP ВТ3-1 8

M3, M4, M8, 
M10

R12M3K5F2MP XH73VMYuT-VD
XH73VMYuT-VD

7.5–8

10Х11Н23Т3МР 8

Blind hole taps M6, M8, M14, 
M16

R12M3K5F2 XH73VMYuT-VD
10Х11Н23Т3МР

XH62VMYuT-VD

4

Punches X12MF 12Х18Н10Т

Matrices Х12F1 11Х11Н2В2МF 1.9–2.1

JSC DUKS
Implemented in 2015–2017 
with an economic effect of 
RUB 513000, Russian Fed-
eration ($9100)

Taps M3, M4, M5, M6, M8, M10 P18
R12M3K5F2MP

Heat-resistant and tita-
nium alloys

4

Drills, reamers, countersinks, cutters 3
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Table 2. Effect of regrinding of combined hardened taps M6kh1-5N6N made of R9M4K8MP steel on the number of cut
nuts made of heat-resistant alloys EI437B and EI698-VD before the test tools become dull

Testing of taps was carried out on a thread-cutting machine G813-5028 of the JSC UEC-Perm Motors plant under processing modes:
speed V = 5 m/min, feed S—manual, coolant lubricant—oil MR-7.

Tap no. Before 
regrinding

After the 1st 
resharpening

After the 2nd 
resharpening

After the 3rd 
resharpening

After the 4th 
resharpening

Total number 
of nuts

1 1560 890 1039 1457 130 5076
2 1100 665 A tap was broken during regrinding 1765

3 1250 197 1689 1300 100 4536

4 1172 950 1050 1670 1770 6612
5 780 466 1300 1050 2002 5598
6 937 850 800 900 — 3487
Kh12F1 for the manufacture of products from various
difficult-to-cut alloys. It was noted that the use of com-
bined hardening treatment of steel tools made it possible
to increase the durability of taps by 3–20 times, other
axial cutting tools by 2–6.3 times, and die tools by
1.9–2.1 times compared to standard tools (Table 1).

Production tests at JSC UEC-Perm Motors have
shown that domestically produced taps after combined
hardening (HTC + THCT) have higher cutting prop-
erties than taps from the German company TITEX
PLUS. As a result of studying at this enterprise the
influence of regrinding of combined-processed taps
on their service life (Table 2), the following was estab-
lished: (1) after each regrinding of tools, the average
number of nuts (870–1320 items) made with com-
bined-hardened taps significantly exceeds the number
of nuts (50–60 items), made with standard taps;
(2) the maximum durability indicators for all tested
combined processed taps (1560–2002 nuts) do not
depend on the number of regrinds, and they exhibit
higher operational durability with high-quality
regrinding of taps. A comparative analysis of the test
results of metalworking tools (see Table 1) [6, 7]
showed that cutting tools subjected to combined pro-
cessing using the HTC and THCT methods, as a rule,
are superior in durability to similar tools processed
only by one of these methods.

Owing to their high competitiveness, in compari-
son with foreign tool companies, combined hardened
steel metalworking tools (HTC + THCT) have found
widespread use at Russian enterprises: FSUE MMPP
Salyut, JSC NPO Lavochkina, JSC UEC-Perm
Motors, JSC NPO Energomash, Public Joint Stock
Company UFA Engine Manufacturing Association,
OJSC MKB Iskra, JSC DUKS. The total economic
effect from the use of combined hardened steel cutting
and stamping tools amounted to about 518 100 US
dollars.

As a result of industrial testing of steel tools
strengthened by the combined technology (HTC +
THCT), the following conclusion was made: (1) the
combined processing technology is universal in
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
nature: applicable for cutting and stamping tools of
any type and size, made from various grades of steel;
(2) when combining the two processes of HTC and
THCT, a higher effect of hardening steel cutting tools
is achieved than when processed by one of these pro-
cesses; (3) since the combined technology maximizes
the structural strength of steels, it is most effective for
tools experiencing large static and impact loads: for
small-sized, long, thin cutting and impact-stamping
tools, as well as those used for roughing and intermit-
tent cutting; (4) the combined technology signifi-
cantly increases the durability of tools when cutting
and forming heat-resistant, stainless, titanium, and
other difficult-to-cut alloys, as well as steels with
increased hardness (up to 45–48 HRC); (5) combined
processed cutting tools can be operated at speeds and
feeds exceeding the standard by 58%; (6) the durability
indicators of combined hardened tools used for rough
machining are, as a rule, higher than for finishing; (7)
the surface quality of products machined with tools
strengthened by combined processing is higher than
that of tools without this treatment.

CONCLUSIONS

1. The technology of combined processing by car-
rying out hardening thermal cycling treatment (HTC)
of steel tool blanks and thermo-hydro-chemical treat-
ment (THCT) of already finally manufactured tools is
the simplest, highly productive, and effective method
of volumetric-surface hardening of steel metalworking
tools. The effect of volumetric hardening of tools is
achieved through the formation of a highly alloyed,
finely ground, and composite structure throughout
the entire volume of a steel matrix; the effect of surface
hardening of steel tools is created by applying solid-
lubricating nanostructured coatings, the formation of
a compositional structure in them, and the formation
in a sublayer of a field of high (470 MPa) compressive
stresses.

2. Production tests have shown that, as a result of
combined hardening treatment (HTC + THCT) of steel
 15  No. 4  2024
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tools, the durability of taps increased by 3–20 times, the
durability of other axial cutting tools increased by 2–
6.3 times, and the durability of die tools increased by
1.9–2.1 times compared to standard tools. The total
economic effect from the industrial use of combined
hardened steel metalworking tools amounted to about
518 100 US dollars.
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