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Influence of heat treatment on the structure and wear resistance
at abrasive wearing of high-carbon chromonickel steel of
150H15NSVM type

The article is devoted to the improvement of heat treatment regimes of steel 150H15N5VM type to ensure the necessary
operational characteristics of the tool. The wear resistance of the alloys during abrasive wear was studied by the method
of friction against a fixed abrasive. Formation of different structural states was performed by annealing of cast steel at
temperatures of 550-900 °C, as well as quenching from temperatures of 950—-1100 °C, followed by tempering in the
range of 550-850 °C. The structure of the steel was studied by optical metallography and the morphology of the wear
surfaces — by scanning electron microscopy.

As a result of research, it was established that high-chromium steel with nickel addition in the cast state has increased
stability of retained austenite. To obtain maximum hardness, cast steel should be heated in the temperature range of
740 ... 790 °C for 2 ... 4 hours. As a result of annealing and following quenching with tempering, two variants of the
structural state with increased wear resistance are formed — martensite and retained austenite immediately after tem-
pering and the products of tempering of martensite and decay of retained austenite at high tempering. Wear resistance
increases with increasing of quenching temperature. The main mechanism of wear is microcutting of the surface by
hard abrasive particles. The drop in wear resistance at tempering temperatures of 550-650 °C is a consequence of a
decrease in hardness and is accompanied by changes in the micromechanism of the wear surface destruction — the ap-
pearance of local centers of destruction. A significant increase in wear resistance with a further increase in tempering
temperature, especially at small specific loads, can be explained by the formation of special carbides of alloying ele-
ments in the matrix.

Keywords: abrasive wear, high-carbon chromium-nickel steel, annealing, quenching, tempering, wear resistance,

specific load, special carbides.

ntroduction. Quality and reliability characteristics are

the main requirements for wear-resistant parts, for

the manufacturing of which cast wear-resistant alloys

retain a dominant role. Simultaneously with the grow-
ing demand for such alloys, increased requirements for
physical and mechanical properties, dimensional accu-
racy, durability and other quality indicators are applied
[1,2].

According to [3-5], abrasive wear is one of the most
common types of surface degradation of materials in the
conditions of hydraulic mining, hydraulic transportation
and beneficiation of coal, and the operation of equipment
in the mining, cement, and energy industries. Abrasion-
resistant material must have certain mechanical and
technological properties, and in some cases, erosion and
corrosion resistance. The ability of the material to resist
wear is a structure-sensitive characteristic and depends
on the structure, which is determined by the chemical
composition and heat treatment [6—7]. The structural fea-
tures of material’s resistant to abrasive environments in-

clude, first of all, the necessity to obtain a heterogeneous
structure consisting of hard inclusions located in a tough
base (matrix) that has sufficient damping characteristics
[8—11]. An important factor that determines the material's
resistance to wear is the nature of the connection of indi-
vidual components of microstructure. Hard inclusions are
firmly held by the matrix only if the type and dimension
parameters of their crystal lattices are close. Therefore,
research to identify the features of the formation of the
structure of wear-resistant alloys during heat treatment is
of great importance.

Formulation of the problem. High-chromium high-
carbon steels are widely used for the production of wear-
resistant parts. To improve their operational properties,
they are subjected to a special heat treatment, which
consists in quenching followed by tempering.

Since nickel, when introduced into steel, increases its
hardenability, toughness, as well as the stability of aus-
tenite, it can be assumed that its addition to high-chro-
mium high-carbon steel will provide the improvement in
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the complex of product properties, primarily due to an
increase in the toughness of the matrix alloy. An increase
in the energy dissipation during wearing can be achieved
by the formation of a structurally unstable state in the
matrix (steels with metastable austenite) or the formation
of austenite with a high capacity for strengthening dur-
ing shock-abrasive wear (as occurs in high-manganese
steels such as Hadfield steel). A debatable issue is the
possibility of using the effect of deformation martensite
formation in the process of predominantly abrasive wear,
when the specific value of mechanical energy applied to
the wear surface is relatively small [12—15].

Taken into account the lack of information on such
effect of nickel on the properties of tool steels, it is nec-
essary to study its effect on the processes of structural
transformations in steels. The purpose of this work is to
study the influence of heat treatment parameters (time
and temperature) of steel 150H15N5VM type on its struc-
ture and properties to improve the heat treatment regime
of steel to ensure the necessary operational characteris-
tics of the tool.

Investigation material and methodology. Cast steel
50H15N5VM (1.46...1.54 % C,14.5..15.5% Cr,4.6..5.4
% Ni, 0.4...0.8 % Mo and W) was taken as an object of
research. The diameter of the cast ingot was 300 mm.
For investigation, samples with a diameter of 20 mm and
a height of 30 mm were cut out by the method of elec-
troerosion processing. Then the samples were heated to
temperatures of 550, 650, 750, 790, 830, 900 °C and for
one, two, and four hours in electric resistance furnaces
of the SNOL type. At the second stage of research, the
same steel was subjected to heat treatment in the state
after previous high-temperature annealing at 1100 °C. To
form a different structural state, quenching was carried
out with heating temperatures of 950, 1025, 1100 °C with
cooling in oil followed by tempering at temperatures of
550, 650, 750 and 850 °C.

The microstructure was studied using a Neophot 21
microscope at magnifications of x 100, x 200, x 500,
x 1000. Pictures were taken with a digital camera with a
resolution of 5 MP, and the digital image was processed
using the ScopePhoto software. Morphology of the wear
surfaces were investigated with using of scanning mi-
croscopy technique in backscatteres electrone image
mode. Hardness was measured by the Rockwell method
on a TK-2 device, microhardness was measured on a
PMT-3 microhardness tester with a load of 0.5 N. The
wear resistance of alloys during abrasive wear was in-
vestigated by the method of friction against a fixed abra-
sive using the "pin-shaft" kinematic scheme at specific
loads of 3.66 N/cm?, 7.3 N/cm?, 14.5 N/cm?. The scheme
of the installation for tests on abrasive wear is shown in
Fig. 1.

A vertical cylindrical sample (2) of the tested mate-
rial is brought into contact with the abrasive material (5)
mounted on a horizontal shaft (1), which rotates at a con-
stant angular velocity, through the contact surface (4).

The sample (2) is fixed on the loading head (6), the
elastic fastening of which ensures the adaptation of
the sample (2) in relation to the abrasive surface (5) of
the shaft (7), which ensures the stability of the nominal
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m Scheme of the installation for tests on abrasive wear

contact area of the sample. The device (7) ensures the
movement of the sample parallel to the longitudinal axis
of the shaft (7). Axial normal load is provided by loads 8.

The quantitative characteristic of the wear resistance
of each sample was determined from the ratio:

I =LIm, (1)

where | _—is the mass wear resistance, L, —is the length
of the friction path during tests, m — is the decrease in
the mass of the sample during friction along the L, path.
For the convenience of the analysis, the relative wear
resistance y,, was also determined by the formula:

P =
Wig = m/" m 100, %, (2)

m

where I/ — is the wear resistance of the tested sample,
19 — is the wear resistance of the reference sample, as
the sample after homogenizing (high-temperature) an-
nealing was used.

Obtained results and discussion. In the cast state,
steel 150H15N5VM has a structure formed by an auste-
nitic matrix with eutectic carbides. A typical microstruc-
ture is shown in Fig. 2.

When cast steel samples are heated to temperatures
of 550...650 °C and held for 1...2 hours, no visible struc-
tural changes occur, the austenite matrix remains stable.

Noticeable changes in the structure are ob-
served when the heating temperature is increased to
750...790 °C. The main process is the transformation of

m Structure of cast steel 150H15N5VM, x 100
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a, x200

b, x1000

m Morphology of the steel matrix after heat treatment: a — exposure at a temperature of 790 °C for 4 hours; b — exposure

at a temperature of 830 °C for 1 hour

austenite with the formation of acicular structures. The
obtained structure is the result of shear transformation
of the austenite matrix into ferrite with the simultaneous
formation of carbides, so it can be classified as a bainite
type structure.

The development of the transformation depends on
the exposure time. With exposure for one hour, the aus-
tenite decay process is not visually recorded, with an in-
crease in exposure to two hours, the appearance of nee-
dle-like ferrite crystals in the central part of the austenite
grains is noted, with a further increase in the exposure
time, the decay process begins to cover areas close to
the grain boundaries.

A further increase in the heating temperature to
790 °C does not lead to a change in the type of structure;
it is formed by an austenitic-bainite matrix with the allo-
cation of large eutectic carbides along the grain bounda-

ries. Dispersed carbides are formed inside the grains,
which are released during the transformation of austen-
ite (Fig. 3a).

However, a further increase in the exposure tempera-
ture to 830 °C leads to a qualitative change in morphol-
ogy. Even after relatively short exposure times (1 hour),
the needle-like morphology in the alloy matrix disap-
pears (Fig. 3b). This may be related to the development
of recrystallization processes in ferrite, formed after the
decay of austenite.

Structural changes during heat treatment are also ac-
companied by a change in the hardness of steel. Table
1 shows the values of microhardness of structure com-
ponents, and Table 2 shows the hardness of steel after
various treatment modes.

It can be seen from the given data that the process
of austenite decay is accompanied by an increase in the

Table 1
Microhardness of the structural components of the studied steel, N/'mm?
Temperature of heating, °C
Structure component
750 790
Center of matrix grain 3210230 30321308
Near-boundary regions of matrix grain 43151264 4720+361
Eutectic regions 4220+176 4290+324
Table 2
Hardness of steel after different heat treatment regimes
Hardness, HRC
Temperature of heating, °C
Exposure time 1 hour Exposure time 4 hour

550 34...38 -

650 37...39 -

750 36...38 46...48

790 37...40 44...46

830 36...39 39...43

900 32...33 -
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Table 3

Hardness of steel after homogenization and subsequent hardening and tempering, HRC

Temperature of quenching, °C
Temperature of tempering, °C
950 1025 1100
Without tempering 59 59 49
550 36 38 38
650 31 30 31
750 40 39 44
850 50 47 46

hardness of the steel, while the microhardness of the
eutectic component remains almost unchanged, and the
change in total hardness is related to the processes oc-
curring in the matrix.

Analysis of the effect of heating steel in the cast
state showed that it is characterized by a fairly high sta-
bility of retained austenite and the hardness of steel in
the entire temperature range remains low enough to be
used as a material resistant to abrasive wear. There-
fore, at the next stage of research, the samples were
subjected to high-temperature homogenizing anneal-
ing followed by quenching in oil. Conducting high-tem-
perature annealing affects the nature of the change in
hardness during subsequent hardening and tempering.
This is due to homogenization of the solid solution and
a decrease in the degree of dendritic liquation. The de-
pendence of hardness on the heat treatment regime is
shown in Table 3.

The data show that homogenization leads to an in-
crease in hardness during subsequent quenching from
temperatures of 950 and 1025 °C. This is due to the fact
that at these temperatures complete dissolution of car-
bide phases formed in the process of preliminary homog-
enization annealing does not occur. The degree of alloy-
ing of the solid solution at the heating temperature for
quenching is relatively low, which leads to a fairly com-
plete martensitic transformation. Increasing the quench-
ing temperature to 1100 °C intensifies the processes of
dissolution of carbides, which increases the stability of
austenite and increases its content in the structure after
quenching. This leads to a decrease in hardness.

The quenching temperature range of hardened steel
studied in the paper was chosen based on the data ob-
tained during the study of the influence of the heating
temperature on the structure of the steel in the cast state.
Data from table 2 and table 3 show that the tendency
to increase hardness when heating the samples, previ-
ously subjected to quenching, in the temperature range
of 750...850 °C, found in cast steel, remains. At the same
time, the higher the quenching temperature, the lower
the hardness, which may be associated with an increase
in the stability of austenite and a slowdown in its decay
during processing.

Thus, by changing the temperature of quenching and
tempering, it is possible to change the hardness and struc-
ture state of steel within wide limits. However, not only
the phase and structure composition changes, but also
the properties of the structure components themselves.
Therefore, in highly alloyed steels with increased austen-
ite stability, the relationship between hardness and wear
resistance is complex. The values of the relative wear re-
sistance of samples hardened at temperatures of 950,
1025, and 1100 °C at different specific loads are shown in
Tables 4...6, respectively. It can be seen from the tables
that the maximum wear resistance is observed not only
after quenching, but also after tempering at 850 °C, while
the degree of manifestation of the effect depends on the
specific load. This trend is even more pronounced when
the temper temperature increases to 1100 °C. Table 5
shows that relative wear resistance firstly decreases with
increasing tempering temperature, and then begins to in-
crease. It also decreases with increasing specific load.

Relative wear resistance of steel after homogenization and quenching from 950 °C revle
3,66 N/cm? 7,3 N/cm? 14,5 N/cm?
Temperature of tem- I
pering, °C \Vi,o Vip = mlo m 100
m
Without tempering V., +44 % +12 % +17 %
550 Voo +70 % 0% -32 %
650 (T -56 % -64 % -60 %
750 (T -47 % -56 % -51 %
850 Vieo -33% -44 % -38 %
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Relative wear resistance of steel after homogenization and quenching from 1025 °C raole ©
3,66 N/cm? 7,3 Nlcm? 14,5 N/cm?
Temperature of tem- i 0
pering, °C Vio Vo= Im ;Im 100
: L
Without tempering Y, +181 % +41 % +15 %
550 WVaio -16 % -33% -36 %
650 T -56 % -65 % -60 %
750 Voo -48 % 57 % -53 %
850 Waeo +301 % +7 % 1%
Table 6
Relative wear resistance of steel after homogenization and quenching from 1100 °C
3,66 N/cm? 7,3 Nlcm? 14,5 N/cm?
Temperature of tem- i 0
pering, °C WYio Vo= Im ;Im 100
, L
Without tempering V., +230 % +49 % +28 %
550 Vsio +60 % -10 % -22 %
650 Vo -40 % -54 % -51 %
750 Waso +181 % +22 % 1%
850 Yoo +125 % +19 % -36 %

Additional information on the features of the influence
of the structural state can be obtained from the analysis
of the morphology of the wear surface. The research was
carried out on the surface of the samples that passed the
abrasive wear test with the maximum specific load. The
microstructure of the tested samples is shown in Fig. 4.

The morphology of the wear surfaces is shown in
Fig. 5. The research was carried out by the method of
scanning electron microscopy on a JEOL 640 micro-
scope in the mode of backscattered electrons, in which
the contrast is created both due to the relief and due to
the difference in the atomic numbers of the elements that
form the material.

From the comparison of Figures 4 and 5, it can be
seen that despite the significant difference in the micro-
structure of the samples, there is no direct relationship
between the type of microstructure and the structure of
the wear surface. The relationship between hardness
and wear resistance is traced, which is quite trivial. At
high specific loads, the main mechanism of destruction
is microcutting of the surface of the sample by abrasive
particles. The cutting marks pass through both the rela-
tively soft matrix and the harder carbide eutectic without
changing the geometry. Therefore, an increase in hard-
ness leads to a more difficult cutting process and an
increase in wear resistance. However, comparing the
appearance of the surface of samples with maximum
(Fig. 5 a, b, ¢) and minimum (Fig. 5 d, e, f) wear resistance,

it can be concluded that with a decrease in resistance, in
addition to relatively uniform cutting of the material, the
depth of cutting abrasive particles penetration increases
and the formation of destruction centers begins (Fig. 6).
It can be seen in Fig. 6a that during microcutting, when
passing from the matrix to the area of carbide eutectic,
the material retains integrity, while in a softer state, numer-
ous fracture centers are formed on the traces of cutting
(Fig. 6b). The mechanism of the appearance of fracture
sites in a material with lower hardness, while the struc-
tural state with higher hardness does not lead to the ap-
pearance of local fracture foci, requires further research.
However, it can be assumed that this is due to a sharp de-
crease in the strength limit of the matrix material due to the
transformation of quenching structures during tempering.

Conclusions

High-chromium steel with the addition of nickel in
the cast state has increased resistance of retained aus-
tenite. To obtain maximum hardness, cast steel should
be heated in the temperature range of 740 ... 790 °C
for 2 ... 4 hours. As a result of annealing and quench-
ing with tempering, two variants of the structural state
with increased wear resistance are formed — martensite
and retained austenite immediately after quenching and
the products of tempering of martensite and decay of re-
tained austenite at high tempering.
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¢) quenching 1100 °C

h) quenching 950 °C, tempering 850 °C i) quenching 1025 °C, tempering 850 °C j) quenching 1100 °C, tempering 850 °C

m Effect of hardening and tempering on the steel structure 150H15N5VM, x1000

20kV X500 50pm 0410 1164 BEC

a) quenching 950 °C, relative wear resistance  b) quenching 1025 °C relative wear resistance ~ ¢) quenching 1100 °C relative wear resistance
+17 % hardness 59 HRC +15 % hardness 59 HRC +28 % hardness 49 HRC

ok ¢ 00 44
d) quenchmg 950 °C, tempermg 650 °C relative  €) quenching 1025 °C, tempenng 650 °C relative f) quenchlng 1100 °C, tempenng 650 °C relative
wear resistance -60 % hardness 31 HRC wear resistance -60 % hardness 30 HRC wear resistance -51 % hardness 31 HRC

h) quenchlng 950 °C, tempenng 850 °Crelative i) quenching 1025 °C, tempermg 850 °Crelative j) quenchlng 1100 °C, temperlng 850 °C relative
wear resistance -38 % hardness 50 HRC wear resistance -1 % hardness 47 HRC wear resistance -36 % hardness 46 HRC

m The influence of quenching and tempering on the morphology of the wear surface of steel 150H15N5VM, x500
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a) quenching 1025 °C relative wear resistance
+15 % hardness 59 HRC

b) quenching 1025 °C, tempering 650 °C relative
wear resistance -60 % hardness 30 HRC

m Changes in the morphology of the wear surface of steel 150H15N5VM with a decrease in hardness and wear resistance,

%3000

After high-temperature annealing and following
quenching at temperatures in the range of 950...1100 °C,
the hardness of the steel increases compared to the cast
state. Wear resistance increases as the quenching tem-
perature increases, but as the specific load increases,
the degree of increase in wear resistance decreases.

Tempering of steel in the temperature range of
550...650 °C leads to a sharp drop in wear resistance,
which is accompanied by changes in the micromecha-
nism of the wear surface destruction — the appearance

NITEPATYPA

of fracture centers. At the same time, the degree of influ-
ence of the structural state on the wear resistance in-
creases with a decrease in the specific load during abra-
sive wear.

A significant increase in wear resistance with a fur-
ther increase in tempering temperature, especially at low
specific loads, can be explained by the formation of spe-
cial carbides of alloying elements in the matrix, but this
mechanism requires further research.
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AHoTauin

TexHiuHul YHisepcumem «MemiHgecm [MonimexHikay» (3anopixxs,
YkpaiHa)

Bnnue TepMiuHOi 06POOKM Ha CTPYKTYPY Ta 3HOCOCTINKICTL NPU abpa3MBHOMY 3HOLLYBAHHI
BMCOKOBYrneLieBoi XxpomoHikenesoi ctani tuny 150X15H5BM

CTartTIo NpMCBSIHEHO BAOCKOHAIEHHIO PEXMMIB TepMoobpobku ctani tury 150X15H5BM a5 3abe3neqyeHHs] HeOOXiaHNX eKC-
nnyarauiviHnx XxapakTepucTUK iHCTPYMEHTY. 3HOCOCTIViKICTb crinaBiB npu abpa3nBHOMY 3HOLLYBaHHI AOCAXyBai METOA0M
TEepTs 00 3akpinneHnii abpasus. @opmMyBaHHS PI3HOIr0 CTPYKTYPHOIrO CTaHy BUKOHYBAJIOCS LLJISIXOM BifnaJty MToi cTasi npu
Temneparypax 550-900 °C, a Takox raptyBaHHsIM Bia Temnepatyp 950—1100 °C 3 HacTyrnHuM Bifrnyckom B iHTepBasi 550—
850 °C. CTpykTypy cTasni 4ocaiaxysBaim MetToaamMu ornTu4Hoi meTanorpaii, Mopgoorio NnoBepxoHb 3HOLLYBaHHS — METoAa-
MU PacTpOBOI €/1eKTPOHHOI MIKPOCKOTTIi.

B pe3synbTati gocniaxeHb BCTaHOBIEHO, L0 BUCOKOXPOMUCTA CTaslb 3 400aBKOIO HIKEJTIO B INTOMY CTaHi Ma€e niaBuLLIeHy CTil-
KICTb 3a/IMLLKOBOIro ayCTeHITy. [ OTpUMaHHsI MakCumasibHOI TBepPLAOCTI INTY CTaslb CAi4 niggaBaty HarpiBaHHIO B IHTEp-
Basii Temneparyp 740 ... 790 °C npotsrom 2 ... 4 roavH. B pe3ynetarti Bignany i 3araptyBaHHS 3 BiArmyCKOM (OPMYIOTbCS ABa
BapiaHTV CTPYKTYPHOIro cTaHy 3 MiABULLIEHOIO 3HOCOCTIMKICTIO — MapTEHCUT i 3aULLIKOBUI ayCTeHIT 6e3rnocepenHbo ricssi
raprty i npoAyKTY BiAnycKy MapTeHCUTY i pO3naay 3a/IMLIKOBOIro ayCTeHITy rnpy BUCOKOMY BiarycKy. S3HOCOCTIViKICTb 3pocTae
3 niABULLIEHHSIM Temrepartypu raptTyBaHHS. OCHOBHUM MEXaHi3MOM 3HOLLYBaHHSI € MIKPOPI3aHHSI MoBEepPxHi TBepAnMu abpa-
3uBHUMY YacTkamu. NaaiHHs 3HOCOCTIKOCTI npu Temneparypax Bianycky 550-650 °C e HacnigkoMm 3HUXEHHS] TBepAOoCTi i
CYrnpOBOAXYETbCS 3MIHAMU Y MIKPOMEXaHI3MI PYVIHYBaHHS MOBEPXHI 3HOLLYBaHHS — 0SIBi JIOKaJ/IbHUX OCEPELKIB PYVIHYBaHHSI.
3HayHe 3pocTaHHs 3HOCOCTIVIKOCTI NMpy noAasbLIOMY MiABULLIEHHI TEMNepaTypu BiarycKy, 0COB/IMBO Pyl HEBETNKUX MATOMUX
HaBaHTaXEHHSIX, MOXe rMOsICHIOBAaTUCS POPMYBaHHSIM B MATPUL crieLiasibHuX kapbigiB 1eryioqymx es1eMeHTIB.

AbBpa3nBHEe 3HOLLIYBaHHSI, BUCOKOBYI/IeLIeBa XPOMOHIKesneBa CcTasb, Bianas, rapTyBaHHS, Bid-
rnyckK, 3HOCOCTIVKICTb, MATOME HaBaHTaXeHHS, criewliasibHi kapoiau.
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