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The aim of this work was to determine the impact of various heat-treatment processes and parameters on the substrate hardness
and fracture toughness combination and subsequently on the wear properties and subsurface deformation of coated tool steel
under dynamic impact loading.

Powder-metallurgy steels used as a substrate material were vacuum heat treated under six different conditions and combined
with deep cryogenic treatment and nitriding with the aim to modify the hardness and fracture toughness. A TiAIN monolayer
with 2-pm thickness was used for all the substrates. In order to evaluate the impact failure of the coating a ball-on-plate impact
fatigue test was designed and used. It was shown that the use of a cryogenic treatment can increase the fracture toughness from
10 % up to 67 % while maintaining the same hardness for some cold-work tool steels, when on others it can have a negative
effect. Regarding the static load-carrying capacity, the most important feature of the substrate is its hardness, which at working
hardness of 63-64 HRc already provides good static load-carrying capacity of the coated substrate. The increased fracture
toughness achieved by the deep cryogenic treatment can at very high and/or very low hardness of the substrate have a negative
impact on the dynamic wear properties of the coated surfaces. On the other hand, in the case of vacuum heat treatment that
ensures an adequate working hardness of 63—64 HRc, the deep cryogenic treatment improves the impact wear resistance of
coated surfaces.
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Cilj raziskave je bil dolociti vpliv razli¢nih toplotnih obdelav in parametrov na trdoto in lomno Zilavost ter posledi¢no na
obrabno odpornost in podpovrsinsko deformacijo oplascenih orodnih jekel pri dinami¢nem udarnem obremenjevanju.

Jekla, izdelana na osnovi prasne metalurgije, so bila toplotno obdelana s Sestimi razli¢nimi parametri toplotne obdelave v
kombinaciji s kriogenskim podhlajevanjem in nitriranjem z namenom spreminjati njihovo trdoto in lomno Zilavost. Na jekla je
bila naneSena trda prevleka TiAIN z debelino 2 um. Da bi ocenili odpornost prevlecenega jekla na udarno obremenjevanje so
bili naértovani in izvedeni udarni testi s pomocjo kroglice. Rezultati so pokazali, da lahko pri nekaterih jeklih kriogensko
podhlajevanje poveca lomno Zilavost od 10 % do 67 % ob nespremenjeni trdoti. Najpomembnejsa lastnost podlage je njena
trdota, ki pri trdoti 63—64 HRc Ze zagotavlja dobro staticno nosilnost oplas¢ene podlage. Povecana lomna Zilavost, dosezena z
globoko kriogensko obdelavo, lahko pri zelo visoki in/ali zelo nizki trdoti podlage negativno vpliva na dinami¢ne obrabne
lastnosti oplascenih povrSin. Po drugi strani pa, v primeru toplotne obdelave, ki zagotavlja zadostno trdoto (63—-64 HRc),
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globoka kriogenska obdelava izbolj$a udarno obrabno odpornost oplasc¢enih povrsin.

Kljuc¢ne besede: toplotna obdelava, lomna Zilavost, trdota, obraba, trda prevleka

1 INTRODUCTION

The metal-processing industry is constantly faced
with demands for greater productivity and lower costs,
which requires better sustainability of tools and the use
of different material-modification techniques. With the
use of new materials (HSS and AHSS), tools are even
more exposed to very demanding contact conditions,
including high impact loads, high contact pressures,
elevated temperatures and high wear. The processing of
harder materials puts a lot of stress on the contact
surfaces, exposing them to a combination of cyclic,
mechanical, chemical and tribological loads, which can

*Corresponding author's e-mail:
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result in fatigue, chipping and wear of the tool.'-? In
order to face all those problems a variety of approaches,
from changing tool material and heat treatment, different
geometry, design, manufacturing parameters and work
material, can be applied.>* Although each of those
parameters has its role, the largest impact comes from
the tool material and its microstructure. The most used
material in precision punching tools is nowadays based
on powder-metallurgy (P/M) steels. P/M steels, which
have fine and uniform microstructure, in some cases
could have a higher toughness but lower abrasion resist-
ance than conventionally produced steel.” Tools are
normally heat treated to obtain a microstructure of tem-
pered martensite in a uniform distribution of carbides,
which enable sufficient fracture toughness at the working
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hardness and acceptable wear resistance.® A problem
with lower abrasion resistance is usually solved by the
use of techniques of surface modification, and to a
limited extent also with the application of hard coat
ings.”? It is illusory to expect that merely hard coating
deposition will solve the abrasion resistance. Since
applied hard coatings are normally very thin and brittle,
the majority of the contact load is carried by the sub-
strate material. In order to achieve the right load-carrying
capacity of the substrate material, it must reflect high
hardness and at the same time, sufficient fracture tough-
ness. This can be achieved by using different heat-treat-
ment processes and parameters, which have an influence
on the microstructure of a tool steel and therefore on its
mechanical and tribological properties.!® Especially
vacuum heat treatment, deep cryogenic treatment and
pulse plasma nitriding have shown very positive effects
on the performance of high-speed steels.!'-'> If the
substrate is not hard enough to carry the load, elastic and
plastic deformation will occur in the substrate under the
contact, leading to the failure of the coating. Therefore,
on a harder substrate, a higher contact loading can be
applied without the coating failure due to fracture,
spalling or delamination.'® However, the fracture tough-
ness and resistance to crack initiation and propagation of
the substrate are equally if not more important than the
hardness and wear resistance.'’° Combining those pro-
perties is therefore essential to ensure the load-carrying
capacity and wear resistance of the substrate.

The aim of our work was to investigate the influence
of different vacuum heat-treatment parameters, a combi-
nation of deep cryogenic treatment, nitriding and
HRc/K,. ratio on the dynamic wear properties of two
coated cold-work tool steels and one high-speed steel.

2 EXPERIMENTAL PART
2.1 Material, heat treatment and coating

Three different materials produced by powder-metal-
lurgy methods were used for this investigation. Two
materials denoted as A and B were from cold-work tool
steel, and one from high-speed steel, denoted as C. The
chemical composition is shown in Table 1.

Table 1: Chemical composition (in w/%) of used powder-metallurgy
steels

Material| C Si | Mn | Cr | Mo \ w Co
A 0.85 ] 0.55]0.40 | 4.35]2.80 | 2.10 | 2.55 | 4.50
B 2.47 1 0.55 ] 0.40 | 4.20 | 3.80 | 9.00 | 1.00 | 2.00
C 1.64 1 0.60 | 0.30 | 4.80 | 2.00 | 4.80 |10.40| 8.00

In order to give three different relationships between
the fracture toughness (Kic) and the hardness (HRC), the
vacuum heat-treatment parameters were chosen to
achieve the maximum hardness of the substrate (denoted
as treatment 1), the maximum toughness hardness (de-
noted as treatment 2) and a maximum ratio of fracture
toughness at the working range hardness (denoted as
treatment 3). The heat-treatment parameters were chosen
according to the existing tempering charts.

Additionally, some heat treatments of samples A, B
and C were combined with a deep cryogenic treatment in
such a way that the samples were first heated to the
austenitizing temperature, and hardened with a stream of
gaseous nitrogen at a pressure of 5 bar followed by
immediate controlled sub-cooling of the material in
liquid nitrogen at a temperature of —196 °C for 25 h. On
the other hand, for samples C a combination of vacuum
heat treatment and plasma nitriding was also chosen and
denoted with the letter N. Nitriding in plasma was
carried out for 2 h at 520 °C in 5 % N,-95 % H,. The
temperatures, time of austenitization and tempering and

Table 2: Temperatures, time of austenitization and tempering for material A

Heat treatment
Treatment Austenitization Hardening Undercooling Tempering

Al 1130 °C/6 min Ny, 5 bar - 2x2 h/520 °C + 1x2 h/500 °C
A2 1070 °C/20 min Ny, 5 bar - 2x2 h/585 °C + 1x2 h/555 °C
A3 1100 °C/20 min Ny, 5 bar - 2x2 h/500 °C + 1x2 h/470 °C

Al-U 1130 °C/6 min N,, 5 bar —196 °C/25 h 1x2 h/520 °C

A2-U 1070 °C/20 min N,, 5 bar —196 °C/25 h 1x2 h/585 °C

A3-U 1100 °C/20 min N,, 5 bar —196 °C/25 h 1x2 h/500 °C

Table 3: Temperatures, time of austenitization and tempering for material B

Heat treatment

Treatment Austenitization Hardening Undercooling Tempering
B1 1180 °C/6 min N>, 5 bar - 2x2 h/540 °C + 1x2 h/510 °C
B2 1180 °C/6 min N», 5 bar - 2x2 h/500 °C + 1x2 h/470 °C
B3 1180 °C/6 min N», 5 bar - 2x2 h/560 °C + 1x2 h/530 °C
B1-U 1180 °C/6 min Ny, 5 bar —196 °C/25 h 1x2 h/540 °C
B2-U 1180 °C/6 min Ny, 5 bar —196 °C/25 h 1x2 h/500 °C
B3-U 1180 °C/6 min Na, 5 bar —196 °C/25 h 1x2 h/560 °C
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Table 4: Temperatures, time of austenitization and tempering for material C

Heat treatment
Treatment | Austenitization | Hardening | Undercooling Tempering Nitriding

Cl 1180 °C/2 min N», 5 bar - 2x2 h/530 °C + 1x2 h/500 °C -

C2 1030 °C/20min N,, 5 bar - 2x2 h/570 °C + 1x2 h/540 °C -

C3 1100 °C/20 min | N, 5 bar - 2x2 h/560 °C + 1x2 h/530 °C -
Cl-U 1180 °C/2 min N, 5 bar —196 °C/25 h 1x2 h/530 -
C2-U 1030 °C/20 min | N, 5 bar —196 °C/25 h 1x2 h/570 °C -
C3-U 1100 °C/20 min N,, 5 bar —196 °C/25 h 1x 2 h/560 °C -
CI-N 1180 °C/2 min N», 5 bar - 2x 2 h/530 °C 2 h/520 °C 5 % N»-95 % H,
C2-N 1030 °C/20 min | Ny, 5 bar - 2x 2 h/570 °C 2 h/520 °C 5 % N2-95 % H,
C3-N 1100 °C/20 min | N, 5 bar - 2x2 h/560 °C 2 h/520 °C 5 % N»-95 % H,

combinations of treatments for material A are presented
in Table 2, for material B in Table 3 and for material C
in Table 4.

As a hard protective coating a TiAIN monolayer with
a hardness of 3300 HV0.05 (measured by nano-indenta-
tion — Fischerscope H100C) was deposited using a PVD
procedure. The coating thickness was approximately
2 um and was deposited on the substrate at a temperature
of =450 °C on polished heat-treated samples (R, = 0.05
—0.10 um) with dimensions of (20 x 20 x 8) mm. Details
of the coating deposition process are given in the paper
of M. Panjan et al.!

2.2 Fracture toughness, hardness, coating adhesion
and impact wear

The fracture toughness was determined with the use
of round, circumferentially notched tensile-test speci-
mens and a fatigue pre-crack in the root of the notch
made in the rotating-bending mode before the heat
treatment.?>>3 The fracture toughness is calculated based
on the measured rapture force and diameter of the in-
stantly fractured part of the specimen. The measurements
of fracture toughness were conducted on at least 12 pa-
rallel K.-specimens. Rockwell C hardness measurements
using an Instron B2000 machine were made on each K.
test specimen. For each sample up to six measurements
were made circumferentially on the widest part of the K.
test specimen.

Adhesion and static load-carrying capacity of coat-
ings applied on the different vacuum heat-treated sub-
strates were determined using the Rockwell C indenta-
tion test. The test is considered a very quick and easy test
of coatings adhesion, which is defined with the standard
VDI 3198.%

In order to evaluate the influence of different vacuum
heat treatments and the HRc/Kj. ratio of the substrate on
dynamic impact wear resistance of the coating ball-on-
plate impact wear test was designed. For this purpose an
Instron 8802 dynamic testing machine was used. In the
dynamic impact tests carried out at room temperature, a
tungsten carbide ball with a diameter of 32 mm was used
as a counterpart, ensuring that most of the wear occurred
on the coated sample. Due to the configuration of the
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machine the ball was fixed during testing, while the
coated plate (20 mm x 20 mm x 8 mm) was impacting
against the stationary ball at a frequency of 30 Hz, as
shown in Figure 1. During the testing the impacting
force was changing in a sinusoidal wave and reached a
peak compressive value of 5.5 kN, which corresponds to
the contact pressure of 3.5 GPa. In the lowest position
the ball and the plate were completely separated with a
gap of =0.5 mm. The duration of the test was limited to
300,000 cycles. For each substrate at least three repeated
tests were performed. To avoid wear and transfer of the
tungsten carbide to the coating surface a new ball and
lithium grease were used for each test. After the test, the
wear of the coating was measured using optical profilo-
metry with an Alicona Infinitefocus G4.

3 RESULTS AND DISCUSSION

3.1 Hardness and fracture toughness

The results of the hardness and fracture toughness for
two different cold-work tool steel (denoted as A and B)
and one from high-speed steel (denoted as C) are pre-
sented in Figures 2 to 4. Figure 2 presents the influence
of different heat treatments on the hardness and the
fracture toughness of the cold-work tool steel with a
lower content of C and a higher content of W. It can be
seen that in the case of the highest austenitizing tempe-
rature (Al; Ta = 1130 °C,) a hardness of 65.8 HRc and a
fracture toughness K. = 6.1 MPa-m!? were achieved. By
reducing the austenitization temperature (A2; Tx =
1070 °C), where the maximum fracture toughness was
expected, a fracture toughness Kj. = 12.7 MPa-m'”? and a

force sensor
impact head

assembly

WC ball

=30k coated tool
steel

Figure 1: Schematic representation and actual impact dynamic testing
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hardness of 59.3 HRc were obtained. In the case of the
heat treatment where the optimal combination of work-
ing hardness and fracture toughness was expected (A3;
Tx = 1100 °C), a hardness of 63.9 HRc and a fracture
toughness Kj. = 10.1-10.2 MPa-m'”? were achieved.

Combining a vacuum heat treatment with a deep
cryogenic treatment in liquid nitrogen for 25 h led to an
increase in the fracture toughness at practically the same
hardness. In the case of the first series of samples
hardened at the highest austenitizing temperature (A1U),
at practically the same hardness of 65.0 HRc, a 25-hour
deep cryogenic treatment in liquid nitrogen increased the
fracture toughness from 6.1 MPa to 10.4 MPa. For the
second series of samples with the lowest austenitizing
temperature (A2U), a 25-hour deep cryogenic treatment
in liquid nitrogen led to an approximately 12 % increase
in fracture toughness, from 12.7 MPa-m'? to 14.2
MPa-m'2, at an even higher hardness of 59.5 HRc. For
the optimal combination of fracture toughness at the
working hardness (treatment A3U), the deep cryogenic
treatment resulted in a 16 % improvement in the fracture
toughness, increasing it from 11.0 MPa-m'? to 12.8
MPa-m'? and in a slight increase in hardness. The effect
of the deep cryogenic treatment on the change in
hardness and fracture toughness, including scatter, is
graphically displayed in a combined HRc/K). diagram in
Figure 2.

Despite the intensive research on cold-work and
high-speed steels that has shown that a deep cryogenic
treatment can lead to an improved material performance,
including fracture toughness and wear resistance, the
cause is still not fully understood, since the authors
reported contradictory results. P. Baldissera et al. suggest
that the improvement obtained by deep cryogenic treat-
ment is mainly contributed to the complete elimination
of retained austenite and the formation of very small
carbides dispersed in the tempered martensitic struc-
ture.? On the other hand, G. Gavriljuk et al. reported that
the full austenite-to-martensite transformation does not
occur in high-carbon steels, with the martensitic transfor-
mation at low temperature being accompanied by plastic
deformation of virgin martensite.?® According to the
B. Podgornik et al. the improved fracture toughness is a
result of the plastic deformation of the primary marten-
site combined with a reduced amount of dissolved car-
bon in the martensite and finer and more homogeneous
carbides precipitation.?’

The same as for the cold-work tool steel A, was also
for the cold work tool steel B with a higher content of C
and V, heat treatment determined so it resulted in the
highest hardness (B1), highest fracture toughness (B2)
and optimal combination of fracture toughness at the
working hardness (treatment B3). With the highest aus-
tenitizing temperature (B1) a hardness of 66.0 HRc and a
fracture toughness of 11.2 MPa-m'? were reached. With
the same austenitizing temperature but lower tempering
temperature (B2) a maximum fracture toughness of 15.0
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Figure 2: Effect of deep cryogenic treatment on the change in hard-
ness and fracture toughness of cold-work tool steel A

MPa-m'? and a hardness of 64.6 HRc were achieved. A
hardness of 64.6 HRc and a toughness of 6.10 MPa-m'?
were achieved with treatment B3.

For material B, combining vacuum heat treatment
with a deep cryogenic treatment in liquid nitrogen for
25 h did not lead to an increase in the fracture toughness.
For treatment B1U the hardness decreased by 2.5 % on
64.3 HRc and the fracture toughness up to 10 %, to
10 MPa-m'2. In the case of treatment B2U, where the
initial fracture toughness was the highest, a 40 % de-
crease was recorded (8.9 MPa-m'?) when combining a
heat treatment with a cryogenic treatment. Treatment B3U,
on the other hand, resulted in a slight increase in the
fracture toughness from 10.6 MPa-m'? to 11.5 MPa-m'?,
but it decreases the hardness to only 63 HRc. As reported
in the paper of B. Podgornik et al., a high volume fraction
of undissolved eutectic carbides (18-20 %) was observed
and related to the neglected effect of plastic deformation
of the primary martensite during the deep cryogenic
treatment.?’” The undissolved eutectic carbides are mainly
of more stable MC type, probably leading to a change in
the precipitation type and kinetics, which might lead to
impairment of the properties when including a deep
cryogenic treatment.?” The results are shown in Figure 3.

For high-speed steel it can be seen (Figure 4) that in
the case of the highest austenitizing temperature (Cl;
T, = 1180 °C,) a hardness of 68.2 HRc and a fracture
toughness Ki. = 7.6 MPa-m!? were achieved. By reduc-
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—3-B3U
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Fracture toughness, Kic[MPa-m?/2]

Figure 3: Effect of deep cryogenic treatment on the change in hard-
ness and fracture toughness of cold-work tool steel B
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ing the austenitization temperature (C2; T4 = 1030 °C),
where the maximum fracture toughness was expected, a
fracture toughness Ki. = 10.0 MPa-m'? and a hardness of
60.8 HRc were obtained. In the case of the heat
treatment where the optimal combination of working
hardness and fracture toughness was expected (C3; T =
1100 °C), a hardness of 64.1 HRc and a fracture tough-
ness Ki. = 8.7 MPa-m!? were achieved.

Combining a vacuum heat treatment with a deep
cryogenic treatment in liquid nitrogen for 25 h did not
lead to a significant increase in the fracture toughness or
hardness. In the case of the first series of samples
hardened at the highest austenitizing temperature (C1U),
at slightly lower hardness 67.7HRc, a 25-hour deep cryo-
genic treatment in liquid nitrogen increased the fracture
toughness from 7.6 MPa-m"? to 8.5 MPa-m"?, which
represents a 10 % improvement in the fracture
toughness. An even lower change was recorded for the
second series of samples with the lowest austenitizing
temperature (C2U), where a 25-hour deep cryogenic
treatment in liquid nitrogen led to an approximately 4 %
increase in the fracture toughness, from 10.0 MPa-m'” to
10.4 MPa-m'2, at a slightly higher hardness of 61.4 HRc.
For the optimal combination of fracture toughness at the
working hardness (treatment C3U), a deep cryogenic
treatment resulted in a less than 5 % improvement in the
fracture toughness, increasing it from 8.7 MPa-m'? to
9.1 MPa-m'? and in a slight increase in the hardness
(from 64.1 HRc to 64.7 HRc). The effect of the deep
cryogenic treatment on the change in the hardness and
the fracture toughness is graphically displayed in a com-
bined HRc/K. diagram in Figure 4. As explained in the
paper of Duh et al. the small effect of the deep-cryogenic
treatment on the hardness and fracture toughness of steel
C can be attributed to the very small volume fraction of
retained austenite in the steel after quenching, but mainly
due to the high volume fraction of undissolved eutectic
carbides, consequently reducing the amount of marten-
site matrix and diminishing the effect of the martensite
plastic deformation and capturing of the immobile
carbon atoms by gliding dislocations during the deep
cryogenic treatment.?®

When combining all three different vacuum heat
treatments with plasma nitriding we observed a surface
hardness increase. The nitriding diffusion zone has a
thickness =65 pum. With the samples with the highest
austenitizing temperature (C1N) additional nitriding
resulted in an increase of the hardness to 1450 HV, s,
wherein the hardness of the base material decreased to
920 HV 05, =67.5 HRc. For the samples with the lowest
austenitizing temperature (C2N) the hardness increased
to 1280 HV, s, while the hardness of the base stayed the
same (722 HVys, =61 HRc). The same was true for the
optimal combination of fracture toughness at the work-
ing hardness (treatment C3N), where for the same
hardness of the base (804 HV, s, =64 HRc) the hardness
of the surface increased to over 1350 HVys. The in-
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Figure 4: Effect of deep cryogenic treatment on the change in
hardness and fracture toughness of high-speed steel C

fluence on the nitriding of the fracture toughness could
not be determined, because of the inadequacy of the
method with a cylindrical specimen having a notch.
From the literature it is known that nitriding deteriorates
the ductility of the surface layer.?®

3.2 Coating adhesion

The comparison of the Rockwell C adhesion test
results for a monolayer TiAIN coating deposited on
differently vacuum heat-treated substrates is shown in
Figures 5 and 6. In general, all the substrates, regardless
of the type of vacuum heat treatment used, either com-
bined with a cryogenic treatment or nitriding exhibit

mA
uB
mC

1 U 1IN 2 2U 2N 3 3U 3N
a) Heat treatmnet

90
80

70
60 -
50 -
40 -

Hardness HRc

30
20 -
10

b)

Figure 5: Influence of heat treatment (1, 2, 3), cryogenic treatment
(U), nitriding (N) and used material (A, B, C) on: a) coating adhesion,
b) hardness (*) — for nitrided samples values are for information only

Heat treatment
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Figure 6: Rockwell C indentation for: a) Al b) C2 and c¢) CIN

good adhesion (HF1 to HF3). None of the samples
reached unacceptable damage level, but there are visible
differences between the different vacuum heat treat-
ments, deep cryogenic treatment and nitriding combina-
tions used.

In general, it can be seen that hardness of the sub-
strate material is the main impact factor. When hardness
is higher than or equal to 64 HRc (Figure Sb), the
adhesion is good with only a network of radial cracks
observed around the indentation (Figure 6a). When, on
the other hand, the hardness is too low, for cold-work
tool steel A and high-speed steel C, also circular cracks
and a small coating delamination can be recorded,
indicating a too low load-carrying capacity of the steel
substrate to be able to support the deposited coating
(Figure 6b).

Combining a vacuum heat treatment with a deep
cryogenic treatment in liquid nitrogen has no influence
on the coating adhesion for cold-work tool steel A. On
the other hand, for cold-work tool steel B, with the use of
a deep cryogenic treatment, the adhesion slightly dete-
riorates when the hardness of the substrate is the highest
(B1U) and the lowest (B2U). This can be explained with
a decrease of the hardness with the use of a deep cryo-
genic treatment.

The best adhesion of the coating was recorded on
cold-work tool steel B and high-speed steel C with heat
treatment 1 and for the high-speed steel C when the
vacuum heat treatment was combined with the nitriding
(Figure 6¢), indicating that the substrate hardness has
the most important role on the adhesion as it provides
sufficient load-carrying capacity of the steel substrate to
support the top coating. This correlates well with the
findings of C. Zhang et al. that the adhesion between the
coating and the substrate increases linearly with the
increase in the substrate hardness.?

In Figure 5b the hardness values for the nitrided
samples are given in Rockwell. Those values were con-
verted from the Vickers measurement and are for infor-
mation only, because the values are out of the conversion
range.

3.3 Impact wear

In Figure 7a the impact wear properties of the inves-
tigated materials are presented in the form of coating
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wear depth as a function of the different substrate heat
treatment. To facilitate the presentation hardness (Figure
7a) and fracture toughness (Figure 7¢) as a function of
different heat treatments are presented. It can be seen
that for all the used materials the hardness of the sub-
strate plays the most important role. It can be seen that
the worst wear was recorded when the heat treatment
resulted in the lowest hardness (treatment 2), regardless
of the used material. The lowest wear was recorded when
the heat treatment gave the highest hardness (treatment
1), with the only exception being high-speed steel C,
where the lowest impact wear was recorded with the
vacuum heat treatment that provided the highest fracture
toughness at the working hardness (treatment C3; 64.1
HRc and K. = 8.7 MPa-m'?). Treatment C2, which has
the lowest hardness overall, resulted in the highest wear
rate among all the investigated samples.

The deep cryogenic treatment, although providing
increased fracture toughness, had a negative impact on
the coating impact wear resistance when combined with
the vacuum heat treatment that provided the maximum
hardness (treatment 1) or the maximum fracture tough-
ness (treatment 2), for all the investigated materials. On
the other hand, for the cold-work tool steel A the vacuum
heat treatment A3, which at working hardness of 63-64
HRc ensures maximum fracture toughness, the deep
cryogenic treatment increases both the hardness and the
fracture toughness and thus has a positive impact on the
dynamic impact wear resistance of the coatings. By
simultaneously increasing the hardness and the fracture
toughness (64.2 HRc and Ki. = 12.4 MPa-m'?), the wear
of the coating decreased by =30 % and became com-
parable to the case of the vacuum heat treatment Al.

For high-speed steel C, combining the vacuum heat
treatment with the nitriding has a positive effect on the
impact wear properties. Introducing nitriding drastically
decreased the impact wear compared to the heat treated
with or without the deep cryogenic treatment (C and
C_U), which can be attributed to the influence of the
increased hardness. When comparing the influence of the
hardness on the impact wear of the nitride samples, the
influence of hardness is still visible. The vacuum heat
treatment that resulted in the highest hardness (C1N),
resulted in the lowest impact wear, and the vacuum heat
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Figure 7: a) Impact wear in dependence of different substrate heat treatment and used steel, b) hardness depending on the heat treatment, c)
fracture toughness depending on the heat treatment

treatment that resulted in lowest hardness (C2N) resulted
in the highest impact wear.

A material’s hardness has long been erroneously used
as a criterion for wear resistance. Two materials having
different microstructures can have identical hardness
values can have significantly different wear rates. This is
clearly seen if we compare samples Al and B1, which
have similar hardness (=66 HRc) but have significantly
different wear rates. As it was reported by Moore et al.,
the material microstructure has a greater influence on the
wear resistance than the bulk hardness.’* Assuming that
the harder the material, the greater the wear resistance is
technically correct, but cannot be used generally. With
some degree of caution, hardness may still be used for
the same chemical compositions of the steel. The results
clearly show that instead of only hardness, the chemical
compositions and the resulting metallurgical structures
should also be taken into account.

With the use of SEM and EDS, all the wear craters
were analysed, which confirmed that for all cases the
main wear mechanism was abrasion. In Figure 8a it can
be seen that the wear is gradual and without any evident
coating cracking or delamination observed inside the
impacted wear scar. If the substrate was too soft to be
able to support the coating, the impact wear could ex-
ceed the coating thickens (Figure 8b). When this
happened, the hardness was again playing a critical role
since the substrates with lower hardness resulted in
higher wear (B2 > B1). Figure 8: SEM micrograph of the wear crater for: a) sample Al, b) C2

15.0kv X800 10;nn— WD 10.0mm

15.0kV X300 1(];1"1_ WD 10.0mm
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Figure 9: Band contrast EBSD map. The bright globular features are
carbides, and the martensitic matrix exhibits poorer diffraction.

To better understand the subsurface deformation,
EBSD studies were performed on selected specimens.
Figure 9 shows the results of EBSD mappings of the

Figure 10: Kikuchi patterns taken at different distances from the
surface. Left column: martensite diffractions, right column: carbide
diffractions
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Figure 11: EBSD maps: a,c) region directly below the surface; b,d)
recorded at approximately 2 mm above the impact point

subsurface region of specimen B3. The map size is
123.8 um x 100.6 um, acquired at step size of 0.2 pm.
The image presents a band contrast map, a measure of
the contrast of the Kikuchi pattern. The carbides have
sharp diffractions and seem largely unaffected by the
impact, while the martensitic matrix has much poorer
diffractions, hinting at large deformations of the crys-
talline lattice. The coating shows no diffraction, meaning
that it is most likely amorphous.

The diffraction patterns from the carbides and the
martensite matrix taken at different locations below the
surface are shown in Figure 10. As J. Perret et al. have
shown, the diffractions directly below the impact are too
poor to be recognized, due to distorted metal crystalline
lattice.’!

To better understand the situation near the impact,
EBSD maps of higher magnification were recorded.
Figure 11 shows two such maps: the map in Figures 11
a and 11c represents a region directly below the surface,
and the map in Figure 11b and 11d has been recorded at
approximately 2 mm above the impact point. The upper
images are band contrast maps, and the lower images are
phase maps, with yellow representing the carbide phase
and green representing the martensitic phase. No post-
processing noise filtering has been applied. The image
sizes are 24.75 pm x 20.1 pm.

The images recorded just below the impact show
signs of wear: the pattern quality is poor for the marten-
sitic matrix, and because of that the indexing is also quite
bad. We can observe little detail of the microstructure of
the matrix. Even the carbides seem affected in the zone
approximately up to 5 um from the impact. On the other
hand, the map recorded about 2 mm above the impact
shows no signs of damage, and we can clearly see the
martensitic microstructure in the pattern quality map.

All this leads us to believe that the damage is con-
centrated in the sub-surface zone, the affected zone is
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approximately 5 um from the surface, and the damage is
mostly concentrated in the martensitic matrix.

4 CONCLUSIONS

With the combination of a vacuum heat treatment and
a deep cryogenic treatment in liquid nitrogen an im-
provement in the fracture toughness from 10 % to 67 %
can be achieved, while maintaining a high hardness for
cold-work tool steel A. For high-speed steel C the im-
provement in the fracture toughness is less pronounced
(4 % to 10 %). When, on the other hand, for cold-work
tool steel B a deep cryogenic treatment has a negative
influence on the fracture toughness, decreasing it by up
to 10 %.

Regarding the static load-carrying capacity, the most
important property of the substrate is its hardness, with
the working hardness of 63—-64 HRc already providing
excellent static load-carrying capacity of the coated
substrate. On the other hand, the increase in fracture
toughness achieved by the deep cryogenic treatment
improves the static load-carrying capacity only for the
case where the hardness of the substrates is too low,
below 63 HRc.

In terms of dynamic impact wear resistance of the
coated surface, the hardness of the substrate still has the
greatest impact. The higher the hardness of the sub-
strates, the higher wear resistance of the coated surface
can be expected for the material with lower content of
carbon. For cold-work tool steels A and B an adequate
impact resistance is achieved when hardness of 65 HRc
and fracture toughness of 10 MPa-m'? is reached. For
high-speed steel C the best impact wear resistance is
achieved when the hardness is above 65 HRc and
additional nitriding in plasma was used. The deep
cryogenic treatment and associated increase in fracture
toughness has a negative effect for cases when the
substrate has a very high hardness and a low toughness
or a high fracture toughness but too low hardness. On the
other hand, in the case of vacuum heat treatment that
ensures an adequate working hardness of 63—64 HRC,
the deep cryogenic treatment leads to an improved im-
pact wear resistance of the coated surface. The wear
resistance then becomes equal to the case where the
substrate with a high hardness is used, but at the same
time providing more than 50 % higher fracture toughness
required for proper fatigue resistance of the tool. The
results also clearly show that instead of only hardness,
the chemical compositions and the resulting metallur-
gical structures should also be taken into account.
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