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PREFACE

The selection of the appropriate coating for specific application depends on
the coating’s functional properties, such as fatigue, cracking, wear and frictional
resistance. Traditional hard PVD coatings (TiN, Ti(C,N), etc.) and thermal
sprayed coatings (hardmetal based, self-fluxing alloy based, etc.) are widely
used to increase the wear resistance of steel surfaces in many industrial fields.

Duplex treatment can significantly improve the fatigue, cracking and wear
resistance of a material’s surface, either uncoated or coated, what may enhance
the lifetime of a component up to several times. Among the others, thermal and
thermochemical treatments of a coating, applied before or after one’s deposition,
are one of the most versatile and efficient ways of both thin and thick coatings’
modification. However, data is either lacking or controversial in literature about
the certain combinations of coating processes and supplementary treatments.
This work considers the questions of thin PVD coatings on plasma nitrided (pre-
treated) steels, laser hardening of thin PVD coatings on different steel substrates,
as well as laser treatment of thick thermal sprayed coatings of various materials.
The opportunities of all processes are discussed in the light of variations of
coatings’ materials, substrates and parameters of treatments. Recommendations
are given for the usage of proposed duplex treatments, and future research is
planned.
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1 INTRODUCTION

1.1 Background

Duplex treatment (sometimes called hybrid treatment) is a way of
modification of a metal alloy’s surface, when two or more established surface
treatments are sequentially applied to form a surface layer, which has properties
higher than obtainable through the individual surface treatment [1-4]. Duplex
treatment is often meant to be a hard coating, carried onto a treated surface [4—
7]. Sometimes the term duplex treatment is understood in a more specific way —
as a combination of a thermochemical treatment of the substrate and a hard
wear-resistant coating [8—14]. The concept of duplex treatment was proposed in
1979 by Brainard and Weeler [15]. The first deeper studies were brought out in
the 1980s by Bell and co-workers and independently by Zlatanovic and Miinz
[16, 17], the first attempts to apply it in industry refer to the beginning of the
1990s [16]. At the beginning the duplex treatment comprised low or high-
pressure plasma nitriding and PVD coating deposition, applied to a tool steel
[18]. This modification of duplex treatment still remains the most widely used in
the industry [16].

The typical division of tasks in the duplex system is represented in Fig. 1.1.
Casually, different treatments are implemented to improve the properties of the
substrate and of the surface layer or coating.

Duplex
system
\ 4
Substrate Surface layer / coating
1. Load support 1. Hardness
2. Stress gradient 2. Wear resistance
3. Adhesion 3. CoF
4. Bulk strength 4. Corrosion resistance
5. Fracture toughness 5. Thermal resistance

Figure 1.1 Tasks of the substrate and the surface layer / coating in a duplex
System
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It can be noted that thinner coatings, obtained by different PVD or CVD
methods, are subjected to mechanical [19], thermal [20-24] treatments and ion
implantation [25], while thicker coatings, obtained by thermal spraying,
electrodeposition and cladding methods, are subjected to thermo(chemical) [26—
31] and thermal [22, 32-46] treatments. It can be also noted that substrate is
modified prior to thinner coatings’ deposition.

Among other surface treatment technologies, thermal treatment seems to be
most universal in the light of coatings’ modification, as it allows treating both
thinner and thicker coatings. Among other types of thermal treatment, laser and
electron beam surface hardening seems to be most appropriate in the case of
thinner coatings, as it causes low distortion [21, 23] and can be applied as a
finishing treatment [21]. According to [21, 23, 24], laser and electron beam
hardening can enhance the surface hardness by 1.2 — 2.3 times (see Fig. 1.2) and
the adhesion — by 1.2 — 3.3 times (see Fig. 1.3 and 1.4), whereas the biggest
increase is observed in the case of plain carbon and low-alloy steels. The
distortion values depend on the chemical composition of the basic material [23];
for example, for the steel 42CrMo4 it equalled to 13 pm, for the steel
153CrMoV12 —to 18 um and for the steel X100CrMoV5-1 —to 21 um.

1400 -

[ Laser or electron beam hardened
1200 1| mUnhardened

1000 -

800 -

HV1

600 -

400 4

200 A

—
42CrMo4
153CrMoV12
X100CrMoV5-
1
[\S]
C45
100Cr6
X155CrVMo1
2-1
(98]
C45
100Cr6
X155CrVMo1
2-1
i
100Cr6
X155CrVMo1
2-1

Figure 1.2 Surface hardness of laser or electron beam hardened and PVD or CVD
coated steels: 1 — CVD TiN coating; 2 — PVD TiN coating; 3 — PVD Ti(C,N) coating; 4 —
CVD DLC coating [23, 24]
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Figure 1.3 Adhesion of laser hardened CVD and PVD coated steel: 1 — CVD TiN;
2—-PVD Ti(C,N)[21, 24]
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—
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W
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N
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Figure 1.4 Adhesion of electron beam hardened CVD and PVD coated steels:
1—-PVD TiN;, 2— PVD Ti(C,N); 3— PVD (Ti,A)N,; 4 — CVD DLC [23, 24]

In its turn, laser (electron beam) treatment (remelting) of thicker coatings,
especially thermal sprayed ones, has been successfully applied to decrease their
porosity [32, 35, 3742, 44, 45] and increase the homogeneity of these coatings
[36—42, 44]. Laser remelting of thermal sprayed coatings leads to the 1.05 —1.25
times increase in the adhesion values, whereas smaller rise is shown by
hardmetal coatings, namely 75/25 Cr,Cs/NiCr [39] and WC-Co [41] coatings,
and higher one — by ceramic coatings (Al,O; — TiO, and pure Al,O; [42]).
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However, the situation with hardness and wear resistance is not that definite.
The self-fluxing NiCrSiB alloys, sprayed by different methods, demonstrate as a
1.2 decrease in the microhardness values [33], as 1.2 — 2.2 increase after laser
treatment [37, 43]. Plasma sprayed and laser remelted NiCrAlY and Ni;Al alloys
show the 65 % and 10 % decrease in hardness values in respect to the as-sprayed
condition [44]. WC and Cr,Cs-based hardmetals generally exhibita 1.2 — 1.9 rise
in the hardness values after the laser remelting, except for [34], where the 1.2 —
1.3 decrease in the microhardness’ values of the laser remelted coatings is
observed in comparison with the as-sprayed ones. The composite NiCrSiB-WC
coating demonstrated the 2 times rise in the microhardness values after the laser
remelting [43]. Composite Al,Os;-TiO, coatings showed as an increase of
microhardness by 1.0 — 2.3 times [40], as a slight decrease by 1.03 times [42] in
the laser remelted coatings in comparison with the as-sprayed condition. Pure
laser remelted Al,O; coatings exhibited the small increase in the microhardness
values, being compared with the unremelted coatings.

Several authors have reported an increase in the sliding wear resistance of
laser remelted hardmetal coatings [34, 41]. In the case of abrasive wear, both
increase and decrease of the wear resistance were reported. In [34], the 1.8 and
1.3 decrease in the abrasive wear resistance was observed in the case of laser
remelted WC-Co coatings, produced applying conventional and nanoscale
powders, respectively. However, the 2.7 times higher abrasive wear resistance
was observed in [45] for the WC-24Cr,C;-6Ni laser remelted coating in
comparison with the as-sprayed one. NiCrSiB-WC composite coating
demonstrated the 1.4 times lower abrasive wear resistance after laser remelting,
although pure NiCrSiB showed the 2 times increase in the wear resistance after
laser remelting [43].

Electron beam remelted detonation gun sprayed coatings show a 3.4 times
increase in coating adhesion, 3 times increased microhardness and 20 times
increased wear resistance [22]. The same authors have reported that plasma jet
remelted detonation gun sprayed coatings showed only 1.1 times increase in
adhesion and 2 times increase in wear resistance, but the 5 times increase in
microhardness (in Ni-based coating).

However, the most widely applied duplex treatment remains the combination
of a coating and a thermochemical treatment. In the majority of cases it means
the application of plasma nitriding or nitrocarburizing, less frequently
carburising or boronizing and a modification of a PVD or CVD process, applied
to steels and titanium alloys.

The nitrided/nitrocarburized layer is supposed to enhance the load carrying
capacity of the surface [4, 47-51] that should prevent the plastic deformation of
the substrate and subsequent delamination of thin and brittle coating [4, 48, 49,
52] and provide the proper hardness [4, 49, 51, 53] and stress [4, 54] gradients
between the coating and the substrate. The coating, in its turn, should provide
high anti-wear and anti-corrosion properties, comprising of low coefficient of
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friction and high hardness [4, 48]. The subsequent application of these
technologies provides an increased adhesion and susceptibility to the cracking of
the coating, as well as sliding, abrasive, erosive, impact wear and corrosion
resistance of the composite together with the decrease in coefficient of friction.

Depending on the coating and the substrate, nitridining can enhance the
adhesion of the coating by 1.2 — 19 times, as it can be seen at Fig. 1.5.

180 ~

160

140 ENitided substrate
B Unnitrided subslrale

120 -
100
80 -
60 -
40
20

0

pure iron
34CrNiMo6
38CrMoV5-1
42CrMo4
38CrMoV5-1
42CrMo4
X38CrMoV5-1
42CrMo4
38CrMoV5-1
CrNiMo7
CrNiMo7
42CrMo4
42CrMo4

{x
“ { -
{ Vanadis 30
{x
ol
- {X3SCrMOV51
. {x3achov51
o {
ol

2 4 5 6 10
Figure 1.5 Adhesion of PVD and CVD coatings on the nitrided substrates, PVD. 1 —TiN;
2-CrN; 3 -TiAl;, 4 -TiAICrYN; 5 - Balinit® Futura-TiN/TiAIN; 6 —TiAIN/VN; CVD:
7-TiB2; 8 -TiBN; 9—a:C:H:S;, 10 —ta-C [3, 12, 50, 55 — 60]

Plasma nitriding of the substrate allows avoiding the adhesive failure of PVD
TiAIN, TiN and CrN coatings, leading only to the cohesive failure and radial
cracking in the case of duplex TiN coating after 5 x 10* impacts [3, 54]. No
failure of duplex (plasma nitriding and PVD) CrN coating was observed [55]
after 5 x 10* impacts. Also no cracking of the same type duplex CrN coating was
found in contrast to the single coating [56]. Electroless nitrocarburizing of the
substrate prior to the DLC coating allowed the 2.3 times decrease in the size of
the impact wear scar after 10* strokes in reference with the non-duplex DLC
[61].

The application of nitriding or nitrocarburising together with the CVD or
PVD coating generally allows to increase the wear resistance up to hundreds of
percents. The specific values depend on the coating parameters, such as
thickness, hardness, modulus of elasticity, etc., as well as on substrate type,
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thermochemical treatment, material of the counterbody, etc. For example, the
PVD TiN coating, applied to a nitrided substrate, can enhance the wear
resistance by 1.8 — 4.9 times in comparison with the non-duplex TiN coating
[62—64]. The wear (mass loss) of the plasma nitrided and CVD coated steel 40Cr
decreased by 8.3 — 10.8 times depending on the applied normal load in reference
to the nitrided only steel [65]. The deposition of TiAIN coating onto plasma
nitrided steel allows to reach the enhancement in the wear resistance by 3.4 — 5
times [63, 64], the combination of plasma nitriding and PVD CrN coating lead to
the 11.6 times decrease in the wear volume [66]. Duplex treatment, consisting of
plasma nitriding and PVD TiN-MoS, coating, allowed improving the wear rate
by the factor of 1.6 [67], compared with the non-duplex coating. The
corresponding treatment with the PVD CrN/NbN coating improved the wear
resistance of the S154 steel by more than two orders of magnitude [57]. The
application of duplex (plasma nitrided and PVD coated) TiCN/TiN coating lead
to the increase in the wear resistance by 9.2 times [68]. However, some
worsening of the wear resistance was observed for the PVD TiAIN/VN (1.6 —
3.7 times depending on the load) and TiAICrYN (1.5 times) coatings, deposited
onto plasma nitrided P20 steel as against the single coatings [69].

The application of ta-C coating to the nitrided steel AISI 4140 lead to the 4 —
6 times lower wear rate [63, 70]. The application of DLC coating and
nitriding/nitrocarburizing can lead to the increase in the wear resistance from 1.4
to two orders of magnitude [61, 67, 71]. The combination of plasma nitriding
and the CNy film can improve the wear resistance of the Ti6Al4V alloy by 5.7 —
19.8 [72]. However, in [73] slightly worse wear resistance was demonstrated by
the duplex treated (plasma nitrided and DLC coated) Ti6Al4V alloy.

The big variations in the characteristics of the duplex treated and single PVD
coatings in different cases are caused by various factors, such as experimental
conditions, substrate steels, etc. Also the fact, that described PVD coatings
belong to different generations, on the grounds of the coatings’ architecture (I
generation — single layer coatings; Il generation — multilayer or multicomponent
coatings; Il generation — gradient or nanocomposite coatings; IV generation —
adaptive coatings [74]), should not be underestimated.

1.2 Conclusions on the chapter and objectives of the study
On the basis of the overview the following conclusions may be drawn:

1. Laser and electron beam hardening can remarkably enhance the surface
hardness of PVD and CVD coated steels without their deterioration.

2. Laser and electron beam hardening can sufficiently improve the
adhesion of thin PVD and CVD coatings to the steel substrate, whereas
the effect is more pronounced in the case of plain carbon and low alloy
steels.
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Laser and electron beam treatment (remelting) decreases the porosity,
improves homogeneity and adhesion of thermal sprayed coatings.

Laser treatment can increase or decrease the hardness and wear
resistance of TS ceramics based coatings, whereas more positive results
are obtained for self-fluxing alloy based coatings.

Nitriding and nitrocarburizing sufficiently improve the adhesion and
wear resistance of the I-II generation PVD coatings, except for some
multilayer coatings.

The objectives of the study

The main aim of the current work is to offer ways to improve the functional
properties of hard PVD and thermal sprayed coatings. The following objectives
of the study were formulated:

1.

2.

Study of the duplex treatment of the PVD coated CWTS and CS by laser
hardening.

Comparative study of the duplex treatment of the I-IIl generations’
PVD coatings by the application of the preliminary nitriding of the steel
substrate

Study of the duplex treatment of hardmetal and composite ‘self-fluxing
alloy — hardmetal’ coatings by laser treatment (remelting).
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2 EXPERIMENTAL

2.1 Substrate steels, surface treatments and coatings.

For production of different coatings, three various types of non-heat resistant
hardening and tempering and tool steels — non-alloy carbon steel (C45),
low-alloy nitriding steel (42CrMo4) and cold work tool steel (Vanadis 6) — were
used as the substrate materials. Two types of wear resistant coatings — thin
(2 = 3 pwm) hard PVD coatings (TiN, Ti(C,N), (Ti,A)N-ML, (Al Ti)N-G,
FiVIc®) and thick (200 — 300 um) thermal sprayed (plasma sprayed and high
velocity oxy-fuel sprayed) coatings were selected.

Laser hardening and plasma nitriding were used as the supplementary
technologies in the case of PVD coatings. The properties of substrates, coatings
and their deposition parameters are shown in Table 2.1 and Table 2.2.

Table 2.1 Chemical composition and initial hardness of used substrate steels

Substrate Steel Chemical composition, wt% | Condition Initial
type grade hardness,
HV
Carbon C45 042 — 0.50 C; 0.50 — 0.80 | Annealed | 200 —235
steel Mn; 0.02 — 0.04 Si; 0.045 P;
(C45) 0.045 S; < 0.40 Cr; < 0.10

Mo; <0.10 % Ni
Nitradable | 42CrMo4 | 0.38 — 0.45 C; 0.60 — 0.90 | Hardened | 315345

steel (NS) Mn; < 0.40 Si; 0.035 P; | and
0.035 S; 090 — 1.20 Cr; | tempered
0.15-0.30 Mo
Cold work | Vanadis 6 | 2.60 C; 0.40 Mn; 1.00 Si; | Annealed | 245-320
tool steel 6.50 Cr; 1.50 Mo; 540 V
(CWTS)

Laser treatment was applied in the case of thermal sprayed coatings. Two
different thermal spraying methods were used — high velocity oxy-fuel spraying
(HVOFS) and plasma spraying (PS). For the first process, commercial hardmetal
powder was applied, for the second process the composite powder, based on
self-fluxing alloy and recycled (produced by mechanical milling) hardmetal was
used. Tables 2.3 and 2.4 specify the main characteristics of the powders, applied
for TS, and of the technological processes, respectively.
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Table 2.2 Surface technologies (thin coatings)

Coating’s type and

Main technology and

Supplementary treatment

substrate parameters and parameters
PVD TiN (CWTS, | TiN on Vanadis 6: | Laser hardening (LH):
CS), Ti(C,N), (ALTi)N | cathodic arc current 80 A,
(CS) substrate bias 300 V. TiN on CWTS: laser beam

TiN, Ti(C,N), (AL Ti)N on
C45: cathodic arc current
50 — 125 A, bias voltage
(-60) - (-150) V

power 350 W, scan speed
1200 mm/min, spot size
0 0.96 mm

TiN, (ALTi)N on CS: laser
beam power 500 W,
Ti(C,N) — 600 W, scan
speed — 300 mm/min, spot
size 4 x § mm

PVD TiN, (Ti,AN-
ML, (ALTiN-G,
FiVIc® (NS).

PVD: TiN, Ti(C,N),
(Ti,A)N-ML, (AL Ti)N-G,
FiVIc®): cathodic arc
current 50 — 125 A, bias
voltage (—60) — (—150) V

Plasma nitriding (PN):

Standard  process by
Bodycote OY (500 — 520
°C, 1 — 10 mbar).

Table 2.3 Applied thick coatings and related surface technologies

Powder (substrate) Method and parameters of Supplementary
the spraying process treatment and
parameters
WC-17Co (C45) HVOFS, O, pressure 14 | Laser treatment (LT):

bar, O, flow 56634 1/min,
N, pressure 3.5 bar, N,

Laser beam power 495

flow 651.3 1/min, kerosene | W, scan speed 300
pressure 11.75 bar, | mm/min, spot  size
kerosene flow 0.38 I/min 0 0.96 mm

75 wt% NiCrSiB + PS, current 380 A, voltage | Laser treatment (LT):

25 wt% WC-12Co
(recycled') (C45)
75 wt% FeCrSiB +
25 wt% WC-12Co
(recycled') (C45)

—150 V, powder feed rate
30 g/min, spray distance
100 mm, Ar flow rate
135 1/min, H, flow rate
90 1/min

Laser beam power 1750
W (I series), 1500 W
(IT series), scan speed
10 mm/min, spot size
4 x 8 mm.

D Desintegrator milled at TUT.
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Table 2.4 Powders, applied for thermal spraying

Powder grade Chemical composition, wt% Particle size
1343VM! 83 WC; 17 Co (—45) — (+15) um
1640-02° 7.5 Cr; 3.5 Si; 1.6 B; 0.25 C; 2.5 Fe; | (-45) — (+15) um
Ni — bal.

1660-02° 14.8 Cr; 4.3 Si; 9.1 B; 0.75 C; 3.7 Fe; | (—45) — (+15) um
Ni bal.

6AB? 13.7 Cr; 2.7 Si; 3.4 B; 2.1 C; 6.0 Ni; | (-45) — (+15) um
Fe bal.

WC-12Co 75.6 WC; 11.5 Co; 12.9 Fe (—63) um

(recycled) (=63) — (+20) pm

Y Tafa Inc.

% Hoéganas AB.
2.2 Testing procedure

2.2.1 Microstructural studies

Grinded and polished cross-sections of the specimens were etched with
the 3 vol% nital solution and studied under the optical microscope (OM)
AXIOVERT 25 (Carl Zeiss, Germany). Part of the thermal sprayed laser treated
specimens’ cross-sections were studied also under the electron scanning
microscope (SEM) EVO MAI1S5 (Carl Zeiss, Germany). The distribution of
chemical elements in the laser treated TS coatings was determined by the means
of energy dispersive spectroscopy (EDS).

2.2.2 Microhardness measurements

Vickers hardness (HV) was measured at the surface and at the polished cross-
sections of all the specimens applying the microhardness tester Micromet 2001
(Buehler). The applied loads were 0.49 N and 2.94 N in the case of PVD coated
specimens and 0.98 — 4.91 N in the case of thermal sprayed specimens. Surface
hardness was measured at the fine grinded surface of the thermal sprayed
coatings, except for the HVOF WC-17Co coating, applying the universal
hardnessmeter 2.5/TS (Zwick, Germany) at the load of 0.98 N.

2.2.3 Indentation and wear testing.

The following indentation and wear testing methods of coated systems were
used:
e cyclic indentation (CI) (cracking resistance test),
e impact wear (IW),
e sliding wear (ball-on-plate, BoP),
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e abrasive wear (block-on-ring (rubber wheel), ABRW),

e abrasive erosive wear (AEW),

e abrasive impact wear (AIW).

The aim of cyclic indentation test was to determine the cracking resistance
of a coating. Cracking resistance was estimated according to the qualitative
evaluation criteria from 0 (very weak secondary radial cracks, emanated from
the edge and around the corners) to VI (strong radial cracks and delamination of
the coating around the corners of indent or perimeter) (see Paper IV for more
details).

The aim of impact wear test was to determine the resistance to impact loads.
The resistance was determined as the function of the indentation stress on the
indentation depth in the case of PVD coatings and as the function of the failed
area ratio on the number of cycles in the case of HVOFS coating.

To estimate the sliding wear of PVD coatings, the depths of wear scars’
cross-sections were measured applying the Mahr profilomeeter.

In the ABRW test, wear coefficient was calculated as

= Am )
pFtvr

where Am — mass loss (kg),
p — density (kg/m’),
F — normal load (N),
t — time of experiment (s),
v — speed of rotation (min™),
r — radius of the ring.
In the AEW and AIW tests, the volumetric wear was calculated as

1, =" )

Pq

where Am — mass loss (kg),
p — density (kg/m’),
g — quantity of abrasive per specimen (kg).
The schemes and parameters of the tests are illustrated in Table 2.5.
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Table 2.5 Applied indentation and wear tests

Test method Testing scheme Testing parameters
Cyclic Load 50N
indentation Frequency 50 Hz
(CI) test 1,000 - 10,000

Indenter lg-lr)i(:;aulic indents
Specim%/ —
holder
Specimen
Impact wear Load 16 N

(IW) test

Force control

Frequency 25 Hz
Linear speed of
hammers 2.75 m/s
Number of strokes
10*— 107

Sliding  wear
test (ball-on-
plate, BoP)

Load
Counterpartholder Fy

Oscillating arm

S R
i ~
‘ i ’\ Force sensor

Load 10N

@ 10 mm A1203
ball

Frequency 5 Hz
Amplitude 10 mm
Duration of test
10 min
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Table 2.5 (continued) Applied indentation and wear tests

Abrasive wear
test (block-on-
ring,  rubber
wheel;

ASTM 65-00, 94
and ASTM
B 611-85

Load 47 -222 N

ABRW) Diameters of wheels
@ 80 and 228.6 mm
Speed of rotation
200.8 and 238 rpm
Abrasive — quartz
sand, 0.1 — 0.3 mm.
Mass of abrasive
1-15kg
Duration of test
3 min

Abrasive- Abrasive  particles’

erosive  wear velocity 80 m/s

(AEW) test Impact angle 30° /
90°
Abrasive — quartz
sand, 0.1 — 0.3 mm
Mass of abrasive 3
kg

Abrasive- Abrasive  particles’

impact  wear velocity 80 m/s

(AIW) test Abrasive — granite

gravel, 4 — 5.6 mm
Impact angle 90°

Due to the big number of tested coatings on different substrates and keeping in
mind operating conditions, thin coatings were subjected to CI, IW and BoP tests,
thick coatings — as a rule, to abrasive wear (ABRW, AEW and AIW) tests. The
plan of indentation and wear testing experiments of different coatings is shown

in Table 2.6.




Table 2.6 Testing procedures of duplex treated specimen

Duplex treatment CI W BoP | ABRW | AEW | AIW

PVD TiN, Ti(C,N),
(ALTi)N (substrate C45) + + + - - — _
LH

PN + PVD TiN, Ti(C,N),
(Ti,ADN-ML, (ALTiN-G, | + + + _ _ _
FiVIc®

HVOFS WC-17Co +LT + + — + - —

PS NiCrSiB / FeCrSiB — — — — + + +
WC-Co + LT
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3 RESULTS AND DISCUSSION

3.1 Microstructure and hardness

3.1.1 Microstructure of the duplex treated steels

Substrate’s microstructure observations show that the effect of laser
hardening primarily depends on the type of coating and type of the laser that
determines the absorption of the laser irradiation and affects heating of the
coated steel through that. Laser beam power and scan speed seem to have a
secondary importance. For example, the initial ferritic-pearlitic structure
remained under the TiN and Ti(C,N) coatings on the steel C45 (Fig. 3.1, a and
b), treated at the laser beam power values of 500 W and 600 W, respectively,
and the scan speed of 300 mm/min. A quenching structure, consisting of
remained austenite, ferrite and bainite has appeared under the (ALTi)N coating
(see Fig. 3.1, c), treated at the similar set of parameters (500 W, 300 mm/min).

The depth of the hardened zone is approximately equal to 100 um under the
(ALTi)N coating. The incomplete dissolution of ferrite grains and the presence
of the retained austenite witness the big rates of heating and cooling,
characteristic for laser hardening.

Figure 3.1 Microstructure of the PVD coated laser hardened carbon steel C45: a — TiN;
b—Ti(C,N),; ¢ — (AL Ti))N
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Figure 3.2 Microstructure of the PVD coated laser hardened CWTS Vanadis 6.
a — general view, b — hardened zone

Figure 3.3 Microstructure of the PVD coated plasma nitrided steel 42CrMo4.:
a — general view; b — trostite - sorbite with the carbides’ inclusions

A 100 pm in depth hardened zone is observed under the TiN coating in the
laser hardened CWTS Vanadis 6, where partial dissolution of carbide particles
can be seen at Fig.3.2 b. Neither martensitic nor sorbitic, or trostitic structures
are present in the hardened zone. Its structure most probably consists of bainite,
retained austenite and carbide particles.

Application of plasma nitriding to the substrate results in the formation of a
hard layer with the average thickness of about 250 pm (Fig. 3.3 a).
Microstructure observations (Fig. 3.3) demonstrate that the nitrided specimens
have the eutectoid structure with the inclusion of carbide particles. Neither pores
nor the compound Fe, ;N layer can be observed. Thus it can be concluded that
the observed microstructure contains the a (Fe(N)) and y’ (Fe4N) phases, with
the presence of nitrides and carbonitrides of chromium and molybdenum, like
CrN, MoN, Mo,N [76].

The influence of laser hardening or plasma nitriding to the structure of PVD
coatings was not observed during any of the treatments.

27



3.1.2 Microstructure of the thermal sprayed laser treated coatings

The microstructure of the thermal sprayed coatings is affected by laser
treatment in different ways. While the literature sources [34, 38, 45] report the
decrease in the porosity of the HVOFS laser treated hardmetal coatings, Fig. 3.4
a, b demonstrate the opposite. In addition to the increase in porosity,
perpendicular cracks through the whole coating were observed. In principle, two
zones can be observed in the laser treated coating, being depicted in Fig. 3.4 b
and c, respectively. Both these zones are laid up by carbide particles, embedded
in metal matrix, whereas no difference either in the size of the particles or in the
amount of matrix can be seen. However, large pores and voids are present in the
first zone (Fig. 3.4 b), whereas almost zero porosity is observed in the zone near
the substrate (Fig. 3.4 c¢). As no other changes neither in the microstructure nor
in the chemical composition of the coating were observed, the most probable

Figure 3.4 Microstructure of the WC—17Co HVOFS LT coating: a — general view,
b — Zone 1 (high porosity),; ¢ — Zone 2 (low porosity); d — Zone 3 (hardened substrate —
steel C45)
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reason for the voids’ appearance is the loss of cohesion between carbide
particles and the metal matrix. In its turn, it can also be caused by the big
temperature gradients in the coating during the laser processing, appearing due
to relatively big laser energy density and high scan speed (for details, see
Paper II). The high cooling gradient is indirectly confirmed by the observation of
a relatively big amount of retained austenite in the LHZ below the coating
(Fig. 3.4 d). In addition to retained austenite, bainite and ferrite can be found in
the LHZ zone.

Phase Areas
%0 15.20%
40
R 21.97%
9
= 20
< 0950
10
0 B 42.85%
W-Ni Fe-Ni Ni Fe-Ni-Cr-Co
Phase Areas
B Bar

30.34%

Area %o

60.56%

b)
Figure 3.5 Microstructure and chemical composition of the laser treated self-fluxing
alloy based coating: a — NiCrSiB + 25% WC-Co; b— FeCrSiB + 25 % WC-Co

In contrast, dense porous free structures were obtained after laser treatment of
coatings with the on Ni- or Fe-self-fluxing alloy matrix (Fig. 3.5 a and b). In
both cases, the eutectic structure can be observed. However, in the case of Ni-
alloy matrix, a notable inhomogeneity in the structure and in the chemical
composition can be seen (Fig. 3.5 a). Also no hardmetal particles are present.
The Fe-based alloy matrix coatings demonstrate the homogeneous dendritic
structure, where some small hardmetal particles can be observed, although not
evenly distributed (Fig. 3.5 b). This phenomenon needs further research.
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3.1.3 Microhardness of the coatings and the substrates

The microhardness measurements of the PVD coated laser hardened steels
indicate the presence of the 100 — 200 um deep hardened zone under the
(AL, Ti)N coating on the CS C45 and under the TiN coating (Fig. 3.6 a) on the
CWTS Vanadis 6 (Fig. 3.6 b). No hardening effect was revealed under the TiN
and Ti(C,N) coatings. It corresponds to the observations of the microstructure
(Fig. 3.1 a — ¢). The possible reason for that is the relatively high reflection
coefficient of these coatings in the case of ND:YAG laser.

480 -+ TICN, C45 450
& - -ATIN, C45
200 %
» ] TiN, C45
350 | ° ° o TiN, Vanadis 6
o 1 *
; 1 A ° ©
o0+t - : .
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J***%.****.sl 250 ¢
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@ P L * -+
150 : : : : . . : 200 , , , : :
0 100 200 300 400 500 600 700 0 100 200 300 400 500

Distance from surface, um

a b
Figure 3.6 Microhardness distrubution of the PVD coated laser hardened steels: a - CS
C45, b — NS 42CrMo4,; 1 — average microhardness of Vanadis 6, 2 — average
microhardness of C45, 3 — average microhardness of 42CrMo4

Table 3.1 Microhardness values of the thermally sprayed laser treated coatings

Type of coating Composition Hardness, HVO0.1
Metal matrix | Reinforcement
HVOEFS WC-17Co 543 — 1200
PS NiCrSiB + 25 %WC-12Co 270 —-430 580 — 1880
PS FeCrSiB +25% WC-12Co 490 — 680 770 — 940

The hardened case in the case of the nitrided steel equaled to at least 250 um.
That complies with the microstructural studies and with the diffusion depth of
the nitrogen, reported by the manufacturer [77].

The microhardness values of the thermally sprayed laser treated coatings are
shown in Table 3.1. As it follows from the microhardness measurements, lower
microhardness values in the HVOFS laser treated WC-17Co coatings were
obtained near the coating’s surface. It can be the effect of porous structure,
observed earlier. The big variations in microhardness of the PS laser treated
coatings may be explained by the large chemical and structural inhomogeneity.
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3.2 Cracking resistance

The cracking resistance, determined during the indentation tests, was
different for various coatings and various duplex treatments. The TiN and
Ti(C,N) coatings on CS after laser hardening show multiple strong radial cracks
(Fig. 3.7, a, b). That is characteristical for the coatings with a higher H/E ratio on
a soft substrate [78], while weak radial cracks were observed at (ALTi)N
coating. However, coating delamination at the edge of the impression can be
observed (Fig. 3.7 ¢). It can be explained by the lower H/E ratio of the (AL Ti)N
coating in comparison with the TiN and Ti(C,N) coatings [78], as well as by the
difference in the coefficients of thermal expansion of the steel C45 and (AL Ti)N
coating. This may lead to a decrease in the adhesion value between the coating
and the substrate.

Except for the (ALTi)N-G coating, a ‘brittle’ failure (delamination of the
coating without significant cracking) can be observed in the case of PVD
coatings on nitrided steel (Fig. 3.8, a, ¢, d). At the (Al,Ti)N-G coating, small
cone cracks were observed (Fig. 3.8, b). The possible reason for the best fatigue
resistance of the (Al Ti)N-G coating is the relative similarity between the
coating’s and the substrate’s chemical composition [78]. However, this
hypothesis needs further confirmation.

Indentation tests of HVOFS coatings demonstrated medium cracking
resistance (Fig. 3.9, a, b). The increase in the number of cycles during the
indentation testing leads to the formation and development of cone cracks in
addition to the radial cracks. This confirms the sufficient susceptibility to plastic
deformation of the coating and a relatively good resistivity to cyclic loads, as
suggested in Paper IV,
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Figure 3.7 Impressions’ corners on the PVD coated laser hardened steel C45,
10,000 cycles: a — TiN, 1V criteria; b — Ti(C,N), IV criteria, ¢ — (AL, Ti)N, IlI criteria with
VI criteria

c d
Figure 3.8 Impressions’ corne?’s on the PVD coated PN steel 42)CrM04, 10,000 cycles:
a— TiN, VI criteria; b —(Al Ti)N-G, II criteria; ¢ — (Ti,A)N-ML, VI criteria; d — FiVIc®,
VI criteria
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a) b)

Figure 3.9 Impression on the HVOFS WC-10%Co-4%Cr coating: a — after 1,000 cycles,
1II criteria; b — after 10,000 cycles, Il criteria

3.3 Wear resistance

Wear resistance of different coatings was determined in different wear
conditions: thin hard PVD coatings were subjected to sliding wear and impact
wear tests, thick thermal sprayed coatings — to abrasion, abrasive-erosion and
abrasive impact wear tests (see Table 2.6).

3.3.1. Impact wear

The results of the impact wear tests are presented at Fig. 3.10 — 3.12. The
points on the curves in Fig. 3.10 and 3.11 correspond to the 10*, 10°, 10® and 10’
impacts, as the indentation depth increases. As it is seen in Fig. 3.10, the best
impact wear resistance is shown by (AL, Ti)N coating on the laser hardened steel
C45, probably due to the better load support, provided by the hardened layer
under the (AL Ti)N-G coating (see Fig. 3.1 ¢).

In the case of plasma nitrided steel the I generation TiN coating demonstrates
the best impact wear resistance (Fig. 3.11). The II-1II generation PVD coatings
show nearly the same results, whereas worse wear resistance was observed in the
case of (AL Ti)N-G coating. The most probable reason for that is the highest
modulus of elasticity of the TiN coating in comparison with the other coatings
[78], what allows the coating to resist to deformation during impact.

The HVOFS laser treated hardmetal coating demonstrates a good resistance
to impact wear (Fig. 3.12). That shows a good resistance of the coating to the
plastic deformation, as assumed in the Paper [V.
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3.3.2 Sliding wear of duplex thin hard coatings

The 1 generation PVD TiN, II generation (Ti,Al)N-ML and III generation
FiVIc® coatings on plasma nitrided steel specimens show slightly varying wear
values with the lowest wear in the case of PVD FiVIc® coating (Fig. 3.13). This
may be explained by the lowest CoF value of all observed coatings (see [78] for
details). The highest wear in the case of the (AL, Ti)N-G coating can be explained
by the highest Al content in this coating in comparison with the other ones. It
can, taking into consideration the alumina counterbody, lead to a higher wear.
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Figure 3.13 Depth of the wear track on the plasma nitrided PVD coated steel 42CrMo4

3.3.3 Abrasive wear of thick hard coatings

Abrasive wear resistance of all thermal sprayed laser treated coatings was
lower in comparison with the reference materials (see Fig. 3.14). The lower wear
resistance of the HVOFS laser treated coating is most probably caused by the big
porosity of the near surface layer of the coating (see Fig. 3.4 b), and, as a
consequence, lower microharness, as seen in Table 3.1.

Several reasons for the lower wear resistance of the PS laser treated coatings
can be emphasized. The softer matrix (see Table 3.1) in comparison with the
reference material, whose microharndess is in the range 490 — 510 HVO.1, can
be responsible for that. Considering that the prevailing wear mechanism is the
microcutting, the relatively soft matrix will lead to higher wear of the coatings in
comparison with the reference material. This is confirmed by the study of the
wear scars of the coatings, where deep grooves together with the pullout sites of
the hard particles were observed (see Paper III for details).
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Figure 3.14 Abrasive wear rate of the HVOFS and PS laser treated coatings

The lower abrasive wear resistance of Ni-based self-fluxing alloy matrix
coatings in comparison with the Fe-based self-fluxing alloy matrix ones can be
explained by lower microhardness of the matrix of the former (270 — 430 HVO0.1
against 490 — 680 HVO0.1 of the matrix of the Fe-based self-fluxing alloy based
coatings).

3.3.4 Abrasive-erosion wear

Results of abrasive-erosion tests are shown at Fig. 3.15. Compared to the
reference material, Ni-based self-fluxing alloy matrix composite coatings show
better abrasive-erosion wear resistance at the 90° impact angle and the Fe-based
self-fluxing alloy matrix ones — at the 30° impact angle. The reason for that may
be the differences in the wear mechanisms at different impact angles and by the
different microhardness of the coatings’ matrixes (see Table 3.1 for details). At
the 30° impact angle, the wear mechanism is microcutting, at the 90° impact
angle — the combination of microcutting and surface fatigue. As the Ni-based
self-fluxing alloy matrix coatings have a softer matrix, than the Fe-based self-
fluxing alloy matrix ones, due to the microcutting mechanism the former show
higher wear rate at the 30° impact angle. However, as the Ni-based self-fluxing

36



alloy matrix coatings are less brittle in comparison with the Fe-based self-
fluxing alloy matrix ones, they are less susceptible to brittle fracture. This could
make the Ni-based self-fluxing alloy matrix coatings more resistant at the
surface impact conditions in comparison with the Fe-based self-fluxing alloy
matrix ones.
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Figure 3.15 Abrasive-erosion wear rate of the PS laser treated coatings

3.3.5 Abrasive impact wear

The Fe-based self-fluxing alloy matrix composite coating shows the lowest
wear (see Fig. 3.16), despite the fact that the main wear mechanism in the case
of abrasive impact wear is the surface fatigue. It could be explained by the more
even distribution of microhardness across the coating, indicating the less steep
gradient of other mechanical properties. That may be more important in the case
of coarser abrasive, used in the abrasive impact wear tests.
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Figure 3.16 Abrasive impact wear rate of the PS laser treated coating
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4 CONCLUSIONS

Based on the studies of duplex treatment — supplementary treatment (laser
hardening/laser treatment and plasma nitriding) with a combination of coating
technologies (physical vapour deposition and thermal spraying), of different
steels (carbon steel, low-alloy nitrided steel, high-alloy cold work tool steel) for
increasing their surface load capacity and wear resistance, the following
principal conclusions can be drawn.

L.

Pretreatment of steel (plasma nitriding, followed by PVD) or
posttreatment of PVD coated constructional and tool steels allow to
create, depending on treatment’s type and steel grade, a 100 — 250 um
thick supportive layer with increased hardness under the coating. An
increase in the microhardness values by 1.5 — 2 times can be obtained in
a PVD coated laser hardened steel (up to 2 times for the constructional
steel and up to 1.5 times for the tool steel).

Laser treatment of PS self-fluxing alloy based metal coatings allows
obtaining a dense structure without pores. The Fe-based self-fluxing
alloy based coating demonstrates the best results. Laser treatment of
high velocity oxy-fuel sprayed hardmetal type coating is not
advantageous, as it causes the porosity near the surface and cracks
through the coating, leading to decrease in hardness and to a lower
abrasive wear resistance.

Best cracking resistance was demonstrated by the duplex (Al Ti)N-G
coatings on laser hardened as well as on plasma nitrided substrates.
Laser treatment of high velocity oxy-fuel sprayed coating demonstrates
a medium resistance to cracking at cyclic impact loads.

Best impact wear resistance was shown by the I generation duplex
(plasma nitrided and PVD) TiN coating due to the highest modulus of
elasticity of the TiN coating. The II-III generation duplex (PN and
PVD) coatings showed similar impact wear resistance. High velocity
oxy-fuel sprayed laser treated coatings showed good impact wear
resistance.

Sliding wear resistance of the duplex PVD coatings was found to be
dependent on a combination of coating’s and substrate’s parameters.
The best sliding wear resistance was demonstrated by the duplex IV
generation PVD FiVIc® coating (the wear of it was 1.2 times lower than
of the duplex I generation PVD TiN coating, 1.4 times lower than of the
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duplex II generation PVD (Ti,A)N-ML coating, 8.9 times lower than of
the duplex IV generation (Al,Ti)N-G coating).

6. High velocity oxy-fuel sprayed laser treated hardmetal coating showed
6.2 times higher wear than the reference material. In the abrasive-
erosion wear conditions plasma sprayed laser treated Fe-based self-
fluxing alloy matrix composite coatings demonstrate the 1.1 — 1.9 times
lower wear, than the Ni-based self-fluxing alloy ones. The exception is
the abrasive-erosion wear at the impact angle of 90°, when the Ni-based
self-fluxing alloy matrix composite coatings show the 1.1 times lower
wear than the Fe-based self-fluxing alloy matrix ones.

7. The future research will be focused on the following:

— study of the effect of duplex treatment (laser hardening or plasma
nitriding) to adhesion and sliding wear resistance of physical vapour
deposited coatings,

— study of the effect of hard phase content and laser treatment
parameters to the structure and properties of thermal sprayed duplex
laser treated composite coatings,

— choosing the potential application areas of duplex coatings on
different steel substrates.
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ABSTRACT

During the duplex treatment, two or more surface treatment technologies are
sequentially applied to obtain a composite, whose properties are higher than
obtainable through an individual technology. Laser and electron beam surface
treatment of coatings seems to be the most universal duplex treatment, as it
allows to treat both thin and thick coatings. Laser and electron beam hardening
improve the adhesion of a PVD or CVD coating by 1.2 — 3.3 times and surface
hardness — by 1.2 — 2.3 times, depending on the substrate, whereas coating’s
distortion is minimal. Laser or electron beam treatment (remelting) improves the
adhesion of thermal sprayed coatings by 1.05 — 3.4 times, however, hardness can
as drop by 1.03 — 1.5 times, as rise by 1.1 — 2.2 times, depending on the sprayed
material. Wear resistance of the remelted coatings also fluctuates 0.5 — 20 times
in respect to the initial values. Nitriding/nitrocarburising in pair with a
PVD/CVD coating remains the most popular duplex treatment. Nitriding of the
substrate can improve the adhesion of a PVYD/CVD coating by 1.2 — 19 times,
sliding wear resistance — by 1.6 — 19.8 times, also it significantly improves the
impact wear resistance.

In this work duplex treatment of thin (2 — 3 pm) PVD and thick (200 — 300
pm) thermal sprayed coatings is studied. The duplex treatments include the
combinations of steel substrate plasma nitriding and subsequent PVD coating,
PVD coating of a steel substrate and subsequent laser hardening and thermal
spraying of a coating and subsequent laser treatment. PVD coated CS and
CWTS were chosen for the laser hardening, nitradable low alloy steel was
chosen for plasma nitriding and PVD single layer TiN (I generation), multilayer
(Ti,A)N-ML (Il generation), gradient (ALTi)N-G and nanocomoposite
multilayer FiVIc® (both — III generation) coatings’ deposition. HVOFS
Hardmetal and PS composite Ni- and Fe-based self-fluxing alloy-recycled
hardmetal thermal sprayed coatings were chosen for laser treatment.

Microstructure and microhardness of all studied coatings and substrates were
investigated. PVD coated steels were subjected to cyclic indentation, impact and
sliding wear (nitrided ones) tests, laser treated TS coatings were subjected to
cyclic indentation, impact wear and abrasive wear tests.

Microstructure studies and microhardness measurements demonstrated a
formation of 80 — 100 wm hardened layer under the PVD TiN coated laser
hardened CWTS and (Al,Ti)N coated CS. PVD (ALTi)N coated laser hardened
CS demonstrated medium resistance to cracks’ formation, TiN and Ti(C,N)
coated laser hardened CS showed low resistance to cracking.

The nitrided layer with the thickness of 250 pm was observed in the nitrided
specimens. Medium crack resistance was observed in the case of the III
generation gradient PVD (Al Ti)N-G coating. All other coatings demonstrated
high susceptibility to cracking. The PVD I generation TiN coating demonstrated
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the 1.1 — 1.3 higher impact wear resistance in comparison with the other
coatings. The III generation FiVIc® coating demonstrated the 1.2 times lower
wear, than the TiN coating, 1.4 times lower wear, than the (Ti,Al)N-ML coating,
and 8.9 times lower wear, than the (Al,Ti)N-G coating.

Laser treatment of HVOFS hardmetal coating leads to the high degree of
porosity of the near-surface layer, bringing the decrease in microhardness and
lower wear resistance, than the reference material. Porous free structure was
observed in the PS laser treated composite coatings, however, large chemical
inhomogeinety of Ni-based self-fluxing alloy-recycled hardmetal composite
coating was observed.

Laser treated HVOFS hardmetal coating demonstrated medium resistance to
cracking and good resistance to impact wear.

The Ni-based composite coatings showed lower wear resistance in
comparison with the Fe-based ones. The Ni-based composite coatings indicated
higher abrasion wear at 30° impact angle and lower wear at 90° impact angle.
Abrasive-erosion wear resistance of the Fe-based composite coatings was at the
level of reference material at 30° impact angle and 1.5 times higher at 90°. The
abrasive-erosion wear reistance of the Fe-based self-fluxing alloy composite
coatings was approximately 1.5 times higher in comparison with the Ni-based
ones.

Keywords: duplex treatment, coatings, PVD, thermal spraying, laser hardening,
laser treatment
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KOKKUVOTE

Duplekspindamisel rakendatakse kahte v3i enamat pinnatdotlustehnoloogiat,
et saada kombineeritud pindeid, millede omadused on kdrgemad vorreldes
iiksikpinnatehnoloogia kasutamisel saaduga. Laser- ja elektroonkiirtd6tlus koos
teiste pindamismoodustustega — duplekstdotlus vdimaldab téodelda nii dhukesi
kui pakse pindeid. Laser- ja elektroonkiirkarastus vdimaldab tdsta
aurustussadestatud pinnete naket 1.2 — 3.3 korda ja pinnakdvadust 1.2 — 2.3
korda minimaalse deformatsiooni juures. Laser/elektroonkiirpinnatdotlus
vOimaldab parandada termopihustatud pinnete naket 1.05 — 3.4 korda, kdvadus
aga voOib pérast to6tlust kas langeda (1.03 — 1.50 korda), voi ka tousta 1.1 — 2.2
korda soltuvalt pihustatud materjalist. Kulumiskindlus varieerub peale t66tlust
0.5 — 20 korda vorreldes tootlemata olekuga. Koige populaarsemaks
duplekstootluseks jadb nitriitimine/karbonitriitimine jirgneva
aurustussadestamisega. Aluse nitriitimine vOimaldab tdsta aurustussadestatud
pinde naket 1.2 — 19 korda, liugekulumiskindlust — 1.6 — 19.8 korda, sealjuures
oluliselt paraneb 166kkulumiskindlus.

Antud t66s uuritakse ohukeste (2 — 3 um) aurusstussadestatud ja paksude
(200 — 300 pm) termopihustatud pinnete duplekstootlust, kombineerides
terasaluse plasmanitriitimist ja jérgnevat aurustussadestust, aurustussadestusele
jargnevat laserkarastust ning termopihustamist ja jidrgnevat lasertdotlust.
Aurustussadestamisel ~ alusmaterjaliks  olid  valitud  siisinikteras  ja
kiilmtooriistateras  laserkarastuseks  ning  nitriiditav ~ madallegeerteras
plasmanitriitimiseks. Ohukestest aursustussadestatud pinnetest olid valitud
ithekihiline TiN (I pdlvkond), mitmekihiline (Ti,Al)N-ML (II generatsioon),
gradient- (AL Ti)N-G ja nanokomposiitpinne FiVIC® (mdlemad — III pdlvkond).
Kiirleekpihustatud kdvasulampinne ja plasmapihustatud komposiitpinne Ni ja Fe
baasil iserdbustuvast sulamist ja taaskasutatud koOvasulamist allutati
lasertodtlusele.

Uuriti erinevate pinnete mikrostruktuuri ja mikrokdvadust valitud alustel.
Tsiiklilist indenteerimist (koormus 50 N, sagedus 50 Hz, 10* tsiiklit) ja
166kkulumise meetodit (koormus 16 N, sagedus 50 Hz, 10* — 10’ tsiiklit) kasutati
aurustussadestuspinnatud laserkarastatud siisinikterase, nitriiditud
aurustussadestuspinnatud madallegeerterase ja kiirleekpihustatud lasert6odeltud
kovasulampinde uurimisel. Kulutamismeetoditest kasutati liugkulutamistesti
(koormus 10 N, sagedus 5 Hz) nitriiditud ja aurustussadestuspinnete korral.
Abrasioonkulumisele katsetati (koormus 47/222 N, poorlemiskiirus 200.8/238
min™', kestvus 3 min) aga kiirleek- ja plasmapihustatud lasertoddeldud pinded.
Abrasiiverosioonile (abrasiivosakeste kiirus 80 m/s, kohtumisnurk 30°90°) ja
abrasiivlookkulutamisele (abrasiivosakeste kiirus 80 m/s, kohtumisnurk 90°)
allutati plasmapihustatud ning lasertéddeldud pinded.
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Mikrostruktuuri ja mikrokdvaduse uuringud viitasid 80 — 100 pm karastatud
kihi tekkele aurustussadestus- TiN pinde kiilmtodriistaterasel ja (Al Ti)N pinde
stisinikterasel. Karastatud kiht puudus aurustussadestus- TiN ja Ti(C,N) pinde
korral siisinikterasel. Aurustussadestus- (ALTi)N pinne laserkarastatud
stisinikterasel néitas keskmist vastupanu pragude tekkele, TiN ja Ti(C,N) pinded
— madalat vastupanuvdimet.

Nitriiditud terasalusel ilmnes ligi 250 um siigav nitriiditud kiht. III pdlvkonna
aurustussadestuspinne (Al Ti)N-G néitas keskmist vastupanu pragude tekkele,
iilejddnud pinded — madalat vastupanuvdimet pragunemisele. I pdlvkonna TiN
pinne nditas parimat 166kkulumiskindlust vorreldes teiste pinnetega, samal ajal
I pdlvkonna FiVIc® pinne niitas parimat liugkulumiskindlust.

Lasertoddeldud kiirleekpihustatud kovasulampinde struktuuris ilmnesid
olulised muutused: pinnaldhedases kihis tekkis kdrgpoorne ala, mis viis
mikrokovaduse viahenemiseni 2.2 korda ja kulumiskindluse languseni 6.2 korda
vorreldes ainult pihustatud WC-17Co kdvasulampindega. Plasmapihustatud ja
lasertoodeldud komposiitpinded olid poorivabad, kuigi suur struktuuri
mittehomogeensus oli omane Ni baasil iserdbustuvast sulamist ja taaskasutatud
kdvasulamist pindele.

Lasertoodeldud kiirleekpinne omas keskmist vastupanuvdimet pragude
tekkele ja head vastupanuvdimet l6okkulumisele.

Plasmapihustatud ja lasertoddeldud komposiitpinded Ni— ja Fe—sulamite
baasil  niditasid madalat  abrasiivkulumiskindlust. ~ Ni-sulami  baasil
komposiitpinded néitasid suuremat erosioonkulumist 30° kohtumisnurgal ja
madalamat kulumist 90° kohtumisnurgal; Fe—sulami baasil komposiitpinded aga
madalamat kulumist 30° kohtumisnurgal ja suuremat kulumist 90° juures.
Abrasiivlookkulumise tingimustes Ni—sulami baasil komposiitpinded niitasid
suuremat ja Fe—sulami baasil véiksemat kulumist vorreldes etalonmaterjaliga
(teras C45).

To0 jareldused on jargmised:

1. Terasaluse eelnitriitimine voi jareltootlus (laserkarastus) voimaldavad
saada pinde all 100 — 250 pum paksust tugevdatud kihi.
Laserkarastamisel saadud aluskihi kdvadus on 1.5 — 2 korda suurem
karastamata terase omast, kusjuures tous on méirgatavam véiiksema
siisinikusisaldusega konstruktsiooniterase korral. Plasmapihustatud
iserdbustuva sulami baasil komposiitpinde laserto6tlus voimaldab saada
poorivaba struktuuri; suurim efekt on Fe—sulami baasil iserdbustuvate
sulamite korral. Kiirleekkdvasulampinde lasertootlus pole soovitav,
kuna toob kaasa pooride ja pragude tekke, mis alandavad nii kovadust
kui ka abrasiivkulumiskindlust.

2. Parim vastupanu pragude tekkele oli demonstreeritud laserkarastatud voi
nitriiditud alusel (Al,Ti)N-G pinde korral. Lasertdodeldud kiirleekpinne
omab keskmist vastupanuvoimet pragude tekkele.
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3. Aurustussadestuspinnetest niitas [ polvkonna TiN pinne parimat
166kkulumiskindlust (1.1 — 1.3 korda) vorreldes teiste pinnetega.
Kiirleekpihustatud lasertoodeldud kovasulampinne nditas head
166kkulumiskindlust.

4. Aurustussadestusduplekspinnete (plasmanitriitimine jargneva aurustus-
sadestamisega) liugkulumiskindlus soltub hoordetegurist.
Aurustussadestatud III pdlvkonna FiVIc® pinne nditas 1.2 korda
madalamat kulumist, kui TiN pinne, 1.4 korda madalamat kulumist kui
(Ti,ADN-ML pinne ja 8.9 korda madalamat kulumist kui (AL, Ti)N-G
pinne. Kiirleekpihustatud lasertoddeldud pinne nditas 6.2 korda

suuremat abrasiivkulumist vorreldes vordlusmaterjaliga.
Plasmapihustatud lasertdodeldud Fe—sulami baasil iserdbustuvast
sulamist komposiitpinded niitasid 1.1 - 1.9 korda paremat

kulumiskindlust, kui Ni-sulami baasil iserdbustuvast sulamist
komposiitpinded, vélja arvatud erosioonkulumine 90° kohtumisnurgal,
mil Ni baasil iserdbustuvast sulamist komposiitpinne osutus paremaks
vorreldes Fe baasil sulamiga (1.1 korda).
5. Tulevaseks tooks on plaanitud jargmised tegevused:
— laserkarastuse ja plasmanitriitimise modju aurustussadestatud
pinnete nakkele ja liugekulumiskindlusele;
— kova faasi koguse ja lasertootluse parameetrite mdju uurimine
termopinnete struktuurile ja omadustele;
— duplekspinnete potentsiaalsete kasutusalade méératlemine.

Votmesonad: duplekstodtlus, pinded, aurustussadestus, termopihustus,
laserkarastus, lasertootlus
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In the present study, the opportunities of laser beam treatment by the means of the 4 kW Nd:YAG laser are investigated.
The studied materials are carbon steels C 45 and C22E (carburized), coated with the PVD coatings Ti(C,N), TiN and
(ALTiI)N, and powder steel Vanadis 6. The macrophotos of the laser beam treated surfaces were taken, the microstruc-
tures of the cross-sections of laser beam treated specimens were studied, and the microhardness profiles of the cross-
sections of laser beam treated specimens were made. As these studies have shown, no signs of the influence of laser
beam appear at the surface of the PVD coatings, until an energy input threshold is reached, after that the coating oxidizes
and degrades. No hardened zones were found under the PVD coatings, except for (AL Ti)N coating. In the case of steel
Vanadis 6, three distinct zones can be seen. In the first zone, the carbide particles have dissolved, and a dendritic struc-
ture has appeared. In the second zone, the carbide particles remained, however, they were of smaller size in comparison
with the initial structure. In the third zone, the initial structure remained. The growth of microhardness values was
observed in the first and in the second zone, whereas bigger values were obtained in the second zone.

Keywords: laser beam treatment, PVD coatings, powder steels.

1. INTRODUCTION

The usage of hard physically vapour deposited (PVD)
coatings has gained much acknowledgement as a way to
remarkable improvement of tribological and corrosion re-
sistance properties of a material. However, their
application is restricted by the possibility of plastic defor-
mation of the substrate [1 — 5], as the coatings themselves
are very thin, and the load is to be carried by the substrate.
To resist this, different pre- and after-treatments of the
substrate are applied.

Among other techniques, laser beam treatment is
attracting strong attention [6]. In comparison to other
methods, it allows to obtain bigger substrate hardness
values, than other heat treatment methods, lower distortion
of the surface. In addition to that, laser beam treatment is
highly localized [7].

The aim of this study was to investigate the
opportunities of laser beam treatment of carbon steels with
Ti(C,N), TiN and (Ti,A)N PVD coatings, as well as
powder steels.

2. EXPERIMENTAL
2.1. Preparation of the specimens

The chemical composition of steels, used in this work,
is presented in Table 1. Specimens of four different sizes
were used. Specimens, made of steel C 45, were machined
to sizes of (30x30x5)mm and (15x25x5)mm.
Specimens, made of steel C22E, had dimensions
? 30 mm x5 mm. Specimens, made of steel Vanadis 0,
were of (25 % 30 x 5) mm size.

*Corresponding author. Tel.: +372-5102198; fax.: + 372-6202020.
E-mail address: andrei.surzenkov@ttu.ee (A. Surzhenkov)
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Specimens, made of steel C22E, were subjected to
pack carburizing during 6 hours at the temperature of
900 °C. The depth of the carburized layer was approxi-
mately 1 mm.

Specimens, made of steels C45 and C22E, were
grinded and polished using silicon carbide based grinding
papers with grit sizes, gradually decreasing from 80 to
4000. Specimens, made of steel Vanadis 6, were polished
with grinding papers with grit sizes gradually decreasing
from 80 to 400.

The physical vapor deposition process was applied on
specimens, made of steels C 45 and C22E. For the physical
vapor deposition process, the PLATIT n** hard-coating
system was applied. The standard Ti(C,N) and (Al Ti)N
coatings were applied to specimens, made of steel C22E,
and the standard Ti(C,N), (ALLTi)N and TiN coatings were
applied to the specimens, made of steel C45. The
thickness of the coatings equalled to 2,5 ym in all the
cases.

2.2. Laser treatment stage

Laser beam treatment was performed using the Haas
HL4006D 4 kW Nd:YAG laser with the wavelength of
1064 nm. The laser was operated in the CW mode, the
dimensions of a laser spot were set as 4 mmx9 mm.
Treatment zone was shielded with argon at the flow rate of
20 I/min. Three passes without overlapping were applied to
each specimen, treated at final sets of parameters. The
principle scheme of a laser beam treatment is presented by
Fig. 1. The final treatment parameters are brought at
Table 2.

The choice of final parameters of treatment was
partially dictated by [11], partially by the preliminary
experiments’ data. TiN and (A1, Ti)N coatings were treated,
using lower laser beam power, to avoid their destruction.



Table 1. Chemical composition of the used steels

Steel grade C, % Si, % Mn, % Cr, % Mo, % V., % P, % S, %
C45 0.42-0.50 | 0.17-0.37 | 0.50-0.80 - - - <0.035 <0.035
C22E 0.17-0.24 | 0.17-0.37 | 0.40-0.70 - - - <0.035 0.020 — 0.040
Vanadis 6 2.6 1.0 0.4 6.8 1.5 54 - -

Table 2. Final parameters of the laser treatment

Coating or steel grade Steel grade of the substrate Laser beam power, W Scan speed, mm/min
TI(CN) C22E 600 300
C45 600 300
(ALTIN C22E 500 300
C45 500 300
TiN C45 500 300
Vanadis 6 - 1000 300

2.3. Obtained data evaluation

Macrophotos of the laser beam treated surface were
made using Canon EOS 350D camera. To reveal the mi-
crostructures of laser treated specimens’ cross-sections, the
latter were polished, etched with nital and studied under
the Axiovert 25 (Carl Zeiss, Germany) optical microscope.
In addition to that, the Vickers microhardness profiles were
obtained applying the Buehler Micromet 2001 microhard-
ness tester. The load was 0.3 kg.

3 ]
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mm /}\6
5
| 7

: 14

Fig. 1. The principle scheme of laser beam treatment: 1 — laser,
which is operated in a pulsed or continuous wave mode,
2 — laser beam, 3 — turning mirror, 4 — optical system,
5 — specimen, 6 — nozzle for the gas feed

3. RESULTS AND DISCUSSION
3.1. Surface macrostructure

In the case of PVD coatings, no visible changes of the
surfaces’ conditions were noticed. However, when a
certain threshold of energy input is exceeded, the coating is
oxidized and removed from the substrate. Fig. 2 illustrates
this case for the TiCN coating on carburized steel C22E.

In this case, three single passes at laser beam power
values of 710 W, 650 W and 600 W (at Fig. 2, a, b and ¢
respectively) at the constant speed of 300 mm/min were
applied to the specimen. As it can be seen, degradation of
the coating takes place in the middle of the laser beam
treated zone. This can be explained by the different
expansion coefficients of Ti(C,N) coating and the

substrate. At the expense of that tensile stresses appear in
the coating that leads to its degradation. Apart from that,
the austenite-to-martensite transformation can be also
partially responsible for the destruction of the coating, as
the martensitic structure was found in the coating-free
treated zone of the specimen, and the austenite-to-
martensite transformation is followed by the size
alterations.

Fig. 2. The surface of laser beam treated Ti(C,N) coating, carried
onto the carburized steel C22E. Scan speed 300 mm/min,
laser beam power values: a) 710 W; b) 650 W; ¢) 600 W
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Fig. 3. The surface of laser beam treated steel Vanadis 6. Scan
speed 300 mm/min, laser beam power 1000 W



Fig. 3 represents the laser beam treated surface of steel
Vanadis 6, where all three passes were completed,
applying the final set of parameters. In this case, the
surface melted significantly, whereas, as it can be seen,
there is a clearly distinct border between the laser beam
treatment zone and the surface, left untreated. In addition
to that, it can be seen that at one edge the specimen has
melted in a more dramatical way. The possible explanation
for it is that the more melted zone appeared during the last
pass, made by laser. In such case, the specimen is heated to
a bigger extent, than at the beginning of treatment, thus the
temperature in the zone of the third pass is higher.

3.2. Microstructure

Figs. 4 and 5 show the laser beam treated zones of
carburized steel C22E specimens, which were coated with
Ti(C,N) and (AL Ti)N coatings, respectively. As it can be
seen, no visible effect of treatment is present. The possible
reason for it is that the temperature under the coating
didn’t exceed the phase transformation temperature.

Fig. 6. Microstructure of laser beam treated steel C 45, coated
with the Ti(C,N) coating. Scan speed 300 mm/min, laser
beam power 600 W

S e i - i
Fig. 7. Microstructure of laser beam treated steel C 45, coated

with the TiN coating. Scan speed 300 mm/min, laser
beam power 500 W

Fig. 4. Microstructure of laser beam treated carburized steel
C22E, coated with the Ti(C,N) coating. Scan speed
300 mm/min, laser beam power 600 W

Fig. 8. Microstructure of the laser beam treated steel C 45, coated
with the (ALTi)N coating. Scan speed 300 mm/min, laser
beam power 500 W

Fig. 5. Microstructure of laser beam treated carburized steel
C22E, coated with the (ALTiN coating. Scan speed Fig. 8 illustrates the structure of the laser beam treated

300 mm/min, laser beam power 500 W steel C 45, coated with the (AL Ti)N coating. The presence

Figs. 6 and 7 illustrate the laser beam treated zones of ~ of small amounts of martensite can be seen. Such small
steel C 45, coated with Ti(C,N) and TiN PVD coatings, = amounts of martensite can be explained by an insufficient
respectively. Neither in the first case nor in the second one ~ heating during the treatment. The reason, why such effect
any signs of phase transformation could be seen. The  has not found place in the case of carburized steel C22E,
possible reason for it is that the phase transformation  can be the relatively large grains, which were not heated
temperature has not been reached. enough for the martensitic structures to appear.
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Figs. 9 and 10 represent the microstructure of laser
beam treated steel Vanadis 6. As it can be seen, two zones
can be distinguished in the laser beam affected area. The
first one, which is situated near the surface of the
specimen, has a dendritic eutectic two-phase structure,
whereas dendrites are mostly situated perpendicular to the
direction of heating. This shows that in this case heat
spreads rather by heat conductivity than by convection.

100 um

Fig. 9. Microstructure of the laser beam treated steel Vanadis 6.
The first zone of the laser beam affected area. Scan speed
300 mm/min, laser beam power 1000 W

Fig. 10. Microstructure of the laser beam treated steel Vanadis 6.
The second zone of the laser beam affected area. Scan
speed 300 mm/min, laser beam power 1000 W

The second zone, situated near the untreated material,
has a structure of the eutectic two-phase matrix with the
dispersed carbide particles, whereas the latter are smaller
than in the untreated material.

3.3. Microhardness

Fig. 11 represents the microhardness profiles of the
cross-section of steel C22E laser beam treated specimens,
coated with the Ti(C,N) and (ALTi)N coatings. In
comparison, the microhardness profiles of the cross-
sections of the untreated steel C22E specimens with the
same coatings are brought.

As it can be seen, no hardening effect has found place.
This can be explained by the insufficient heating by the
laser beam.
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Fig. 11. The microhardness profiles of laser beam treated steel
C22E specimens with PVD coatings: 1 — Ti(C,N), 2 —
(AL TN, 3 — Ti(C,N), untreated, 4 — (AL Ti)N, untreated

Fig. 12 shows the microhardness profiles of the cross-
section of the laser beam treated steel C 45 specimens,
coated with the coatings Ti(C,N), (ALTi)N and TiN
coatings. In addition to them, the two horizontal lines
illustrate the maximal and minimal microhardness values,
obtained in the steel C 45 untreated specimens.
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Fig. 12. The microhardness profiles of the laser beam treated
steel C45 specimens with the PVD coatings:
1 = Ti(C,\N), 2 — (ALLTi)N, 3 — TiN, 4 — C 45, untreated,
maximal microhardness, 5 — C 45, untreated, minimal
microhardness

As it can be seen, except for the specimen, coated with
the (ALTi)N coating, where a hardened zone of about
200 um appeared, no hardening effect can be seen. The
possible reason for it is that the phase transformation
temperature has not been reached in the majority of cases.

Fig. 13 represents the microhardness profile of the
cross-section of the laser beam treated steel Vanadis 6.

As it can be seen, the depth of the hardened zone
reaches 1400 pm, whereas the maximal microhardness
value is approximately at the depth of 600 pm. Such
distribution of the microhardness values can be explained
by the fact that the microhardness of the eutectic, what
formed at the top of the laser beam affected zone, has
lower microhardness values than the structure in the
middle of the laser beam affected zone. In its turn, it can be
explained by the dissolution of carbides at the top of the
laser beam affected zone, and the appearance of more
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Fig. 13. The microhardness profile of the laser beam treated steel

Vanadis 6 specimen: 1 — microhardness profile of the
laser beam treated zone, 2 — steel Vanadis 6, untreated,
maximal microhardness, 3 — steel Vanadis 6, untreated,
minimal microhardness

dispersed carbides at the lower part of the laser beam
affected zone.

4. CONCLUSIONS

L.

No hardening effect is present in the steel C22E
specimens with the given PVD coatings, treated at the
current sets of parameters.

It is not recommended to carry out the laser beam
treatment for the PVD Ti(C,N) coatings, being carried
onto a carburized substrate, as the coating degrades
before any hardening effect is achieved.

No signs of the hardening effect were found in the steel
C 45 specimens with the Ti(C,N) and TiN coatings.
The depth of the hardened zone in the steel C45
specimen with the (AL Ti)N coating equaled to 200 um,
the maximal microhardness value was approximately
385 HVys.

. The depth of the hardened zone in the steel Vanadis 6

specimen was approximately 1400 pm, the biggest
microhardness value in that zone equaled to
approximately 710 HV ;.

It is recommended to avoid dissolution of carbides in
the powder steel Vanadis 6 during the laser beam
hardening, as it doesn’t allow to obtain the maximal
microhardness values.

The maximal microhardness values in the case of the
steel Vanadis 6 appear, when the dispersed carbides are
present in the structure.
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LASER TREATMENT OF SURFACES OF TOOL AND PM
STEELS AND STEELS WITH COATINGS

Surzhenkov A., Allikas G., Gregor A., Zimakov S., Kulu P., Miiller H.

Abstract: Laser treatment of surfaces to
improve their wear resistance was under
the study. Specimens, made of plain
carbon steel C45, tool steel Arne, PM
steels Vanadis6 and Weartec” were laser
hardened. HVOFS WC-17Co coating
and PVD deposited TiN coating on steel
substrates were treated applying CO,
laser radiation, varying scan speed and
power. The treated specimens were
subjected to microhardness
measurements and wear block-on-ring
rubber wheel tests. The results of laser
treatment showed that the microhardness
values increased  significantly in
comparison with a conventional heat
treatment. The wear resistance of all
treated surfaces was lower, than in the
case of conventional heat treatment
methods.
Keywords: laser
steels, coatings.

treatment, surface,

1. INTRODUCTION

The purpose of this work was to study
the potential of laser transformation
hardening and laser treatment on four
target groups: plain carbon steels, PM
steels, steels with thermal sprayed
coatings and physical vapor deposited
coatings.

In the case of plain carbon steels and PM
steels, the possibility of obtaining a
harder and more wear resistant surface
was researched, in the second case — the
opportunity ~ of  enhancing  these
properties for the coating and the
substrate, in the third one - the
possibility of hardening the substrate
steel.

2. EXPERIMENTAL
2.1 Studied materials and coatings

The materials studied include
commercial conventional (C45, Arne)
and powder metallurgy produced (PM)
steels (Vanadis 6, Weartec™).

The chemical composition and initial
microhardness of conventional and PM
steels are shown in Tables 1 and 2.

The properties of high velocity oxy-fuel
sprayed (HVOFS) WC-17Co coating
and physical vapour deposited (PVD)
TiN  coating as well as the
microhardness values of the substrates
are given in Table 3.

2.2 Laser treatment

The used specimens were of 15 x 25 mm
size, except for PVD TiN coated
specimens, which had dimensions of

12 x 25 mm. For the current study, the
CO, TRUMPF TLC 105 laser was
applied. The wavelength equalled to
10.6 um, the diameter of the laser spot —
to 0.95 mm, focal length was —1 mm.
The shield gas was N at the pressure of
3 bars. No overlapping of laser passes
was applied. The principle scheme of
laser treatment is presented in Fig. 1.

The preliminary experiments were
carried out in two stages. The task of the
first stage was to find an optimal laser
power value, the task of the second one
— to find an optimal scan speed value.
The parameters’ values were considered
optimal, if they allowed the biggest
microhardness values. Final parameters
of laser treatment are brought in Table 4.



Table 1. Chemical composition (Wt%), initial microhardness of plain carbon steels

Steel C Mn Si Cr W Others HVO0.3
C45 0.45 0.60 0.30 - — - 200-235
Arne 1.00 0.95 0.25 1.05 1.40 Cu<0.30 |220-230

Mo <0.30

Ni<0.35
Table 2. Chemical composition (wt%), initial microhardness of PM steels
Steel C Mn Si Cr Mo )\ HVO0.05
Vanadis 6 | 2.80 0.50 1.00 8.00 13.50 9.80 245 320
Weartec™ | 2.80 0.70 0.80 7.00 2.30 8.90 340 385
Table 3. Studied coatings and their properties
Type of coating Substrate Thickness of | Microhardness

coating, um Substrate Coating
HVOFS WC-17Co | C45 200 200-235 HV0.3 1400 HV0.3
Arne 200 205-240 HVO0.3 1350 HV0.3
PVD TiN Vanadis 6 | 3 245-320 HV0.05 | -
2.3 Microhardness measurement e ] <
P / <

The microhardness measurements in the
case of preliminary experiments were
carried out at the ZWICK 3212.002
measuring device. The applied load was
4.9 N for HVOFS WC-17Co coating and
2.0 N (the minimal possible) for steels

and PVD TiN coatings.
The  microhardness  measurements,
performed at specimens, treated at

optimal parameters, were carried out at
the Micromet 2001 measuring device.
The applied load equalled to 2.9 N in the
case of plain carbon steels and HVOFS
WC-17Co coating and to 0.5 N in the
case of PM steels and PVD TiN coating.
Such choice was made on empirical
basis. All measurements were started

at 25 pm.

2.4 Abrasive wear testing

Abrasive wear tests were carried out
using the block-on-ring rubber wheel
scheme (standard ASTM G65-94). The
diameter of ring equalled to 0.08 m, the
force was 47 N, speed of rotation was
238.8 rpm, the mass of sand equalled to

1 kg. The experimental scheme of device
is presented in Fig. 2

s Z 7

\j%:r'\f}\\g

= | 7

4

Fig. 1. The principle scheme of laser
surface treatment of materials: 1 — laser,
2 — laser beam, 3 — turning mirror,

4 — optical system, 5 — specimen,

6 — nozzle for the gas feed

Fig. 2. The principle scheme of the
block-on-ring (rubber wheel) abrasive
wear tester



Table 4. Optimal parameters of laser treatment

Steel or coating Power, W Scan speed, mm/min
C45 300 250

Arne 345 250

Vanadis 6 300 750

Weartec” 225 750

HVOFS WC-17Co 495 300

PVD TiN 350 1200

The wear coefficient was calculated as

o omy—m'
p-F-t-vr

my — initial weight of the specimen, kg,
m’ — end weight of the specimen, kg,
p — density, kg/m’,
F —force, N,
t — time of the experiment, s,
v — speed of rotation, rpm,

r —radius of the ring, m.

, where (1)

3 RESULTS AND DISCUSSION

3.1 Laser treatment of steels

3.1.1 Plain carbon steels

Figure 3 represents the microstructure of
laser hardened plain carbon steel C45,
which appeared during laser treatmtent
along the surface. As can be seen from Fig.
3, the transformation zone has a distinct
border. No visible crystalline structure is
present in the wupper part of the
transformation zone, in the lower part of
the transformation zone cementite seems to
remain. In addition to that, it is possible to
predict tempering effect at the overlapping
place of two zones, as they are of different
colour. The probable structures in the
transformation zone are martensite near
and inside the overlapping place in the
upper part, and bainite.

Figure 4 shows the microstructure of laser
hardened steel Arne. As can be seen, the
laser transformation zone has a distinct
border. No crystalline structure is observed
neither in the transformation zone nor in
the untreated steel, however, it can be
assumed that the structure of the laser
hardened zone consists of martensite and

retained austenite in the upper part, and
martensite, retained austenite and bainite in
the lower part with possible presence of
nitrides, which appeared due to reactions
with the shield gas.

Figure 5 illustrates the microhardness
distribution inside the transformation zone
of the plain carbon steels' specimens.

As can be seen, microhardness values
distribute in C45 and Arne steel specimens
in a different way. The possible reasons for
that can be the appearance of retained
austenite in the surface layer of the laser
transformation zone on case of steel C45

Fig. 3. The microstructure of

Fig. 4. The microstructure of laser

hardened steel Arne
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Distance fromthe surface, pm
Fig. 5. Microhardness distribution inside
the laser transformation hardened zone in
C45 and Arne steel specimens

and saturation with nitrides, which
appeared in reaction with the shield gas, of
the surface layer of steel Arne with the

simultaneous  diffusion of alloying
elements from the bottom subsurface
layers.

3.1.2 PM steels

The microstructure of laser hardened steel
Vanadis 6 is shown in Fig. 7. As it can be
seen, no clear hardened zone is present,
and there is no visible evidence of the
hardening process.

The microstructure of laser hardened steel
Weartec” is brought in Fig. 7. As it can be
seen, an increase in the particle size near
the surface can be remarked. However, no
other evidence of the hardening effect can
be seen.

Figure 8 represents the microhardness
distribution inside the laser hardened zones
of steels Vanadis 6 and Weartec®.

As it can be seen, the depth of the hardened
zone reaches maximally 50 pm.

3.2. Laser treatment of coatings

3.2.1 HVOFS WC-17Co coatings

Figure 9 represents the microstructure of
laser treated HVOFS WC-17Co coating.

As it can be seen, a transformation zone
appears under the coating.

Figure 10 represents the microhardness
distribution inside the laser treated zone.

4 g .202) um

Fig. 6. Micrsructur of laser hardened
steel Vanadis 6

Fig. 7. Microstructure of laser hardened
steel Weartec™

HV0.05
600 ;

500 | ~4-Vanadis 6
-#- Weartec®
400 4

300 1

200 1

100 A

0 T T T T T T |
0 100 200 300 400 500 600 700

Distance from the surface, pm

Fig. 8. Microhardness distribution inside
the laser hardened zone in Vanadis 6 and
Weartec” steel specimens

R Vi

Fig. 9. icrstructure of laser treted
HVOFS WC-17Co coating. Substrate —
steel C45
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Fig 10. Microhardness distribution inside
the laser treated zone of WC-17Co coated
specimen

As it can be seen in Fig. 10, laser treatment
causes drop in microhardness values in the
coating. This can be explained by a
burnout of the carbon and alloying
elements and the decomposition of WC
particles. In addition to that, an appearance
of microcracks inside the coating was
noticed.

3.2.2 PVD TiN coatings

The microstructure of the PVD TiN coated
laser treated steel Vanadis 6 specimen is
presented in Fig. 11.

As it can be seen, no visible changes in
microstructure of the steel substrate can be
observed.

Figure 12 shows the microhardness
distribution inside the laser treated zone of
PVD TiN coated steel Vanadis 6.

As it can be seen, laser treatment allows
increasing the microhardness values of the
substrate. However, the depth of the
hardened zone doesn’t exceed 50 pm.

4. ABRASIVE WEAR RESISTANCE

The results of wear abrasive experiments
are shown in Fig. 13. PVD TiN coated
specimens were not subjected to abrasive
wear resistance, as they are to thin to show
any positive results.

As can be seen, only laser-hardened steel
Arne specimens show wear coefficient

Fig. 11. Microstructure of laser treated
PVD TiN coated specimen
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Fig.12. Microhardness distribution in the
laser treated PVD TiN coated specimen
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Fig. 13. Abrasive wear resistance of laser
treated specimen in comparison with the
conventionally treated or untreated ones

values, similar to that of conventionally
hardened ones. The reasons for lower
abrasive wear resistance in the case of PM
steels can be too low hardened depth in
comparison with conventional hardening.
The lower abrasive wear resistance in the
case of HVOFS WC-17Co coating
correlates with the drop in microhardness,
what can be seen in Fig. 10. As in the case
of microhardness values, low abrasive



wear resistance can be explained with the
burnout of alloying elements,
decomposition of WC particles and the
appearance of microcracks.

5. CONCLUSIONS

Based on the obtained results, the next
conclusions can be drawn:

1. Laser treatment allows enhancing
remarkably the  microhardness
values of presented steels.

2. The microhardness of laser treated
HVOFS WC-17Co coatings is
lower that the microhardness of the
untreated WC-17Co coating due to
the changes in composition of
coating.

3. Only a small hard zone appears
under PVD TiN coating, thus it is
doubtful, whether the purposes of
the experiment are fulfilled.

4. Laser treatment reduces the
abrasive wear resistance in all cases
in comparison with conventional
treatment.
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Abstract. Advantages of hard coatings and deposition technologies such as HVOF have opened
new opportunities for the production of wear parts operating in an abrasive environment. Thermally
sprayed hardmetal coatings are widespread in industrial applications for wear, but not usable under
impact wear conditions. To widen the scope of thick hard coating applications, powder coatings,
produced by plasma spraying and powder spray-fused coatings using laser remelting, were studied.
Nickel- and iron-based self-fluxing alloy powders and WC-Co hardmetal powders were used as
spray materials. The microstructure of coatings and the influence of heat treatment on the structure
and composition of coatings as well as on the composition of the substrate were studied. The
duplex-treated surfaces were tested under the conditions of abrasion and abrasive erosion and
impact wear and the mechanisms of coating degradation were analysed. Prospects of coatings,
containing thermal spray-fused iron-based metal-matrix WC-Co hardmetal for erosive wear
conditions, are demonstrated. Based on the comparative studies of abrasive, erosive and impact
wear resistance, recommendations for materials and coatings are formulated.

Key words: powder coatings, thermal spray, laser remelting, abrasion, erosion, abrasive impact
wear.

1. INTRODUCTION

In terms of product lifetime of engineering materials and machine compo-
nents, the surface is of prime concern. This involves wear behaviour and
mechanical properties such as surface fatigue ['?]. Thermally sprayed hardmetal
coatings, also often called “carbide coatings”, are used widely in many industrial
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applications for wear, corrosion and high temperature protection [*]. Recent
attention has focused on reduced consumption of existing resources and materials
recycling. Therefore the application of composite powders, based on used
(recycled) hardmetals for thermal spray is topical [*].

Wide use of thermally sprayed coatings gives evidence of the cost-effective-
ness of self-fluxing alloys containing tungsten carbide (WC) particles, applied by
the spray and fusion methods (flame, plasma and laser fusion). Some materials,
most notably MCrSiB compositions, where M stands for either Ni, Co or Fe, can
be fused by heating them up to the temperature of 1050°C. Due to the brittleness
of tungsten carbide, the impact wear resistance of the coatings is not high [*].
Because of their low porosity and high bond with the basic materials, the spray-
fused composite coatings, containing WC-Co hard phase, can resist significant
impact loads [*]. It has been shown that abrasive erosive and impact wear
resistance of powder materials and coatings are not high [>"*]. Usage of the
recycled hardmetal powder, produced by mechanical milling, causes high iron
content in the powder (up to 20%) due to the intensive wear of the grinding
media [>'°]. It is a factor, hindering their use in nickel-based compositions.

Following from the abovementioned, this work focuses on thermal spray-
fusion for the production of high-performance surfaces, use of the deposition of
hard coatings by thermal spray and subsequent laser treatment of powder
composition, based on iron-based spray powder. To improve the impact wear
resistance of plasma sprayed coatings, the following laser remelting was studied.

2. EXPERIMENTAL

2.1. Studied materials and coatings

For coatings, as a substrate, specimens of the size 50 X 25 x 10 mm of plain
carbon steel C45 were used. The composition and hardness of the steel are given
in Table 1.

The composite powders for spray and fused coatings contained nickel- and
iron-based powders as basic components. Table 2 shows the chemical composi-
tion of the self-fluxing alloy powders of the powder composites. With a spherical
shape, their particle size was (+10 —45) and (+15 —53) um for Fe- and Ni-based
powders, respectively.

Table 1. Chemical composition and hardness of the substrate steel

Grade of the steel Composition, wt% Hardness HV1
Normalized Hardened
C45 0.45 C; 0.60 Mn; 0.30 Si 200-235 480-515
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Table 2. Chemical composition and particle size of the used self-fluxing spray powders

Type of Trade Composition, wt% Particle size,
the powder mark Cr | Si | B | C | Ni | Fe nm
NiCrSiB (S)  1640-02* 75 35 1.6 025 bal. 25 +15-53
NiCrSiB (H)  1660-02* 148 43 31 075 bal. 37 +15-53
FeCrSiB Grade 6A* 137 2.7 34 2.1 6.0 bal +10 45
WC-Co Rec VK**  WC-75.6; Co—11.5 12.9 +20-63

* Powders of Hogands AB, Bruksgatan 35, SE-263 83 Hoganis, Sweden; (S) — soft (380 HV),
(H) — hard (780 HV).
** Experimental, TUT.

Nickel- and iron-based self-fluxing alloy powder compositions, containing
25 wt% of hardmetal particles, were used. WC-Co hardmetal powder, produced
from used hardmetal by disintegrator milling, was employed [>'°]. Chemical
composition of the hardmetal powder was the following (in wt%): WC — 75.6,
Co—11.5, Fe—12.9. Powders had the particle size of (+20 —63) and —63 um.
Figure 1 illustrates the particle shape. Particles were primarily equiaxed in form
and their microstructure showed a typical tungsten carbide based hardmetal
structure.

2.2. Plasma spray and laser treatment of coatings

To depose a coating, plasma spray equipment RotAloy of Castolin Eutectic
was applied. Plasma spraying parameters of the coatings are given in Table 3.
Thickness of the coatings was about 0.2 mm. The plasma sprayed coatings were
remelted using Nd: YAG laser Haas HL 4006 D of Trumpf with a wavelength of
1064 nm; the cross-section of the laser beam was 8 X 5 mm, overlapping — 50%.
Parameters of laser remelting are provided in Table 3.

Fig. 1. Micrograph of hardmetal powder particles.
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Table 3. Parameters of plasma spraying and laser remelting

Type of Power Gas flow Other
the coating rates, parameters
1/min
Plasma spraying _ Ar— 135 Spray current — 380 A, voltage
H, - 90 — 150 V, powder feed rate —
30 g/min, spray distance —
100 mm

Laser remelting  Iseries — 1.75 kW for NiCrSiB Ar—20  Scan speed — 10 mm/s
compositions
II'series — 1.5kW for FeCrSiB
and NiCrSiB compositions

2.3. Characterization of the coating structure, hardness
and wear resistance

2.3.1. Microstructure of coatings

Coatings were characterized both in the sprayed condition and after laser
remelting. Polished cross-sections were observed by the optical microscope using
an Omnimet image analysis system and SEM. X-ray analysis (EDS) was
performed to estimate changes in the composition of the metal matrix.

2.3.2. Determination of hardness

To determine surface hardness, measurements were made with a universal
hardnessmeter Zwick 2.5/TS at a load from 1 to 100 N. The load was selected to
obtain the size of indents comparable with the size of wear craters, formed by
abrasive wear.

Microhardness measurements in the cross-section were carried out using the
Micromet 2001 measuring device. The applied load was equal to 0.245 N. Low
loads enabled us to measure the hardness of the metallic matrix as well as of the
hardmetal particles in the matrix of the coating.

2.3.3. Abrasive wear testing

Abrasive block-on-ring wear (ABRW) abrasion tests were carried out using
the block-on-ring rubber wheel scheme (ASTM standard G 65-94) (Fig. 2a). The
diameter of the ring was 228.6 mm, the applied force was 222 N and the speed of
rotation was 200.8 1/min (linear velocity 2.4 m/s). The parameters of the wear
tests are given in Table 4. Abrasive erosive wear (AEW) and abrasive impact
wear (AIW) of the coatings were studied with the experimental centrifugal-type
wear testers CAK and DESI [']. At AEW the velocity was 80 m/s, impact angles
were 30° and 90°. By AIW tests a one-rotor system was used (Fig. 2c) [']; the
velocity was 80 m/s and the impact angle of abrasive particles with the specimen
on the fixed pin surface was about 90°. Wear experiments ABRW and AEW with
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(a) (b) ©

Fig. 2. Principal schemes of the block-on-ring wear tester (a), centrifugal-type erosion tester
CAK (b) and disintegrator type impact wear tester DESI (c).

Table 4. Parameters of tribological tests

Type of the test Velocity, The abrasive and the Amount of
m/s particle size, the abrasive,
mm kg
Abrasive block-on-ring wear (ABRW) 2.4 Quartz sand 0.1-0.3 1.5
Abrasive erosive wear (AEW) 80 Quartz sand 0.1-0.3 3
Abrasive impact wear (AIW) 80 Granite gravel 4-5.6 6

quartzite sand of fraction 0.1-0.3 mm were carried out. AIW tests were
conducted with granite gravel of fraction 4.0-5.6 mm. Hardness of the quartzite
and granite, measured at the polished cross-section, was 11.0 and 9.28 HV
0.05 GPa, respectively.

The mass loss of the specimens was determined and the wear coefficient at
ABRW was calculated as

k= Am ’
pEtvr

M

where Am is mass loss (kg), p is density (kg/m®), F is force (N), ¢ is time of the
experiment (s), v is rotation speed (1/min) and 7 is the radius of the ring (m).
At AEW and AIW the mass loss of the specimens was determined and the
volumetric wear rate /, was calculated as
Am

v > (2)
Pq

1

where Am is mass loss (mg), ¢ is quantity of the abrasive per specimen (kg)
and p is sample density (mg/mm”).

The relative volumetric wear resistance &, was determined for steel C45 as
follows:

e,=1,/1°%, (€)
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where I, is the volumetric wear rate of the tested coating and 7<* is that of the
reference steel C45.

3. RESULTS AND DISCUSSION

3.1. Structure, porosity and hardness of the coatings

The cross-sections of laser remelted plasma sprayed coatings are shown in
Figs. 3 and 4.

NiCrSiB self-fluxing alloy forms a Ni-based matrix with WC hard particles
(WC-Co hardmetal particles are practically dissolved in the Ni-based matrix).
This was confirmed by the EDS analysis of the coating — different phase distribu-
tion in the coating is shown in Fig. 3b. Retained slag nests in the Ni-based coat-
ing were observed.

Phase Areas

B 15.22%

21.97%

B 9529%

N 42.85%
W-Ni  Fe-Ni  Ni  Fe-Ni-Cr-Co

Fig. 3. Micrograph of the cross-section and composition of NiCrSiB(S)-based coating after laser
remelting (a) and distribution of the elements (b).

Phase Areas

187%

30.34%

60.56%

FeCr W-Co

Fig. 4. Micrograph of the cross-section and composition of FeCrSiB-based coating after laser
remelting: (a) microstructure; (b) distribution of the elements.
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As it follows from Fig. 4, Fe-alloy based coating structure is a typical eutectic
structure and more dense than the Ni-alloy based coating, where due to the high
content of Fe (about 13%) large Fe-Cr dendrites and smaller W-Co dendrites are
formed. The rate of solution of WC-Co in the metal matrix is higher in the
Fe-alloy based coating — practically all WC-Co particles are dissolved in the iron-
based matrix forming the (Fe-Cr) — (WC-Co) eutectic structure. The results of
hardness measurements by both methods are brought in Table 5.

3.2. Wear resistance of spray-fused coatings

Results of abrasive wear tests (abrasion, erosion and impact wear) are given in
Tables 6-8.

3.2.1. Abrasive block-on-ring wear resistance

By abrasion, the coatings studied demonstrated low wear resistance, the relative
wear resistance is lower than one (0.5-0.9) (Table 6). Because the hardness of the
abrasive is higher (about 11 GPa of the quartz sand) than that of the coating (about
3.0-5.6 GPa), intensive wear takes place as a result of microcutting or surface
scratching. It was confirmed by the study of the worn surfaces (Fig. 5a).

Table 5. Hardness of spray-fused coatings on steel C45 (WC-Co) of fraction +20 —63 um)

Composition of coatings, | Thickness, Hardness HV, GPa
wt%e Hm Surface (Metal matrix)/(hardmetal particles)
HV1 HV 0.1
NiCrSiB(S) + 25 (WC-Co) 200 3.0-3.6 2.7-4.3/5.8-18.8
FeNiCrSiB + 25 (WC-Co) 200 44-5.6 4.9-6.8/7.7-9.4

Table 6. Abrasive block-on-ring wear (ABRW) resistance of coatings

Type of the coating and | Condition and fraction, | Wear coefficient K, | Relative wear resistance

metal matrix um mm’*/Nm x 107 &,
NiCrSiB(S) + (WC-Co)  As-sprayed 36.1 0.18
Laser remelted
—63 11.1/8.7* 0.58/0.74*
+20-63 13.5 0.48
NiCrSiB(H) + (WC-Co) —63 8.4 0.76

FeCrSiB + (WC-Co) As-sprayed - -
Laser remelted
-63 8.8 0.73
+20—-63 7.1 0.88

* I and II series.
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Fig. 5. Worn surfaces, topographigal images of (1) NiCrSiB(S) and (2) FeCrSiB-based coatings
after wear: (a) ABRW; (b) AEW (a = 90°).

3.2.2. Abrasive erosive wear resistance

Based on the studies of wear rate and wear mechanism of the coatings
(Table 7), the wear resistance of Ni-based coatings at low impact angles is lower
than the wear resistance of reference steel C45; Fe-based coating showed about
1.2 times higher wear resistance.

The first series (N =1.75 kw) of the NiCrSiB-based coating demonstrated
higher relative wear resistance at straight impact angle (a=90°). It may be
explained by the high WC-Co particle solution rate in the Ni-based metal matrix
due to different parameters of the laser remelting and the resulting lower brittle-
ness of the composite. Higher erosion resistance of the FeCrSiB-based coatings,
in comparison with the NiCrSiB-based coating at low impact angle (a = 30°), can
be explained by the higher hardness (about 1.5 times) and formation of a eutectic
structure.

3.2.3. Abrasive impact wear

Impact wear resistance of the spray-remelted self-fluxing Ni-alloy based
coating is practically at the level of the reference material — steel C45 (Table 8).
Because of their low impact wear resistance, the HVOF sprayed coatings, based
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Table 7. Abrasive erosive wear (AEW) resistance of coatings at different impact angles (hardmetal
powder fraction +20 —63 um) by impact angles of 30° and 90°

Type of the coating and Condition Wear rate /,,, Relative wear
metal matrix mm’/kg resistance ¢,
30° 90° 30° 90°
NiCrSiB(S) + (WC-Co)  As-sprayed 447.6 - 0.1 -
Laser remelted 25.3/33.2  25.7/29.7*  0.7/0.8 1.6/0.7*
NiCrSiB(H) + (WC-Co)  Laser remelted 22.1 253 0.8 1.6
Laser remelted 23.5 28.2 1.2 0.7

FeCrSiB + (WC-Co)

* [ and II series.

Table 8. Abrasive impact wear (AIW) resistance of coatings

Type of the coating Hard phase fraction, Wear rate /,, Relative wear
nm mm’/kg resistance &,
NiCrSiB(S) + (WC-Co) —-63 55.7 1.03
+20 —63 54.9 1.04
FeCrSiB + (WC-Co) +20-63 43.7 1.31

on a Ni-based alloy, and recycled hardmetal are not suitable for applications
under impact wear conditions ['"'?]. Spray-fused Fe-based coatings may offer
an alternative for expensive powder steels and in some cases (under restoration of
the working elements of milling devices) for traditional WC-Co hardmetals.

The absence of the correlation between the results of different wear tests can
be explained by different wear mechanisms, namely by microcutting of the metal
matrix in the case of abrasive wear, microcutting of the metal matrix and direct
fracture of hard particles during abrasive erosive wear at low angles, micro-
cutting or surface fatigue of the metal matrix and direct fracture of hard particles
at the straight impact angle, surface fatigue of the metal matrix and direct fracture
of hard particles during abrasive impact wear.

4. CONCLUSIONS

Iron-based self-fluxing alloys are more suitable for producing self-fluxing
alloy-based composite coatings containing recycled WC-Co hardmetal powder in
comparison with the nickel-based ones. Iron-based spray fusion coatings are of
higher density and have a typical eutectic sturcture. Due to the laser remelting,
the initial WC-Co hardmetal powder reinforcement is practically dissolved in the
iron-based metal matrix. Due to the higher hardness of iron-based coatings they
are more wear resistant by abrasion, but the iron-based coatings have lower
erosive wear resistance by the straight impact than the Ni-based composite
coatings. By abrasive impact wear, Fe-based coatings show better performance.
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Lasersulatatud termopinnete kulumiskindlus

Andrei Surzhenkov, Priit Kulu, Riho Tarbe, Valdek Mikli,
Heikki Sarjas ja Jyrki Latokartano

Kovapinnete ja kiirleekpihustamismooduste kasutuselevott voimaldab valmis-
tada unikaalsete omadustega kuluvosi to6ks abrasiivkulumise tingimustes.
Termopihustatud kdvasulampinded on leidnud laialdast to6stuslikku kasutamist
kulumisvastasel eesmirgil, kuid nimetatud pinded ei sobi t6oks 166kkulumise
tingimustes. Laiendamaks paksude kdvapinnete kasutusvaldkondi, on kiesolevas
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t60s uurimisobjektiks plasmapihustatud ja lasersulatatud pulberpinded. Pihustus-
pulbrina kasutati komposiitpulbrit iserdbustuva rauasulami baasil, mis kdva-
faasina sisaldas 25 kaaluprotsenti taaskasutatavat WC-Co-kdvasulampulbrit.

Uuriti termotd6tluse mdju nii pulberpinnete struktuurile ja koostisele kui ka
alusmaterjali struktuurile ning omadustele. Pihustus-sulatuspindeid katsetati
abrasiivkulumise (abrasioon ja erosioon) ning 166kkulumise tingimustes ja uuriti
pinnete kulumiskindlust ning kulumise mehhanismi. Selgitati vilja raua baasil
metallmaatriksiga ja WC-Co tugevdava faasiga pulberpinnete perspektiivsus
abrasiiverosiooni tingimustes. Eri tingimustes (abrasioon, erosioon ja 1606k-
kulumine) 14bi viidud pulberpinnete kulumiskindluse katsete tulemusena on
esitatud soovitused pinnete valikuks.
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Selection of coating systems and processes for different wear
conditions
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Abstract: Advantages of hard coatings properties and deposition technologies, such as PVD and thermal
spraying, in combination with different substrate materials have provided new opportunities for production of
wear parts, operating in various complicated wear conditions.
Such a wide nomenclature makes it difficult to find best suiting coating—substrate systems for desired wear
applications. Current systematic study will give knowledge for better understanding of this matter and allow
selecting the appropriate coating.
The following coatings systems were under the study:

= hard thin PVD coatings on hardmetals and cermets, high-speed steels and nitrided steels;

= hard thick thermal sprayed (HVOF sprayed) coatings on steel.
From the processes following coatings deposition and treatment methods were used:

= physical vapour deposition (PVD) of TiN, TiAIN and laser hardening;

= plasma nitriding and PVD;

= thermal spraying and laser cladding.
Coated and duplex treated surfaces were subjected to the different types of wear: abrasive, indentation
surface fatigue and impact wear (surface fatigue wear). The wear resistance and mechanisms of surface
degradation were studied. The recommendations of coating systems selection for different service conditions
are proposed.

Key words: PVD, thermal spraying, duplex treatment, wear resistance, selection of coating systems.

[1, 2]. The production of gradient coatings using
nitridizing process with following hard coatings

1. INTRODUCTION

The use of thin hard physically vapour deposited
(PVD) films on a relatively soft substrate material
is often limited due to their brittleness.
Unsupported coating tends to fail by intensive
cracking and final chipping (or delamination). To
wider their applications areas, not only by use of
the hardmetal and high-speed steel substrates, the
use of coating followed heat treatment is proposed

(duplex coatings) on nitriding steels is also very
prospective [3]. A subsequent heat treatment of
the hard coated low-tempering steels by using
high-energy beams, especially laser beam for
substrate hardening, causes a notable
improvement of its loads supporting abilities [4].

Another group of protective coatings are the “so-
called” thick hard coatings. Thermal sprayed, for



example such as deposited by high velocity
oxygen fuel (HVOF) process, hardmetal coatings
are very prospective for wear protection and
provide good wear and corrosion resistance [5].
WC-Co hardmetals are the most widely used
materials for different wear applications due to
their excellent combination of high wear
resistance and good strength-toughness properties.

The use of hard coatings at impact wear modes
refers to resistance for plastic deformation, direct
brittle and fatigue fracture as these are dominating
mechanisms of failure and there is a controversy
between the hardness and fracture toughness.

Well known Vickers indentation method (also
referred as the Palmqvist method) is used for
determination of fracture toughness as well as the
cracking resistance [6]. The characterisation of
thin hard coatings endurance is widely made with
use of the indentation methods [7]. Same
techniques were used in the current study.

2. EXPERIMENTAL PART

2.1. Coating-substrate systems

Three different substrate—coatings systems:
hardmetal—coating, high-speed PM (powder
metallurgy) steel-coating and nitrided

steel—coating was investigated. The hardmetal and
heat treated steel samples of size 20x20x5 mm’
were diamond grinded and polished to desired
surface roughness. Two different PVD coatings,
monolayer TiN and multilayer TiAIN-ML, were
deposited using the PLATIT n80. The properties
of substrates and coatings are given in Tables 1
and 2.

Table 1. Substrate materials and their properties.

Figure 1. SEM image of the TiN PVD coatings cross-
section: 1— HM substrate; 2 — Ti adhesion layer; 3 — TiN
coating; 4 — coating surface with microdroplets.

Figure 2. SEM image of the TiAIN-ML multilayer PVD
coatings cross-section: 1- HM substrate; 2 — Ti adhesion
layer; 3 — TiN layer; 4 — TiAIN layer; 5 — TiAIN/AIN
multilayer coating; 6 — TiAIN coating; 7 — coating
surface with microdroplets.

The microstructures of coated systems were
observed using the SEM (Zeiss EVO MAL1S5). The
thicknesses of the PVD coatings are measured by
Kalotester KaloMax®, and were about 2.3 um for
both coatings.

Modulus of Surface
. . . Surface hardness .
Type of substrate Designation Condition v elasticity roughness
E, GPa R,, um
Hardmetal (HM) H10 (WC-10wt%Co) As produced 1555 HV0.3 590 0.20
High-speed steel (HSS) Vanadis 6 Hardened 840 HVO0.01 210 0.46
Nitrided steel (NS) 38CrMoAlS8 Nitrided 850 HV0.01 250-300 0.50




Table 2. Studied PVD coatings.

. . . Coating hardness,
Type of coatings Substrate Coating, thickness, pm GP Surface roughness R,, pm
a
TiN, monolayer NS, HM, HSS 2.3 28.0+0.6 0.08
TiAIN, multilayer NS, HM, HSS 2.3 199+1.2 0.10

Figure 3. SEM images of fractured surface of coatings on
nitrided steel: a — TiN; b — TiAIN-ML; 1 — PVD coating;
2 — nitrided layer.

The cross-sections of TiN and TiAIN-ML coatings
on hardmetal and duplex specimens are given in
Fig. 1-2 and 3, correspondently.

The substrate material and coating surface
roughness were measured by a surface roughness
measuring instrument of Taylor Hobson Ltd.
Surtronic 3+ with an accuracy of 2% (see Tables
1-3).

The thick WC-17Co hardmetal coating (Tafa
1343), with 17 weight percent of cobalt binder,
was produced by (HVOF) spraying technique,
with Tafa JP 5000 on substrate steel EN C45 (or
1C45 by DIN EN 10083). Laser hardening of
coated specimens was performed using the Haas
HL 4006 D 4 kW Nd: YAG laser.

Table 3. Studied HVOF sprayed coatings.

Coati
Coating oanne Surface
Type of . surface
. Substrate | thickness, roughness
coating m hardness, R um
H HV0.2 o
WC-
Steel C45
17Co
laser 200/177* | 750-1080 0.05
(Tafa hardened
1343)

* Thickness of the laser hardened zone

Vickers microhardness of coating was measured
using 0.1 — 0.2 N loads. The microstructures of the
coating in as sprayed condition and laser hardened
coating are shown in Fig. 4.

The hardness of such treated HVOF (see Table 3)
coating is lower than thin PVD TiN or TiCN, but
may be prospective for wear resistant applications.

Figure 4. Microstructure of cross-section of HVOF
sprayed WC-17wt % Co coating on steel C45 substrate:
a — as sprayed; b — laser hardened.

2.2. Coatings adhesion testing

The quality of the adhesive bonding between
coatings and substrate materials was estimated by
Rockwell adhesion test (Rockwell “C” indentation
test) [8]. Tests were performed on hardness tester
Zwick 8150 at load of 1471 N (150 kgf).
Indentations were made in a direction
perpendicular to the specimen surface. The
indented samples were then analysed with an
optical microscope and results were classified into




the standard categories from Class 0 (best
bonding) to Class 3 (complete delamination).

2.3. Abrasive wear testing

The resistance to abrasion wear rate was measured
according to ASTM G65-94 dry sand/rubber
wheel test scheme (block-on-wheel). The diameter
of the rubber disk was reduced to 80 mm for
testing of 5%20x20mm’  sized samples. The
applied force was 18.64 N with circumferential
velocity of 2 mxs”.The identical sand particles
were used as abrasive in all tests as the most
common naturally occurring one (SiO,, mean size
0.1 mm, feed rate 300 gxmin'l).

To quantify the weight loss during abrasion
experiments, the specimens were ultrasonically
cleaned in acetone and weighed before and after
the tests to the nearest of 0.0lmg using GR-202,
A&D Instruments balance.

2.4. Cracking resistance — indentation surface
fatigue testing

An indentation at a single point technique was
used to evaluate the cracking resistance
(indentation surface fatigue) of the coatings.
Vickers diamond indenter and Instron 8800 servo
hydraulic fatigue test system were exploited (Fig.
5).

Table 5. Crack types and crack evaluation criteria.

Hydraulic

Indenter Y
== grips

/

Figure 5. The schematic representation of the
indentation surface fatigue tester.

Specimen =
holder /l/

Specimen

The qualitative evaluation criteria’s (from 0 to VI
— to delamination) of the cracking resistance of the
coatings (see Table 5) were considered and
examined by optical microscopy and SEM.

The number of indentation cycles varied from 1
up to 10 000 and total indenting load of 100 (low)
and 500 N (high) was applied with stress ratio R =
0.1, sinusoidal loading pattern and with loading
frequency of 0.5 — 15 Hz.

2.5. Impact wear testing

The impact wear testing was performed on impact
wear tester (Fig. 6) designed and produced in TUT
(Tallinn University of Technology). The special
design using ball indenters up to 30 mm (12 mm
in current study) in diameter enables to study the
flat-to-flat contact behaviour of coatings what is
characteristic to tools in forming operations,
blanking and etc.

Evaluation criteria

0 | I | il | 111 | v [ v [ VI
Crack type
— - \< . G—p \ r—
: g Y .
P ¢ 2 g

Very weak Weak Medium Medium Medium SRC* | Medium RC**, Strong RC** and
SRC*, SRC* SRC* and SRC* and and strong delamination of delamination of the
emanated weak RC** — | medium RC** | RC** coating in the coating around the
from the beginning of | — propagation corners of indent corners of indent or
edge and RC#* of weak RC** and cone (ring) perimeter
around the formation cracks at the
corners periphery of indent

* SRC — secondary radial crack; ** RC — radial cracks




\_Force control

Figure 6. Schem of the impact wear tester.

The dynamic load is transferred from the hammers
that are connected to, and accelerated by the
rotating disk. The transferred energy depends on
speed and mass of hammers and can be adjusted.
Hammers fastened on the periphery of the disk
allow increasing the frequency at least up to 100
Hz (25 Hz in current study).

The force measurement system (force sensor) with
the protection from overloading was used for
monitoring of the contact parameters. Applied
force was equal to 16 N, with speed of hammer at
the impact point was 2.75 mxs'. In the current
study, the cyclic loading limited by 1 x 106 — 1 x
107 cycles since it is often used by authors active
in the area of surface fatigue study of PVD
coatings [9, 10] and during that number of cycles
most of the characteristic fatigue failure modes
take place.

3. RESULTS AND DISCUSSION

3.1. Mechanical properties of coating-substrate
systems

The microhardness values of the substrates were
measured using Vickers pyramid at loads of 0.1-2
N (0.01-0.2 kgf) see Figs. 7-8.

Hardness distribution of coated nitrided steel
given in Fig. 7 shows that the core microhardness
of the plasma nitrided substrate is 350 HV0.01 and
the microhardness of the nitrided surface, having
case depth of approximately 300 pum, is around

850 HVO0.01 e.g. the surface hardness is increased
by a factor of 2.4.
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Figure 7. The hardness distribution of nitrided steel (NS)
substrate (38CrMoAlS).

The hardness distribution in HVOF sprayed WC-
Co coated sample, brought in Fig. 8, shows that
laser treatment does not affect the microhardness
of the substrate, which stays at the same level as
the one of the sprayed coating. The microhardness
of the laser treated coating ranges from 750 HV0.2
to 1080 HVO0.2, whereas no clear influence of the
laser treatment can be tracked.
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Figure 8. The hardness distribution in laser treated
HVOF sprayed WC-Co samples.

3.2. Adhesion test

The results of the adhesion test of TiN and TiAIN-
ML coatings on nitrided steel substrate are
presented by micrographs in Figs. 9-10. The type
and the volume of a failure zone indicate to film
adhesion and its brittleness, which corresponds to
the microstructure and the mechanical properties
of the coatings.



Figure 9. Micrograph of the adhesion test of TiN PVD
coating on nitrided steel (NS) at 20 x magnification.

Coatings of higher hardness and lower Young’s
modulus (higher H/E ratio, TIAIN-ML) withstand
the load without adhesive delamination of the
coating, but with nucleation of long conical cracks
(Class 1). In case of TiN coating, considerable
amount of long radial cracks of 100 — 150 pm
were generated, causing the partial adhesive
delamination of coating that is a typical behaviour
of TiN coating under loading (Class 2).

Figure 10. Micrograph of the adhesion test of TIAIN-ML
PVD coating on nitrided steel (NS) at 20 x magnification.

The structural defects presented on the surface,
such as microdroplets, pores and non-metallic
inclusions, simplify chipping/delamination
process.

3.3. Abrasive wear rate, indentation surface
fatigue and impact wear resistance

It has been recognized that the ranking of
materials according to their hardness and elastic
modulus H/E ratio can provide extremely close
agreement to their ranking in terms of wear
behaviour [1, 11]. The abrasive wear mode is
commonly “not suitable” for thin hard PVD
coatings. In case of TiN and TiAIN-ML the

performance of coatings with higher H/E ratio
corresponds to lower endurance when an adhesive
wear mechanism dominates, see Table 6.
Although the performance of studied coating
systems deposited on HM and HSS drills is quit
good [1].

Table 6. Wear rating parameters [12, 13]

Elastic Resistance to .

. Abrasive
Coati recovery plastic
oating . wear rate,
parameter, deformation, moxckm’!
HIE HIE &

TiN 0.064 0.114 2.38

TiAIN-ML 0.066 0.087 1.83

WC-17Co 0.022 0.005 3.61

For the abrasion test results the weight loss is
given with respect to the weight of abrasive and
the sliding distance correspondingly. The
volumetric loss was not calculated due to the
gradient structure of the coatings. Multilayer
coatings have advantage in structure dependent
stress distributions in wear resistance. This leads
to abrupt brittle fracture of TiN and WC-Co
coatings with formation of long radial and cone
cracks. The quasi-plastic damage mode prevails
for multilayer coatings and in our case for TiAIN-
ML. Recently new assessment criteria for hard
coatings was proposed — resistance of coating to
plastic deformation HIE? [14].

The results of cyclic indentation surface fatigue
resistance of two hard PVD coatings — TiN and
TiAIN-ML coatings on HSS and NS substrates are
given in Figs. 11-12. After the first indentation,
mostly contact region model of coating

deformation was presented due to indenting load
of 100 N and 500 N applied after 10000
indentations.

Figure 11. Impression on HSS at 500 N load:
a—TiN; b - TiAIN.




Figure 12. Impression of on NS at 100 N load:
c- TiN; d - TiAIN.

PVD hard coatings performed similarly up to 100
indentations. At 1000 indentations some
perimeter delamination was observed in case of
TiAIN-ML. This became even more apparent at
10 000 indentations as shown on Fig. 11b.

Figure 13. Impression of WC-17Co on C45 at 100 N
load: after 1 000 indentations (left); after 10 000
indentations (right).

HVOF sprayed coating exhibited no delamination
but cone cracks starting from 100 indentations and
radial cracks at 10 000 cycles (Fig. 13).

Multilayer TiAIN (ML) on NS coating has shown
the highest indentation surface fatigue and impact
wear (surface fatigue wear, see Fig. 14) resistance
compared to that of TiN monolayer and thick
HVOF spayed WC-Co coatings.

These results can be explained by greater elastic
recovery ability (higher H/E and lower E/H ratios)
of TiAIN-ML coating [12, 15]. Although, the
mechanical properties of substrate play important
role in cyclic loading, especially at high loads.
During the impact test there is a stress gradient,
depending on the elastic modulus ratio between
the coating and substrate.

-TiN
- TIAIN-ML
- HVOF WC-17Co

e

Coating failed area ratio FR, %

Number of impacts, cycles [Log]

Figure 14. Coatings failure diagram under 80 mJ
impacts.

The stress ratio between the coating and substrate
can be determined based on the rearranged Hook
equation [16]:

o.—o, E -E
o, E

N s

ey

where o — is the stress applied to coating;
os — is the stress applied to substrate;
E. — is the coating elastic module;
E, — is the substrate elastic module.

According to Eq. (1), the stress gradient would be
zero if where is no different between coating and
substrate elastic modules (E.=E;). Therefore, the
smaller the difference between the coating and
substrate elastic moduli, the lower is the stress
gradient, the higher is the wear resistance in
impact (cyclic) conditions. The matrix for studied
coatings-substrate systems is shown in Table 7.

Table 7. Differences between coating and substrate
elastic modulus matrix

. Harmetal High-speed Nitrided
Coating/Substrate | i | (BTRCS) | el (NS)
TiN -0.26 1.09 0.59
TiAIN-ML -0.49 0.43 0.09
WC-17Co -0.19 1.29 0.75

The better performance of duplex-coated systems
can be explained by much lower magnitude of the
tensile stresses in the loaded area due to
compressive  subsurface stresses (from the
nitriding  treatment) in combination  with
compressive stresses in the film (produced by the
ion plating technique). This explains the better




impact resistance of duplex coatings in
comparison to their non-duplex rivals [16].

4. CONCLUSIONS

The recommendations of coating systems
selection for different service conditions are
proposed:

o to withstand low loads the greater elastic
recovery ability (higher H/E ratio) of coating
must be achieved;

o to assure best resistance of coating to plastic
deformation or high loads the H*/E" ratio must
be maximized;

o elastic modulus mismatch between the coating
and substrate must be lowest for cyclic loading.

In current study the TiAIN-ML multilayer on
hardmetal (HM) substrate is best suitable for high
loads tribological application (abrasive wear,
sliding wear, impact wear — surface fatigue). The
same multilayer coating most endurable at low
loads if combined with nitrided steel (NS)
substrate.
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Comparative Study of the PVD I-III Generation Coatings on the Plasma Nitrided
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Abstract. In the current study, the cracking, impact and sliding wear resistance of the PVD single layer TiN (I generation),
multilayer (Ti,Al)N-ML (II generation), gradient (Al,Ti)N-G and multilayer nanocomposite FiVIc® (both — III generation)
coatings on the nitrided low alloy steel 42CrMo4 are analysed. The cyclic indentation test (normal load50 N, 10,000
cycles) was carried out to determine the cracking resistance of the coatings. Impact wear test was performed at the normal
load 16 N, strokes’ frequency 25 Hz, 10* - 10 strokes. Sliding wear test was applied, using the block-on-plate scheme, @
10 mm Al,Oj; ball as the counterbody, at the normal load of 10 N, the frequency 5 Hz, the amplitude 10 mm and the test
duration 10 min. Best resistance to cracks’ formation is demonstrated by the gradient (Al,Ti)N-G coating, showing
medium radial cracks’ formation, whereas delamination of the coating can be observed in other cases. 1.6 — 1.7 times
higher impact wear resistance is shown by the TiN coating in comparison with the other coatings. The FiVIc® coating
demonstrates lightly better resistance to sliding wear in comparison with the TiN and (Ti,Al)N-ML coatings due to a lower
coefficient of friction. The worst sliding wear resistance is observed in the case of the (Al,Ti)N-G coating due to a high

affinity of the coating’s and counterbody’s materials.

Keywords: duplex treatment, PVD coating, I-III generation, cracking resistance, impact wear, sliding wear

1. INTRODUCTION

Plasma nitriding of a steel substrate has been
successfully applied to improve the mechanical properties
of a surface layer under I generation single component [1-
5] and multicomponent [2,6-9], as II generation multilayer
[10,11], as III generation nanocomposite [12] PVD hard
coatings. However, no holistic picture of the different
generations of PVD coatings [13] on a nitrided substrate is
available. In this paper, the comparative analysis of the I-
III generations of PVD coatings is made, the resistance of
the coatings to cyclic impact loading, impact wear and
sliding wear are studied.

2. EXPERIMENTAL
2.1 Substrate preparation

Low-alloy steel 42CrMo4 was chosen as the substrate.
Chemical composition and microhardness of steel are
brought in Table 1. Specimens were milled to the
dimensions of 50 x 25 x 10 mm and subjected to
hardening (850 °C, oil) and tempering (500 °C, 2 h). Prior
to nitriding the specimens were grinded to the surface
finish of Ra = 0.8.

2.2 Plasma nitriding

Plasma nitriding using process Plasnit® [14] was carried
out at Bodycote OY (Finland). The temperature of the

* Corresponding author, tel.: +3725102198, e-mail:

andrei.surzenkov@ttu.ee

Table 1. Chemical composition of steel 42CrMo4

Steel Chemical composition, | Hardness,
grade wt% HVO0.05
42CrMo4 | 0.38 — 0.45 C, 0.60 — 0.90 | 315345

Mn, < 0.40 Si, 0.035 P,
0.035 S, 0.90 - 1.20 Cr,
0.15-0.30 Mo

process equalled to 500 ... 520 °C, the pressure —to 1 ...
10 mbar.

2.3 PVD coating process

The I generation TiN coating, the II generation (Ti,Al)N-
ML coating and the III generation (AL Ti)N-G and FiVIc®
coatings were chosen as the objectives of the study. Before
the coatings’ deposition, a layer of thickness 0.02 mm was
grinded down from the nitrided surface in order to remove
the ‘white layer’ [15]. The coatings were deposited using
the Platit 780 hardcoating unit. The parameters of coatings’
deposition are brought in Table 2 and their thickness and
mechanical properties — in Table 3.

2.4 Microstructure studies

Cross-section of a specimen was polished, etched with the
3% nital and studied under the optical microscope (OM)
Axiovert 25. Distribution of chemical elements inside the
nitrided zone was determined by the means of energy
dispersive spectroscopy (EDS) at the scanning electron
microscope EVA 25 (Carl Zeiss)



Table 2. Parameters of deposition of the PVD coatings

Coating Type Bias Ti-Al/ Pressure, | Temp., Ar N, flow | C,H, flow
voltage, | AlSi cathode arc 103 °C flow, (sccm) (sccm)
A\ current, A mbar sccm
TiN Monolayer =75 ... | 100-125/- 8 450 6 200 -
-120
(Ti,A)N- Multilayer -60 85 — 125/ 65 — | 8-15 475 6 200 -
ML -150 115
(ALTI)N-G | Gradient —60 ... |60 - 125/52 — | 4-12 430 - 6 150 - -
-150 130 450 200
FiVIc® Multilayer + | =75 82 — 125/ 65 — | 9-12 435 - 6 150 — 7-39
(NaCo® + | nanocom-posite | —150 100 475 200
DLC)
Table 3. Thickness and mechanical properties of the deposited PVD coatings
Coating Thickness, um | Nanohard-ness Modulus of | E/H ratio H/E’ Coefficient  of
(GPa) elasticity (GPa) ratio friction
TiN 2.3 28.5 438 0.065 0.121 0.55
(Ti,ADN-ML 3.1 19.9 301 0.066 0.086 0.6
(AL T)N-G 3.0 23.8 336 0.071 0.119 0.7
FiVIc® 2.0 29.0 323 0.090 0.233 0.15

2.5 Microhardness measurements

Vickers microhardness at the load of 0.49 N was measured
at the polished cross-section of a specimen, beginning from
the coating surface towards the middle part in order to
determine the case depth. Micromet 2001 (Buehler)
microhardness tester was used in the measurements.

2.6 Cyclic indentation testing

To estimate the cracking resistance of the coatings, cyclic
indentation at a single point technique was used. Instron
8800 servo hydraulic fatigue test system with the Vickers
diamond indenter were applied for this purpose. The
scheme of the testing device is brought at Figure 1. All
coatings were subjected to 10,000 indentation cycles at the
load 50 N. After the testing, the imprints were studied
under the optical microscope Axiovert 25. Cracking
resistance was estimated by the qualitative evaluation
criteria (from weak craking O to VI — delamination) [16].

2.7 Impact wear testing

To study the wear resistance of the coatings at the dynamic
loads, wear tests were performed at the impact wear tester,
designed at TUT [16]. The scheme of the experimental
device is brought in Figure 2. The load of 16 N was
applied at the stroke frequency of 25 Hz. The linear speed
of hammers equalled to 2.75 m/s. The number of strokes
varied in the range of 10* = 10°, each next number of
cycles was 10 times bigger than the previous. The impact
wear scars were studied under theoptical microscope
Axiovert 25 with the help of the computer program
Buehler Omnimet. The dependence of the indentation
stress ¢ vs. the indentation depth & was calculated on the

Hydraulic

Indenter d
= grips

| e |

/

representation

Specimen =
holder /+/

Specimen

Figure 1. Schematic
indentation tester [16]

of the cyclic

Force control

Figure 2. Scheme of the impact wear tester [16]

on the base of the measurements’ results.

2.8 Sliding wear testing

Sliding wear resistance of the coatings was tested, applying

the ball-on-plate scheme on the Wasau tribometer. The @
10 mm Al,O; ball was used as the counterbody, the normal




load was 10 N, the frequency — 5 Hz, the amplitude of
movement — 10 mm, the duration of the test — 10 min.
Each coating was tested 3 times at the same specimen.
After the sliding wear test, the depth of the wear scars was
determined applying the Mahr profilometer. The average
of the measurements’ results and the standard deviation
were calculated.

3. RESULTS AND DISCUSSION

3.1 Microstructure studies

4"} o .“"‘ ye

Figure 3. Microstructue of the plasma nitrided PVD
coated specimen (TiN coating)

Microstructure of a plasma nitrided specimen is shown in
Fig. 3. No white layer can be observed, thus it can be
concluded it has been completely removed during
grinding. The observed diffusion layer has an eutectic
microstructure with the inclusion of carbide particles.
Taking into consideration that the nitriding temperature
was lower than the phase transition temperature, the
observed microstructure has most probably remained after
the heat treatment. The structure contains the o phase
(Fe(N)) and vy’ (Fe4N) phase, as well as nitrides and
carbonitrides [15].

3.2 Microhardness measurements
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o
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Figure 4. Microhardness distribution inside the nitrided
zone of the PVD coated steel (TiN coating); 1- initial
microhardness

Microhardness measurements (Fig. 4) show that the depth
of the nitrided zone equals to at least 250 pm, which is in
correspondence with the nitrogen’s diffusion depth,
reported by the manufacturer [14]. The decrease in the
microhardness values is caused by the reduction of the
nitrogen’s content in the nitrided layer.

3.3 Cyclic indentation testing

Results of indentation tests are brought in Fig. 5.

Figure 5. Impressions’ corners at the PVD coated plasma
nitrided steel after 10,000 indentation cycles: a — TiN, VI
class; b — (Ti,A)N-ML, VI class, ¢ — (A1, Ti)N-G, III class,
d - FiVIc®, VI class

As seen at Fig. 5, the PVD coating of the I generation
(TiN), II generation ((Ti,ADN-ML) and III generation
(FiVIc®) coatings deformed according to the upfit model
(delamination around the corners of the imprint without or
with minor cracks’ formation). According to the crack
evaluation criteria, the crack resistance of these coatings
can be estimated as the VI criteria. The best cracking
resistance was demonstrated by the PVD III generation
(ALTi)N-G coating, what can be related as the III criteria
(medium radial cracking). The reason for such behaviour
of coatings can be related to the differences in chemical
compositions of coatings and the substrate, which were
minimal in the case of (AL Ti)N-G coating.

3.4 Impact wear testing.

The impact wear behaviour of coatings depends on the
their mechanical properties. The II-III generation PVD
coatings demonstrate similar impact wear resistance. The
best impact wear resistance is demonstrated by the PVD 1
generation TiN coating (1.6 — 1.7 times higher than the
remaining ones). Such response to the impact wear can be
explained by the higher value of modulus of elasticity of
the TiN coating, what allows it to resist the deformation
during impact better, and similar values of the modulus of
elasticity of other coatings.
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Figure 6. Comparison of the indentation depth of the PVD
coatings on the plasma nitrided steel

3.5 Sliding wear resistance.
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Figure 7. Depths of the wear track on the PVD I-III
generations coatings on the nitrided steel

The PVD 1 generation TiN, II generation
(Ti,ADN-ML and III generation FiVIc® coatings
demonstrated similar wear resistance, whereas the lowest
average wear value was shown by the FiVIc® coating (1.2
times lower than the TiN and 1.4 times lower, than the
(Ti,Al)N-ML coating (Fig. 7)). This fact can be explained
by the lowest coefficient of friction of all studied coatings.
The highest wear value, demonstrated by the PVD III
generation (ALTi)N-G coating (8.9 times higher than the
FiVIc® one) may be caused by the relatively high Al
content in the coating, what, considering the material of the
counterbody, may lead to a higher wear.

The smoothest wear scar’s profile is obtained in
the case of FiVIc® coating (Fig. 8 d), what indicates the
smallest amount of abrasive particles, formed during the
process. This fact can be explained by the low CoF of DLC
layer at the surface of the coating, what prevents the
formation of a large amount of wear debris. As it can be
seen from Fig. 8, d, the width of the wear scar on the
FiVIc® coating is also the smallest among the others, what
is a prove of effective support of the underlying
nanocomposite NaCo® layer.

Most steepest wear scar’s profile was obtained for
the (Al,Ti)N-G coating, what is a sign of more brittle
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Figure 8. Profiles of the wear scars: PVD a — TiN, b —
(Ti,Al)N-ML, ¢ — (AL Ti)N-G, d - FiVIc® coating

nature of it, what is confirmed by the bigger grooves at the
bottom of the scar (Fig. 8, c).

4. CONCLUSIONS.

1. The hard 250 um deep nitrided zone, consisting of
Fe(N), FeyN, nitrides, carbonitrides and carbides,
has formed during the nitriding process. The
microhardness of the nitrided zone varied in the
range 450 — 630 HV0.05.

2. The PVD I generation (ALTi)N-G coating
demonstrated the best cracking resistance (III
class of the cracking evaluation criteria) in
comparison with the other coatings (VI class of
the cracking evaluation criteria) due to the biggest
affinity of the chemical composition between the
coating and the substrate.

3. The 1.6 — 1.7 times higher impact wear resistance
was demonstrated by the PVD I generation TiN
coating in comparison with the other studied
coatings due to the highest modulus of elasticity

4. The PVD III generation FiVIc® coating showed
the 1.2 — 8.9 better wear resistance in comparison
with the other studied coatings due to the lowest
coefficient of friction.

5. Lowest wear, shown by the FiVIc® coating, is
explained a combination of a low friction DLC
layer at the surface and tough supportive
nanocomposite NaCo® layer. The highest wear,
observed on the (AL Ti)N-G coating, is caused by
the biggest affinity of the coating’s material to the
counterbody’s material and by a more brittle
nature of the coating.
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