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This work investigates the effects of high-current pulsed electron beam (HCPEB) irradiation on multi-
layered TiN/TiCN/AlL,O; coatings deposited via chemical vapor deposition onto cemented carbide sub-
strates. The study focuses on analyzing the impact of irradiation pulses on the phase composition,
microstructure, mechanical properties, and cutting performance of these coatings. The results demonstrate
that the multilayered TiN/TiCN/AL,O; coatings exhibit a smooth surface with enhanced mechanical per-
formance after HCPEB irradiation. Notably, the coating irradiated with 5 pulses achieves a maximum
hardness of approximately 28.48 GPa, displaying improved wear resistance and cutting performance.
These improvements can be primarily attributed to the enhancements in hardness and elastic modulus,
along with the generation of residual compressive stress in the S-pulse irradiated coating.

Keywords cutting performance, high-current pulsed electron
beam,, nano-hardness, TiN/TiCN/Al,O3-coated
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1. Introduction

High-performance cutting tools are highly required in the
manufacturing industry (Ref 1). For decades, tungsten cobalt
cemented carbide (WC-Co) tools have been widely used in
machining difficult-to-cut materials due to their low thermal
expansion coefficient, high hardness, and high elastic modulus
(Ref 2). It is well known that cutting tools operate under
extremely high loads and undergo severe abrasive wear during
working conditions, which may lead to premature tool failure.
To enhance tool performance during cutting, there is extensive
application of coatings with high hardness, good wear resis-
tance, and thermal stability onto high-speed steel (HSS) or WC-
Co substrates (Ref 3-5). TiN, a first-generation hard coating,
has been widely used in coated tools because of its high
hardness and chemical stability (Ref 6, 7). However, TiN
coatings are prone to oxidation at temperatures of 500-600 °C,
limiting their application in high-temperature working condi-
tions (Ref 8). An effective method to improve coating
properties is to add a third element to TiN, forming a ternary
coating (Ref 9, 10). For instance, TiCN coatings demonstrate
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better wear resistance (Ref 11, 12), thermal stability (Ref 13),
and toughness (Ref 14) compared to TiN coatings. Traditional
ceramics, such as Al,Os, have also been widely used as a
coating material due to their favorable thermal properties, high
chemical stability, and high hardness at high temperatures (Ref
15-17).

More recently, multilayered TiN/TiCN/Al,O3 coatings have
been developed. For instance, Kuang et al. reported that the
multilayered TiN/TiCN/Al,O5 coatings exhibited better oxida-
tion resistance than individual coatings (Ref 18). Compared to
single-layer coatings, a novel class of coatings with multilay-
ered structures has demonstrated improved mechanical and
tribological capabilities (Ref 19). Some researchers further
treated the surface of multilayered coatings using shot-peening
and observed an improvement in chipping resistance (Ref 20).
They attributed this optimization to the increase in compressive
stress on the coating surface and the refinement of the coating
microstructure. For this reason, surface stress and microstruc-
ture control are employed as additional processing techniques
in the preparation process.

High-current pulsed electron beam (HCPEB) technology
has recently been demonstrated to be a potent tool for surface
modification of many materials (Ref 21-23). During HCPEB
irradiation, the outermost region experiences various physical
processes, including rapid melting (107-108 K/s), evaporation,
and solidification due to the high-density electron pulses (~10*
A/em?) of short duration (1.5 us) (Ref 24). Meanwhile, HCPEB
irradiation has a considerable “self-purification” effect on the
sample surface, which corresponds to the eruption of impurities
(Ref 25). Numerous studies have revealed that the substantial
modifications induced by HCPEB irradiation might signifi-
cantly enhance the mechanical properties of different coatings,
particularly their hardness and wear resistance (Ref 26-28). Lou
et al. investigated the effect of HCPEB irradiation on an as-
deposited TiAIN coating, and the results showed that the
bonding strength of the irradiated coating was effectively
improved due to the elimination of residual tensile stress (Ref
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29). Moreover, Anthony J. Perry found that HCPEB irradiation
can eliminate defects, refine grain size, and reduce residual
tensile stress of the TiN coating (Ref 7). However, limited
research can be found regarding the influence of HCPEB
irradiation on multilayered TiN/TiCN/Al,O3 coatings.

In this study, the effect of HCPEB irradiation pulses on the
microstructure, roughness, residual stress, and mechanical
properties of TiN/TiCN/Al,O3-coated carbide tools was inves-
tigated. Additionally, the tool wear and failure modes of the
irradiated TiN/TiCN/Al,O3-coated carbide tools were analyzed
in dry machining of 45# steel.

2. Experimental

2.1 Experimental Setup

(1) Preparation and HCPEB treatment of the multilayered
TiN/TiCN/Al,O3 coatings

The multilayer TiN/TiCN/A1,05 coatings were deposited
using an automatic CVD system (Ionbond BPX Pro 530L).
Substrates made of cemented carbide alloy (WC-Co(YG6)),
comprising 94 wt.% WC and 6 wt.% Co, were employed.
Before the application of coatings, all substrates were ground
and polished to achieve a roughness of 0.2 um. Subsequently,
the substrates were cleaned by ultrasonic treatment in acetone
for 30 minutes.

The formation of TiN layers is represented by the chemical
reaction:

20K OTINGs) + 8HCI(g)

(Eq 2.1)

2TiCl4(g) + Na(g) + 4Ha(g)

The TiN deposition was carried out at a temperature of
950 °C and a pressure of 200 kPa. The gas ratio of TiCl, to N,
was maintained at 1/30.

The formation of TiCN layers is represented by the chemical
reaction:

TiCly(g) + 3/2Ha(g)

885°C,60KPa __.
+1/3CH;CN(g) == 'TiCy/5Nj/4(s) + 4HCI(g)

(Eq 2.2)

TiCN deposition was performed at a temperature of 885 °C
and a pressure of 60 kPa. The gas ratio of CH;CN to TiCl, was
set at 1/2, and the deposition time was 4 hours.

The following chemical reaction illustrates the formation of
the Al,O3 layer:
2AICL(g) +3C0,(g) + 3Hy(g) - —5

+3CO(g) + 6HClI(g)

A1203 (S)

(Eq 2.3)

The deposition of the Al,O; layer was conducted at a
temperature of 1000 °C and a pressure of 65 kPa. The gas ratio
for AICl;: CO,: H,S was maintained at 5:18:1.

Finally, TiN (~0.4 um) + TiCN  (~8 um) + Al,O3
(~4 um) multilayer coatings were deposited on the cemented
carbide YGO6 substrate.

(2) HCPEB treatment

The obtained multilayered coatings were irradiated using a
“HOPE-I” type HCPEB system. The number of pulses was
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varied as 3, 5, 8, and 15. Table 1 presents the other key
parameters for HCPEB irradiation. For more detailed informa-
tion regarding the HCPEB irradiation conditions and processes,
please refer to our previous research studies (Ref 30).

2.2 Microstructural Analysis

X-ray diffraction (XRD) using CuK,, radiation (= 0.154 nm)
and operated at 37 kV and 40 mA with a Rigaku D/max-2500/
pc instrument was used to identify the phase compositions of
the multilayered coatings. The microstructural characteristics
(grain morphology, cross-sectional topography and defects) of
the coatings were comprehensively studied using a field
emission scanning electron microscope (FE-SEM), specifically
the FEI-nano 450 Model. Furthermore, the surface roughness
was evaluated using a VK-X100/X200 three-dimensional laser
scanning microscope (LSM).

2.3 Mechanical and Tribological Properties

The mechanical properties, including hardness and elastic
modulus, were measured using a nano-indenter (Anton Paar
TTX-NHT3) equipped with a Berkovich indenter. The load
function consisted of 5 seconds of loading to 50 mN, followed
by a 10-second hold, and then a 5-second unloading period. At
least 10 indentation tests were carried out. In addition, the
Oliver—Pharr method was used to calculate the modulus and
hardness (Ref 31).

To measure the wear resistance of coatings in ambient air at
room temperature, a ball-on-disk tribometer (MFT-4000,
Lanzhou Huahui) was employed, in which a Si;N4 ball with
a diameter of 4 mm served as the counter-body. The recipro-
cating wear tests were conducted with a sliding speed of 4 mm/
s and a normal load of 5 N. The stroke length was set to be
5 mm. A whole run of the wear test lasted for 20 minutes. The
wear rate (W) was calculated using Eq 1:

AV

=IF (Eq 1)

where AV represents the measured wear volume, L is the sliding
distance, and F is the applied normal load.

The cutting test was carried out on an HK80 type lathe, with
the cutting speed (Vc), feed rate (fn), and cutting depth (ap) set
to 300 m/min, 0.2 mm/r, and 1.0 mm, respectively. The flank
wear on the inserts was measured every 5 minutes of cutting.
Besides, the tool life was estimated according to the standard
ISO 3685-1993, where a flank wear threshold of 0.3 mm was
used as a criterion. The workpiece used in the cutting tests was
45# steel with a diameter of 200 mm and a length of 400 mm.

3. Results and Discussion

3.1 XRD Analysis

The XRD patterns of the multilayered coatings subjected to
different number of irradiation pulses are depicted in Fig. 1.
Figure 1(a) reveals that all coatings comprise phases of TiCN
and Al,O3, with no new phases observed after irradiation. The
absence of TiN diffraction peaks can be attributed to the total
thickness of the outer Al,O3; and TiCN layers, which exceeds
the penetration depth of x-rays. Notably, the gradual broaden-
ing of the AlLO3 (0 1 2) peaks can be attributed to the grain
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Table 1 The HCPEB irradiation experimental parameters

Electron beam energy Vacuum pressure

Energy density Pulse time Dwell time

27, kV 5.5 x 107, Pa
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Fig. 1 XRD analysis of initial and irradiated TiN/TiCN/Al,O;-coated carbide tools surface. (a) XRD pattern; (b) enlarged image of the Al,O;

(012) diffraction peak

refinement and defects (e.g., dislocations) induced by HCPEB
irradiation (Ref 32, 33). Previous studies have documented the
formation of various defects, including dislocations and voids,
on the surface of materials like Al (Ref 24) and GH4169 (Ref
32) following HCPEB treatment.

Figure 1(b) presents the magnified peaks of Al,O; (0 1 2).
The peak position of the initial, 5-, and 8-pulsed coatings shifts
toward a higher angle compared to the standard PDF card (No.
10-0173). Such XRD peak shifting is generally associated with
the presence of residual compressive stresses in the initial
coating (Ref 34). In addition, the peak positions of Al,O3 (0 1
2) move to a lower angle after 3 and 15 pulses of irradiation,
which suggests that residual tensile stress exists in the irradiated
coatings. This observation is in agreement with previous
research (Ref 35). More details about the stress generation
process during HCPEB can be found in (Ref 36). In a previous
study conducted by Anthony et al. (Ref 37), it was determined
that coatings exhibiting a certain degree of compressive stress
can enhance fatigue life, inhibit crack propagation, and improve
resistance to stress corrosion of materials. Conversely, the
presence of tensile residual stress reduces their performance
capabilities.

3.2 Microstructure Characterization

Figure 2 illustrates the 3D morphology and surface rough-
ness (Sa) of the initial and irradiated coatings. Figure 2(a)
shows sharp protrusions and bulges on the surface of the initial
coating, indicating its relatively rough nature. Following 3
pulses of irradiation, significant changes in 3D morphology can
be observed, with most of the sharp protrusions and bulges
eliminated by HCPEB irradiation. The subsequent images in
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Fig. 2(b-d) illustrate a clear transition from a rough surface in
the initial coating to a flat surface in the 8-pulsed coating. The
surface roughness (Sa) is calculated in Fig. 2(f), and the Sa for
initial coating was found to be 0.213 um. After 3, 5, §, and 15
pulses of irradiation, the surface roughness was changed to
0.134,0.127, 0.120 and 0.157 um, respectively. As the number
of irradiation pulses increased from 3 to 8, the roughness
decreased significantly. This might be associated with the
relatively gradual flattening of sharp protrusions and bulges
(Ref 38). Furthermore, the “self-purification” effect induced by
HCPEB irradiation might also be attributed to this observed
phenomenon (Ref 39). Lou et al reported that a flattened
coating surface positively affects reducing cutting forces and
temperature at the tool-chip interface (Ref 29). However, the Sa
value increased to 0.157 um after 15 pulses. It is believed that
the repetitive plastic deformation and the high strain rate
experienced during multiple HCPEB pulses contribute to the
increased roughness (Ref 40). After repeated pulses, microc-
racks and craters reappeared, ultimately leading to an increase
in surface roughness.

Figure 3 shows the SEM morphology of the TiN/TiCN/
Al,O5 coatings. Figure 3(a) reveals equiaxed grains with sizes
ranging from 0.5 to 1 um distributed on the initial coating
surface, along with deposition defects such as holes and
microcracks, that contribute to its highly rough appearance.
SEM images of the TiN/TiCN/Al,O5 coatings after 3, 5, 8, and
15 HCPEB pulses are shown in Fig. 3(b-e), respectively. From
Fig. 3(b), it can be seen that the density of microcracks on the
coating surface increased, which might be attributed to the
residual tensile stress in the coating (Ref 41, 42). In addition,
numerous craters were formed at the crack boundaries, which
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Fig. 2 The surface roughness of the TiN/TiCN/AlL,O; coatings after HCPEB irradiation (a) Initial; (b) 3 pulses; (c) 5 pulses; (d) 8 pulses; (e)

15 pulses; (f) the surface roughness of coatings

are typical manifestations resulting from localized sublayer
melting and subsequent eruption through the outermost surface
following HCPEB irradiation (Ref 43, 44). Additionally, the
smoothest surfaces were observed in the coatings treated with 5
and 8 pulses of irradiation, as depicted in Fig. 3(c), (d). The
variation in crater density corresponding to different numbers
of HCPEB pulses is graphically represented in Fig. 3f. The
observed trend of decreasing crater density with an increasing
number of HCPEB pulses aligns with the findings reported in
the literature (Ref 45), and the reduction in density can be
attributed to the ““self-purification” effect induced by HCPEB
irradiation. Specifically, the craters formed on the coating
surface after 3 pulses are subsequently fused or eliminated by
the successive electron beam pulses, resulting in improved
surface roughness. However, microcracks and craters reappear
in the coatings irradiated with 15 pulses, as shown in Fig. 3e.
According to Bilgin (Ref 46), the presence of such microcracks
can be attributed to the deformation resulting from tensile stress
caused by the disparity in thermal expansion coefficients
between layers.
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Figure 4 presents a schematic diagram illustrating the
surface evolution and crack formation of the coating during
HCPEB irradiation. Despite HCPEB irradiation being con-
ducted in a vacuum (5.5 x 107 Pa), some residual gas
inevitably remains in the microcracks or holes of the initial
coating. When the electron beam contacts the residual gas, a
plasma reaction occurs, resulting in the melting of the tip of
Al,O; equiaxed grains, which then fills into the valleys
between grains (Ref 47). The plasma reaction and electrical
breakdown effect of the gas cause the crack edge to rapidly rise
to a high temperature under the condition of high current
density (Ref 23, 48). The accumulated charge density at the
crack increases with the increase in irradiation pulses, which
will aggravate the electrical breakdown effect and finally lead
to the melting of the crack edge. Repeated melting and filling
during irradiation gradually flatten the coating surface.

Cross-sectional micrograph and EDS analysis of the TiN/
TiCN/Al1,05 coating are present in Fig. 5. All coatings exhibit
three layers: the upper Al,Oj; layer, the subsurface TiCN layer,
and the thin TiN transition layer. The initial coating shows
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Fig. 3 SEM morphology of TiN/TiCN/Al,O5 coatings surface before and after HCPEB irradiation: (a) Initial; (b) 3 pulses; (c) 5 pulses; (d) 8

pulses; (e) 15 pulses; (f) the crater density of coatings

HCPEB HCPEB

Fig. 4 Schematic diagram of sample surface melting

pores and lacks full density (Fig. 5a). In contrast, the 5-pulsed
coating is fully densified due to the remelting effect of HCPEB.
However, pores and cracks are observed in the 15-pulsed
coating (Fig. 5c), attributed to the tensile stress caused by
repeated thermal expansion mismatch between layers (Ref 7).

3.3 Mechanical Properties

The nano-indentation load—displacement curves (Fig. 6)
show the deformation behavior of the initial, 5-pulsed, and

10730—Volume 33(20) October 2024
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15-pulsed TiN/TiCN/AL,O; coatings (Ref 49-51). Under a
normal load of 50 mN, the penetration depth for the initial
coating was approximately 0.353 pum. The 5-pulsed coating
exhibited the minimum penetration depth, with a value of
0.328 um, while the 15-pulsed coating showed a penetration
depth of 0.352 um. After unloading, there tends to be a residual
offset in the displacement of all samples. According to the
method proposed by Oliver et al. (Ref 31), the nano-hardness of
the 5-pulsed coating exhibited the highest hardness by calcu-
lating the data from the load—displacement relationship.
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Fig. 5 The cross-sectional micrograph and EDS analysis: (a) initial; (b) 5-pulsed and (c) 15-pulsed TiN/TiCN/Al,O; coating
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Fig. 6 Nanoindentation load—displacement curves for initial,
S-pulsed, and 15-pulsed TiN/TiCN/AL,O5 coatings

Figure 7 presents the mechanical properties of the initial and
irradiated TiN/TiCN/Al,O3 coatings. The hardness slightly
increased with increasing irradiation pulses, reaching a max-
imum for the 5-pulsed coating, followed by a slight decrease in
hardness for the 8-pulsed and 15-pulsed coatings. The maxi-
mum hardness value obtained was 29.58 + 1.1 GPa after
S-pulsed irradiation, surpassing values reported in previous
works (Ref 15, 19). Several factors contributed to the hardening
effect: the formation of abundant defects (dislocations and
vacancies) on the coatings after HCPEB irradiation, hindering
plastic deformations and leading to increased hardness (Ref
53); the reduction of holes and cracks on the coating surface
after irradiation, positively influencing hardness (Ref 54); and
the introduction of compressive residual stress, which also
contributed to increased hardness, as suggested by Altenberger
(Ref 55). Similar tendencies were observed in the elastic
modulus values of these coatings.

The values of H/E and H*/E? for the multilayered coatings
are shown in Fig. 7(b). The wear resistance, which is associated
with the ratio of plastic work to total work during indentation
(Ref 56), correlates closely with the hardness-to-modulus ratio
(H/E). Furthermore, H*/E* represents the measure of resistance
to plastic deformation (Ref 57). Coatings with higher values of
H/E and H*/E?* generally exhibit favorable fracture toughness
and resistance to plastic deformation. Based on all of these
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metrics, the 5-pulsed coated tool demonstrated the best wear
resistance.

Figure 8 illustrates the friction coefficient (COF) curves and
wear rates of both the initial and irradiated coatings. The initial
coating exhibited a relatively high average friction coefficient
of ~ 0.77 (Fig. 8a). In contrast, all treated coatings demon-
strated lower friction coefficients than the initial coating. The
S-pulsed coatings showed a relatively stable friction coefficient
with the lowest average value among all coatings. Figure 8(b)
shows the average wear rates of the multilayer coatings, with
the minimum wear rate (1.144 x 10° mm® N' m™") observed
in the 5-pulsed coatings. The remarkable improvement in the
tribological property of the 5-pulsed coatings can be attributed
to the improvement in hardness, resistance to plastic deforma-
tion, and reduction in surface roughness. HCPEB irradiation
effectively enhanced the friction and wear characteristics of the
coatings, with the S5-pulsed coating demonstrating the most
superior performance.

Figure 9 displays the progression of flank wear for both the
initial and irradiated coated tools. All irradiated coatings
exhibited significant improvement in wear resistance compared
to the initial coating. Notably, the 5-pulsed coated tool
demonstrated the longest cutting life, approximately 40 min-
utes, which is 33.3% higher than that of the initial coating tool.
These results indicate that HCPEB treatment has a beneficial
effect on improving tool life and wear resistance.

The rake and flank facets of the tools after cutting are shown
in Fig. 10. The initial tool’s blade exhibited chipping after 30
minutes of cutting (Fig. 10a), primarily due to the hard-brittle
nature of the cemented carbide coating and stress concentration
at the edge during high-speed cutting. The 3-pulsed irradiation
tools showed accumulated built-up edges (BUEs) at the cutting
edge after 30 minutes of cutting (Fig. 10b), a phenomenon
attributed to the adhesion and growth of chips on the rake
surface under the combined effect of high pressure and
temperature during high-speed cutting (Ref 58). The 5- and
8-pulsed coated tools (Fig. 10c and d) exhibited only flank wear
after cutting for 40 and 35 minutes, respectively. However, the
15-pulsed coated tools showed BUEs on the flank surface after
35 minutes of cutting (Fig. 10e), indicating that the porous
service layer induced a decrease in the adhesion strength of
coatings, as interpreted by K. Weigel (Ref 28).

Typically, the dominant wear mechanism is influenced by
factors including the surface contact area, material properties,
topography, and hardness (Ref 29). In this study, the improve-
ment in tool wear performance resulted from the combination
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4. Conclusions

This paper investigates the characteristics of a multilayer
TiN/TiCN/AL,O5 coating deposited on carbide WC-Co through
CVD, followed by treatment with HCPEB irradiation. Inves-
tigations on the characteristics of the treated coating and
associated microhardness and wear behaviors were conducted.
The main findings of the present work are as follows:

1) HCPEB irradiation results in broadened diffraction peaks
due to grain refinement and defect formation. Addition-
ally, the stress state of the coating surface changes,
inducing compressive stress after 5 and 8 pulses of irra-
diation.

2) The irradiation process eliminates holes and grain valleys
in the coating through the gas’s plasma discharge and

Fig. 9 Cutting life diagram of TiN/TiCN/AI203-coated carbide electric breakdown effect, leading to reduced surface
tools before and after HCPEB irradiation and VB curve diagram of roughness.
flank wear 3) HCPEB irradiation significantly affects the nano-hardness

(H) and elastic modulus (E) of the TiN/TiCN/Al,O3 coat-

of roughness reduction, residual stress elimination, wear ing. The values of H/E and H*/E” initially increase and
resistance improvement, and plastic reinforcement. The then decrease with increasing irradiation pulses, with the
5-pulsed irradiated coated tool demonstrated the most superior maximum values observed in the 5-pulsed coated tools.

cutting performance, suggesting that an appropriate number of 4) Proper HCPEB irradiation pulses notably improve the

irradiation pulses effectively enhanced the surface quality.

10732—Volume 33(20) October 2024

friction and wear properties of TiN/TiCN/Al,O3-coated
tools.
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Fig. 10 The rake face and flank face of TiN/TiCN/AI203-coated carbide tools after the end of life: (a) Initial; (b) 3 pulses; (c) 5 pulses; (d) 8

pulses; (e) 15 pulses

5) HCPEB irradiation significantly enhances the cutting per-
formance of coated tools. Coated tools subjected to 5
pulses exhibit a 33.3% increase in cutting life compared
to the initial tool, with only flank wear observed as the
failure mode.
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