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Abstract: Currently, the research on mechanical behavior and cutting performance of functionally
graded carbides is quite limited, which limits the rapid development of high-performance cemented
carbide cutting tools. Based on WC-Co-Zr and WC-Ni-Zr, this study synthesized two kinds of
cemented carbide cutters, i.e., the cemented carbide cutters with homogeneous microstructure and
functionally graded carbide (FGC) cutters with FCC phase ZrN-enriched surfaces. Furthermore,
TiAlN coating has been investigated on these carbide cutters. Mechanical behavior, friction, wear
performance, and cutting behavior have been investigated for these coated carbides and their
corresponding substrates. It was found that, as compared with coated cutters on WC-Co/Ni-Zr
carbide substrates with homogeneous microstructures, the coated cutters on WC-Co/Ni-Zr FGC
substrates with FCC phase-enriched surfaces show higher wear resistance and cutting life, and the
wear mechanism during cutting is mainly adhesion wear.

Keywords: additive manufacture; cemented carbide; functionally graded structure; adhesive wear

1. Introduction

Cemented carbides, as ceramic matrix composites consisting of carbide matrix (mainly
WC, TiC, and TaC, etc.) and metal binders, have been widely used as cutting tools,
molds, and mining and petroleum drilling tools due to their high hardness, strength,
wear resistance, excellent oxidation resistance, and thermal stability [1–7]. With the rapid
development of the modern manufacturing industry, more crucial requirements, such
as simultaneously high wear resistance and high toughness, are being put forward on
the performance of cemented carbides [8,9]. In order to obtain better properties, current
development on cemented carbides is mainly focused on functionally graded carbides
(FGCs) and cemented carbide coatings [10–14]. The FGCs shows gradient microstructures
from surface to internal portion, which provides both higher wear resistance (surface)
and toughness (internal portion) and hence better overall performance than conventional
carbide with homogeneous microstructure [15–19]. The FGCs mainly include dual-phase
FGC [20,21], the FGCs with binder phase-enriched surfaces [22,23], and the FGCs with
face center cubic (FCC) phase-enriched surfaces [24]. The main preparation method of the
FGC with an FCC phase-enriched surface is the nitriding method [25], which converts N in
the sintering atmosphere and the elements (such as Ti, Zr, etc.) in carbides into nitride or
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carbon–nitride compounds of face-centered cubic crystals by thermal–chemical coupling,
and then obtains the functionally graded carbide with FCC phase-enriched surface [26].

At present, there are quite limited study on the cutting performance of the FGCs with
FCC phase-enriched surface, especially on the cutting performance of coated cutters on
FGC substrates with FCC phase-enriched surface. This paper focuses on the microstructure,
mechanical properties, and cutting properties of coated cutters on FGC substrates with
FCC phase-enriched surface. The high-performance carbide cutters investigated in this
study has potential applications in future additive/subtractive hybrid manufacturing.

2. Materials and Methods

The composition, gradient structure, and coating types of WC-Co/Ni-Zr cemented
carbide are shown in Table 1. The feedstock powders of WC, Co, Ni, Zr, and others with an
average particle size of 1 µm were weighed according to the composition in Table 1 and
then put into a planetary ball mill with 2 wt.% paraffin wax and an appropriate amount
of n-heptane and mixed for 24 h. The wet powder mixture slurry was dried in a rotary
evaporator, and then pressed at 300 MPa into 18 mm × 18 mm × 6 mm cutter billets.
Afterwards, the cutter billets were dewaxed in a tube furnace at 400–550 ◦C in an argon
atmosphere. The dewaxed cutter billets were sinter-hipped in a two-step process. Firstly,
the dewaxed parts were sintered at 1450 ◦C for 30 min in an argon atmosphere at the
pressure of 6 MPa. After furnace cooling, the pre-sintered parts were machined into a cutter
shape of 12.5 mm × 12.5 mm × 5 mm and then polished. Secondly, all the machined parts
were further sintered at 1450 ◦C in a nitrogen atmosphere at a pressure of 6 MPa for 60 min
to prepare the functionally graded cemented carbides (FGCs) with FCC phase-enriched
surface. The dewaxing and sintering processes are shown in Figure 1. Two-step sintering is
critical to the mechanical and frictional properties of FGCs. The first step of sintering with
high pressure Argon results in the full density of carbides and the second step of sintering
with high pressure nitrogen leads to the formation of gradient microstructure of FGCs.
Upon two-step sintering, the FGCs achieve the high wear resistance of surface and the high
toughness of the inner portion.

Table 1. The composition, microstructure, and coating type of WC-Co/Ni-Zr cemented carbides.

Carbides
No. Composition (wt.%) Sintering Process Microstructure Coating

FC5-1 WC-10Co-5Zr-0.5VC-2W One-step/Ar Homogeneous Nothing
FC5-2 WC-10Co-5Zr-0.5VC-2W Two step /(Ar+N2) Gradient Nothing
FC5-3 WC-10Co-5Zr-0.5VC-2W One-step/Ar Homogeneous TiAlN
FC5-4 WC-10Co-5Zr-0.5VC-2W Two step /(Ar+N2) Gradient TiAlN
FN1-1 WC-10Ni-5Zr-0.5VC One-step/Ar Homogeneous Nothing
FN1-2 WC-10Ni-5Zr-0.5VC Two step /(Ar+N2) Gradient Nothing
FN1-3 WC-10Ni-5Zr-0.5VC One-step/Ar Homogeneous TiAlN
FN1-4 WC-10Ni-5Zr-0.5VC Two step /(Ar+N2) Gradient TiAlN

In order to analyze the difference in properties between FGCs and conventional ce-
mented carbides with homogeneous microstructure, the same WC-Co-Zr and WC-Ni-Zr
parts were sintered in one-step sinter-hip process at 1450 ◦C for 90 min with 6 MPa argon
atmosphere to prepare the conventional cemented carbide with homogeneous microstruc-
ture. Finally, TiAlN coating was deposited on the above the FGCs and the conventional
carbides with homogeneous microstructure by PVD method.

Zeiss Merlin high-resolution field emission electron microscope and energy spectrom-
eter (Zeiss, Oberkochen, Germany) were used for microstructure and composition analysis.
Nanoindentation was used to measure the coating hardness with a load of 10 mN. The
bonding strength between coating and carbide substrate was measured by the RST3 Large
Load Scratcher [27,28]. The UMT-TriboLab friction and wear tester (Bruker, Billerica, MA,
USA) was used to test the wear resistance, friction, and wear performance of carbides.
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The GCr15 ball was used for the friction test of uncoated carbides with a load of 50 N, the
Si3N4 ceramic ball was used for the friction test of coated cutters with a load of 10 N, and
both friction tests had a turning radius of 4 mm and a speed of 400 r/min. The ETC3650h
CNC lathe (SMTCL, Shenyang, China) was used for cutting test and an HT250, a gray cast
iron with yield strength of 250 MPa, was used as the workpiece. The cutting speed was
200 m/min, the back cutting depth was 0.3 mm, and the feed rate was 0.1 mm/r.
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Figure 1. Dewaxing and two-step sinter-hip process for FGCs.

3. Results and Discussion
3.1. Functionally Graded Cemented Carbides
3.1.1. Microstructure of FGCs

Figures 2 and 3 show the microstructure and EDS element distribution of WC-Co-Zr
and WC-Ni-Zr FGCs, respectively. The gradient layer thickness of WC-Co-Zr is significantly
lower than that of WC-Ni-Zr. Both carbide surfaces contained mainly Zr and N, and the
FCC phase ZrN was formed during the high-pressure nitriding process [15]. Figure 4
shows the XRD of both FC-5 and FN-1, which confirms the formation of FCC phase ZrN
during high pressure nitriding process.
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3.1.2. Friction and Wear Properties of FGCs

Figure 5 shows the friction coefficient curves of four cemented carbides. The curves
can be divided into two stages: the running-in wear stage and the normal friction stage.
The curves C and D in Figure 5 represent friction coefficient curves of two FGCs with FCC
phase-enriched surfaces (FC5-2, FN1-2). Compared with the carbides with homogeneous
microstructure, i.e., A (FC5-1) and B (FN1-1), the friction coefficient curves of the FGCs
show abrupt drop in the normal friction stage, which is due to the complete wearing off of
the ZrN surface layer and the exposure of the inner part of FGCs. Figures 2 and 3 show that
the thickness of the surface gradient layer of WC-Ni-Zr is significantly thicker than that of
WC-Co-Zr, so it takes a longer time before the mutation of friction coefficient for WC-Ni-Zr,
as compared with that for WC-Co-Zr. Figure 5 also shows that quite different from the
friction behavior of conventional carbides, the formation of ZrN on the FGC surface can
effectively reduce the friction coefficient.
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Figure 5. The friction testing curves for both FGCs and conventional carbides.

Figure 6 shows the comparison of wear rates of four cemented carbides. It can be seen
that the wear rate of the FGCs is significantly lower than that of conventional carbides
with homogeneous microstructure, indicating that a ZrN layer formed on the surface of the
FGCs can significantly improve the wear resistance. Further, the wear rate of the WC-Co-Zr
FGCs is slightly lower than that of the WC-Ni-Zr FGCs.
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3.2. Coated Cutters with FGC and Conventional Carbide Substrates
3.2.1. Microstructure of Coated Cutters

Figure 7 shows the cross-sectional microstructures of four coated carbides. Two types
of coated cutters on conventional carbide substrates with homogeneous microstructure
have no cracks around the interface between the coating and the substrate, but there are
some micro-cracks for the coated cutters on the WC-Ni-Zr FGC substrate (FN1-4).
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3.2.2. Bonding Strength between Carbide Substrate and Coating

Figure 8 shows the bonding strength and scratch morphology of the coated cutters. It
shows that for WC-Co-Zr, the bonding strength between coating and the FGC substrate
is about 15% higher than that between coating and the conventional carbide substrate.
However, for WC-Ni-Zr carbide, bonding strength shows the opposite trend, mainly due to
the obvious microcracks between the FGC substrate and the coating. The average hardness
of the coatings, measured by nanoindentation, is 32.17 GPa.
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Figure 8. Bonding between carbide substrates and coatings, (a) bonding strength, and (b) scratch-
ing tests.

3.2.3. Friction and Wear Performance of Coated Carbides

Figure 9 is the friction coefficient curves of four coated carbides. It can be observed
that for both coated WC-Co-Zr with either conventional carbide substrate (curve A) or
FGC substrate (curve B), the friction coefficient shows substantial fluctuation, and the
friction coefficient of coated WC-Co-Zr with FGC substrate is noticeably lower than that of
coated WC-Co-Zr with conventional carbide substrate. For coated WC-Ni-Zr, the friction
coefficient corresponding to FGC substrate (curve C) is quite similar to that corresponding
to conventional carbide substrate, while the former has wider fluctuation, which is mainly
caused by the apparent more micro-cracks of the former, as shown in Figure 7d.
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Figure 10 shows the wear rates of four coated carbides. The coated WC-Co-Zr with
FGC substrate shows the lowest wear rate, while the coated WC-Ni-Zr with FGC substrate
have the highest wear rate due to the existence of micro-cracks.
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3.3. Cutting Performance of Coated Carbide Cutters
3.3.1. Carbide Cutters

The wear and cutting behavior of FGCs is quite different from those of conventional
carbides [17,29]. In this study, both the FGCs and conventional carbides listed in Table 1
were used as the cutters and HT250 was used as the workpiece for cutting experiments.
The cutting test parameters are shown in Section 1.

3.3.2. Cutting Life

According to ISO-3685, the criterion for cutter failure is average wear of 0.3 mm on
flank face of cutters. Figures 11 and 12 show the dimension of wear vs. time on the
flank face of four carbide cutters during cutting test of HT250. It can be seen that the
cutting life of WC-Co-Zr is significantly higher than that of WC-Ni-Zr. For WC-Co-Zr,
the cutting life of uncoated FGC cutter is about 1.23 times that of conventional carbide
cutter with homogeneous microstructure, and the cutting life of the coated cutter with FGC
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substrate is 1.11 times that of the coated cutter with conventional carbide substrate. While
for WC-Ni-Zr, the corresponding cutting life improvement of uncoated and coated FGC vs.
conventional carbide is 1.54 times and 1.19 times, respectively.
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3.3.3. Wear Mechanism Analysis

The wear of flank face is commonly used to assess the failure modes of carbide
cutters and can be classified as adhesive wear, diffusion wear, abrasive wear, and oxidation
wear [30–32].

Figure 13 shows the flank face of WC-Co-Zr cutters after the cutting test. The failure
modes are mainly adhesive wear, a certain degree of spalling of coating, and abrasive
wear of the cutter tip. Table 2 is the EDS results at Point 1 and Point 2 on the flank face
in Figure 13. EDS analysis shows that the gray region (Point 1) is the adhesive material
(HT250), and the bright region (Point 2) is the exposed carbide substrate after the coating is
worn off. The low content of oxygen indicates limited oxidation wear at the high cutting
temperature. Furthermore, it can be seen in Figure 13 that there is much less adhesion on
flank face of the coated cutters than that on flank face of the uncoated cutters.



Crystals 2021, 11, 1538 9 of 11

Crystals 2021, 11, x FOR PEER REVIEW 9 of 12 
 

 

 

Figure 12. The flank wear VB vs. cutting time for WC-Ni-Zr. 

3.3.3. Wear Mechanism Analysis 
The wear of flank face is commonly used to assess the failure modes of carbide cutters 

and can be classified as adhesive wear, diffusion wear, abrasive wear, and oxidation wear 
[30–32]. 

Figure 13 shows the flank face of WC-Co-Zr cutters after the cutting test. The failure 
modes are mainly adhesive wear, a certain degree of spalling of coating, and abrasive 
wear of the cutter tip. Table 2 is the EDS results at Point 1 and Point 2 on the flank face in 
Figure 13. EDS analysis shows that the gray region (Point 1) is the adhesive material 
(HT250), and the bright region (Point 2) is the exposed carbide substrate after the coating 
is worn off. The low content of oxygen indicates limited oxidation wear at the high cutting 
temperature. Furthermore, it can be seen in Figure 13 that there is much less adhesion on 
flank face of the coated cutters than that on flank face of the uncoated cutters.  

. 

Figure 13. Morphology of flank wear for WC-Co-Zr cutters, (a) FC5-1, (b) FC5-2, (c) FC5-3, and (d) 
FC5-4. 

  

Figure 13. Morphology of flank wear for WC-Co-Zr cutters, (a) FC5-1, (b) FC5-2, (c) FC5-3, and
(d) FC5-4.

Table 2. The EDS results of Points 1 and 2 in Figure 12.

Area
Element Mass Fraction/%

C O Si Zr W Fe Mn Co

Point 1 7.06 1.77 2.27 - - 88.91 - -
Point 2 11.5 1.98 - 11.58 71.41 2.78 - 1.2

Figure 14 shows the morphology of flank face of WC-Ni-Zr after cutting test. The wear
modes of WC-Ni-Zr cutters also include mainly adhesive wear, which is the main wear
mode of cemented carbide cutters at low and medium cutting speeds [30]. The spalling of
coating also occurs and is more severe than that for WC-Co-Zr cutters. Table 3 shows the
EDS analysis of the points in Figure 14. Compared with the WC-Co-Zr, the oxidation wear
for WC-Ni-Zr is more serious.
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Table 3. The EDS results of Points 1 and 2 in Figure 13.

Area
Element Mass Fraction/%

C O Si Zr W Fe Mn Co

Point 1 7.03 1.97 0.18 - - 89.12 - -
Point 2 9.63 2.62 - - 76.72 9 - 2.02

4. Conclusions

In this study, WC-Co/Ni-Zr cemented carbides with homogeneous microstructure
(conventional carbides) and the corresponding FGCs with ZrN (face centered cubic phase)-
enriched surfaces were successfully synthesized using a high-pressure nitriding process.
TiAlN coatings were prepared on these carbide substrates by a PVD process, and the
mechanical and friction behaviors and cutting test were carried out on these coated and
uncoated carbides. It was found that for WC-Co-Zr, friction coefficient and wear rate of
coated and uncoated FGCs were, respectively, 20% and 17% lower than those of coated
and uncoated conventional carbides and for WC-Ni-Zr; uncoated FGC also shows 14%
lower friction coefficient and 26% lower wear rate than uncoated conventional carbide,
while the coated FGC shows wider fluctuation of friction coefficient and 5% higher wear
rate as compared with coated conventional carbide. For WC-Co-Zr, the bonding strength
between the coating and the FGC substrate is 18% higher than that between the coating
and the conventional carbide substrate, while for WC-Ni-Zr, the bonding strength between
the coating and the FGC substrate, due to micro-cracks, is 10% lower than that between the
coating and the conventional carbide substrate. The cutting tests showed that the cutting
life of WC-Co-Zr cutters is about 85% higher than that of WC-Ni-Zr cutters, and the coated
FGCs show 16% higher cutting life than the coated conventional carbides, followed by the
uncoated FGCs, and the uncoated conventional carbides. The cutting test for HT250 shows
the main wear mechanism is adhesive wear for all the carbide cutters.
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