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Abstract: Using a closed field unbalanced magnetron sputtering system, the cemented carbide end mills were coated with a CrTiAIN
hard coating, which consisted of a Cr adhesive layer, a CrN interlayer and a CrTiAIN top layer. The microstructure and mechanical
properties of the coating were investigated by X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), micro indentation and scratch test. The cutting performance of the coated end mills were conducted by
high-speed dry milling hardened steel (P20, HRC 45). The results indicates that the coating is composed of (Cr,Ti,Al)N columnar
grains with nanolayers. The coating exhibits good adhesion to cemented carbide substrate and high microhardness of around 30 GPa.
The coated end mills show significant improvement on tool life and much lower cutting force as compared to the uncoated ones. And

the related mechanisms were discussed.
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1 Introduction

Nowadays high-speed and dry machining materials
at hardened state increasingly becomes important in
manufacturing industry due to its advantages, such as
high productivity, cost reduction, and environmental
waste elimination [1,2]. In high-speed and dry machining
operations, due to high cutting temperatures and high
stresses on the cutting edges [3], tool life is greatly
shortened because of rapid tool wear, especially the hard
machining difficult-to-cut materials, such as hardened
steels, titanium alloys and superalloys [4—6]. The
application of single and multilayer nitride coatings on
carbide cutting tools has led to the significant increase of
tool life in machining processes [7]. Various hard
coatings on cutting tools have been developed to meet
the requirements of hardness, chemical inertness, wear
resistance, and oxidation resistance [8].

As one conventional hard coating, CrN coating is

popularly used for its low friction coefficient, high
toughness, and good oxidation and corrosion resistance.
However, CrN coating is mainly limited to tribological
applications on machine parts due to its relatively low
hardness. Recently, CrN-based coatings with additions of
elements such as Al [9], Si [10], B [11], C [12], have
been actively investigated to improve the properties of
CrN binary coating. Among these coatings, CrTiAIN
coatings exhibit excellent combinations of high hardness,
good toughness, and excellent wear resistance [13]. The
coatings were successfully fabricated by magnetron
sputtering or cathodic arc evaporation techniques on
various substrates, and were reported to improve the
tribological property of Mg alloy and AISI 304 stainless
steel [8,14], enhance corrosion and wear resistance of
titanium alloys [15], and to improve cutting performance
of the high speed steel drills during dry drilling processes
[16]. By considering the good properties of the CrTiAIN
coatings, they have high potential to be applied on the
carbide cutting tools for high speed milling. However, it
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seems that little work has been reported on this topic.

In this work, a closed field unbalanced magnetron
deposition system was used, and the carbide end mills
were coated with a CrTiAIN hard coating. The
microstructure, properties of the coating and the cutting
performance of the coated end mills were studied. The
performance of CrTiAIN coating for high-speed dry
milling was discussed.

2 Experimental

2.1 Coating deposition and evaluation

The CrTiAIN coating was deposited using a closed
field unbalanced magnetron sputtering system (Teer
UDP850, as shown in Fig. 1) with four metal targets
(two Cr targets placed symmetrically, one Al target and
one Ti target) installed on four sides of the chamber wall.
The substrates utilized in this study included (100) single
crystalline Si wafers (for microstructure analysis),
mirror-polished SUS304 stainless steel plates (for
Rockwell C indentation test and friction coefficient
measurements), cemented carbide plates (for scratch test)
and cemented carbide end mills (for cutting test),
respectively. Before coating deposition, the substrates
were degreased and ultrasonically cleaned in acetone and
ethanol solutions and dried by filtrated compressive air.
Then the substrates including cemented carbide end mills
were loaded on a substrate holder. The substrate holder
was rotating with speed of 3 r/min. During coating
deposition, Ar gas (99.999%) with flux rate of 30
mL/min was introduced into the sputter target holder to
increase the sputtering rate. The N, gas (99.999%) was
injected near the substrate holder using an optical
emission monitor (OEM) with feedback system. The
substrates were cleaned by ion bombardment using
plasma of low sputtering current under Ar atmosphere,
followed by the deposition of a Cr adhesive layer, a CrN
interlayer, and a CrTiAIN top layer. The deposition
parameters are listed in Table 1. The base pressure was
4.0x107° Pa. The chamber deposition pressure and
substrate temperature during deposition were set as
10x10"" Pa and 300 °C, respectively. For all the
sputtering sources, pulsed powers with frequency of 250
kHz were utilized. The thicknesses of the individual
layers were controlled as 0.4, 0.6, and 2.1 um for the Cr,

Table 1 Deposition parameters of CrAITiN coating

Fig. 1 Schematic setup of closed field magnetron sputtering

machine

CrN, and CrTiAlN layer, respectively, by controlling the
deposition time.

The phase structure of the as-deposited coatings was
characterized by X-ray diffraction (D8 Advance Brucker,
Cu K,) with diffraction angles 26 between 30° and 80°.
The morphologies and chemical compositions of the
coatings were observed and determined by scanning
electron microscope (SEM, Hitachi, S3400N) equipped
with an energy-dispersive X-ray spectrometer (EDX).
Structural information of the coating was analyzed by
transmission electron microscope (TEM, FEI, Tecnai G2
F20 S-Twin) with a 200 kV acceleration voltage. The
average friction coefficient was evaluated through sliding
tests using a conventional ball-on-disc wear apparatus
(MMU-5G). A steel ball (diameter of 5 mm, HV, of 700)
was used as the counterpart material. Adhesion and
coating toughness were evaluated by the Rockwell C
indentation method (tip radius of 0.2 mm, applied load of
1470 N) and scratch test (CSM, Revetest scratch tester).

Hardness measurements were performed using a

HXD-10000TM/LCD microhardness tester with a
diamond Vickers indenter under a load of 0.49 N.
2.2 Milling tests

The cemented carbide end mills (type

GM-4E-D6.0S, average WC grain size of 0.8 um) with
and without CrTiAIN coatings were tested in a vertical

N, flow . Current of Current of Current of Deposition
Sample Bias voltage/V . . )
(OEM)/% Ti target, Ii/A Al target, [a/A 2 Cr targets/A time/min
Ion bombardment 0 =500 0.5-1 0.5-1 0.5-5 50
Cr adhesive layer 0 =75 1 1 5 30
CrN interlayer 63% =75 1 1 5 30
CrTiAlN top layer 50% =75 10 5 5 110
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high speed machining center (DMU 60T) with the
milling parameters listed in Table 2. The cutting force
was measured and recorded by a Kistler 9265B three-
dimensional force measurement platform. The machining
process was paused at each interval milling length of 2.6
m to measure the flank wear of peripheral edge under a
stereo optical microscope (OLYMPUS, SZ61TRC) with
a CCD camera. In order to maintain the position
precision and continuity of the experiment, the tool
holder was directly detached from the main spindle in
each interval to do the test. Flank wear was obtained by
averaging three values on the cutting edge within axial
depth of cut. The tool life obtained with flank wear
threshold of 0.2 mm was used as a criterion (ISO 3002/1)
for a comparative evaluation of the coating performance
[17].

Table 2 Milling parameters for tool performance tests

Milling parameter Value
d6 mm, 4-flute end-mill,

Tool type helix angle: 35°
Work materials P20 (HRC 45)
Spindle revolution/(r-min ") 10616
Cutting speed, v/(m'min ") 200
Feed rate/(mm-s ') 0.02

Radial: 0.1; Axial: 2
Up-milling; Dry

Depth of cut/mm
Milling style

3 Results and discussion

3.1 Characterization of CrTiAIN coating layers

Figure 2 shows the surface and cross-sectional SEM
images of the CrTiAIN coating in this study. A smooth
surface can be observed on the coating surface. The
coating consists of three layers: 1) Cr interlayer with
thickness of ~0.4 um at the coating-substrate interface;
2) CrN interlayer with thickness of ~0.6 pm on top of the
Cr layer; and 3) CrTiAIN layer with thickness of ~2.1
um on the top of the coatings. The CrTiAIN top layer
exhibits apparent columnar microstructure. The densely
packed columns with diameter of ~0.1-0.2 um can be
observed both from the cross section image in Fig. 2(b)
and from the corresponding surface particles in Fig. 2(a),
which correspond to the domes of columns. The
chemical composition is identified as: 36.22% Cr, 8.57%
Ti, 5.99% Al, and 49.22% N (mole fraction) by EDX
analysis.

The XRD pattern of the CrTiAIN coating is shown
in Fig. 3. The diffraction peaks are identified as TiN and
CrN FCC phases. The two peaks between 35° and 45° are
close to TiN (111) and CrN (200), respectively. No
hexagonal AIN peak is observed. Therefore, it can be
concluded that CrTiAIN coating is composed of FCC-
(Ti, Cr, A)N phase of B1-NaCl (rock salt) structure,

Fig. 2 SEM images of surface (a) and cross-section (b) of
CrTiAIN coating

Si
CrN(111) CrN(200)
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Fig. 3 XRD spectra of as-deposited CrTiAIN coating

where Ti and Al solid solutionized into the CrN phase by
substituting the position of Cr atoms. The shift of (111)
and (200) peaks is because of the different radius of Ti
and Cr atoms. This result is in agreement with the work
by other research groups [18,19].

To further investigate the coating microstructure,
the CrTiAIN coating of top layer was analyzed by
cross-sectional TEM observations. The cross sectional
TEM images and the selected area electron diffraction
(SAED) pattern are shown in Fig. 4. Corresponding
to SEM observations in Fig. 2, the coating exhibits
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CrN(111)

CrN{311) —

and (c)

columnar microstructure with column width of 50—100
nm. On high magnifications (Figs. 4(b) and (c)), it can be
detected that the columns are composed of nanolayers
with thickness of several nanometers. The formation of
nano multilayer structure is due to the substrate rotation
during coating deposition. In the deposition process, the
substrates successively pass Cr, Ti, Cr, Al targets in one
cycle. When the substrates are close to one target, the
metallic species will fly to the specimens and grow
corresponding nitride on the surface. Correspondingly,
the multilayered microstructure forms in the coatings.
Because of the 2-dimensional rotation, the thicknesses of
the nano layers in different columns are not uniform,
varying from 2—3 nm to 4—6 nm. From the SAED pattern
in the insert of Fig. 4(a), the diffraction spots are mainly
indexed to FCC structure of CrN phase with (111), (200),
(220) and (311) diffractions. Weak diffraction patterns
corresponding to the TiN phase are also detected. The
coating is mainly composed of CrN phase with solid
solution of Al and Ti elements.

Table 3 lists the mechanical properties of the
CrTiAIN coating. Hardness is an important property of
coatings for cutting tool applications. In this study, the
CrTiAIN coating shows the high hardness around 30 GPa,
much higher than that of the CrN coating. The improved
hardness should be due to the solid-solution hardening
by the addition of Ti and Al elements in the CrN crystals.
The nanolayered microstructure should also contribute to
the hardening of the coating. The wear property of the
coating is measured by ball-on-disc wear test. The
average friction coefficient of the coating against
hardened steel ball is 0.55 which is apparently lower as
compared to that of the bare cemented carbide (about
0.78). This is the value similar to other studies [8].

Adhesion and coating toughness is evaluated by the
scratch test and Rockwell C indentation method
(tip radius of 0.2 mm, applied load of 1470 N) [20]. As

Table 3 Mechanical properties of as-deposited CrTiAIN
coating

. Average Rockwell Critical load
Thickness/ HVs friction adhesion  in scratch
um .
coefficient test test
3.1 2996+10 0.55 HF1 >60 N

shown in Fig. 5(a), in the indented coatings, no sign of
spalling or adhesion failures is found. The coating
adhesion can be identified as HF1 according to the
defined adhesion strength quality (ASQ) criterion.
According to the scratch test result, the critical load is
more than 60 N. As shown in Fig. 5(b), no delamination
and cracks of the coating are detected. The coating
exhibits excellent adhesion on the substrate.

3.2 Cutting performance

The cutting performance of uncoated and CrTiAIN
coated end mills is compared by milling a hardened steel
P20 (HRC 45) in high-speed dry cutting conditions.
Figure 6 shows the flank wear values as a function of
cutting length for uncoated and coated end mills. As the
cutting length increases, the flank wear increases
accordingly. The wear curve of the CrTiAIN coated end
mills increases more slightly as compared to the
uncoated one. The flank wear of the bare end mill is
more than 200 pm at cutting length of 10.4 m. At the
same cutting length, the coated one exhibits the flank
wear value of only 68 um. The CrTiAIN coating can
significantly improve the cutting performance of
cemented carbide end mills, reduce flank wear and
extend tool life. The wear morphologies of two cutting
tools at a cutting length of 10.4 m are shown in Fig. 7.
Serious flank wear of uncoated tool was found in
Fig. 7(a). Considering the same cutting length, the
CrAlTiN coated end mill is much less wear than the
uncoated one.
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Fig. 5 Coated surface after Rockwell C adhesion test (a) and scratch test (b)
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Fig. 6 Flank wear as function of cutting length

Fig. 7 Wear morphologies of worn uncoated tool (a) and coated
end mills (b) at cutting length of 10.4 m

Figure 8 shows the average cutting force F as a
function of cutting length. Here the average cutting force
F is calculated by the principal force F,, the thrust force

F), and axial force F. with the formula £ =(Fx2+Fy2+Fzz)1/ 2
As shown in Fig. 8, with the increase of cutting distance,
the cutting forces of uncoated tool increase apparently.
The cutting force for the CrTiAIN coated end mill is
much lower than that of the uncoated one and remains
almost unchanged during the cutting process. Evidently,
the coating reduces the cutting force of the end mills.
During milling tests, the uncoated tool exhibits a
cacophony of mechanical noise with sparking chips
splashing out, which reveals high temperature at the
cutting edge. Comparatively, the coated tool shows a
stable milling process with darker chips indicating lower
cutting temperature. The low friction coefficient of
CrTiAIN coating is the reason for the low cutting force
and stable milling process. CrTiAIN coating can
diminish the mechanical stress among tool and chips, so
as to make the chips run out more smoothly. As a result,
cutting forces and flank wear as a function of the cutting
length are considerably lowered by application of
CrTiAIN coatings in high-speed milling.

50

40
Z
S 30r
£
..::En 20k * — Uncoated
E a — CrTiAIN coated
&}

10+

0 2 4 6 8 10 12

Cutting length/m

Fig. 8 Variation of cutting force as function of cutting length
during milling test

In order to further understand the wear mechanism,
SEM observations and local chemical analysis were
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performed on the flank edge of the end mills with and
without coating after milling tests. Corresponding to the
SEM observations in Fig. 9, the uncoated one exhibits
much wider flank wear on the cutting edges. For the
uncoated tool, the EDX results in Table 4 show that the
content of W, C and Co in the cutting area 2 is much
lower than that in the uncontact area 1, which indicates
loss of hard WC phase. Meanwhile, the Fe content (main
constituent of hardened steel) in the cutting area
increases significantly, which means the transfer of
materials from the workpiece to the cutting edge.
Another important phenomenon to be noted is that high
concentration of oxygen on the worn surface of the
uncoated tool is detected by EDX. It demonstrates that
the oxidation takes place on the cutting edge under high
cutting temperature. Therefore, the failure of uncoated
end mill is a result of loss of hard WC phase, cold
welding of machined material, and oxidation of cutting
edge. As the milling progresses, the strength of cutting
edge decreases, leading to enhanced attrition and worn
on the cutting edge [21]. The adhered or welded work

Fig. 9 Local chemical analysis on flank of uncoated (a) and
CrTiAIN coated (b) end mills after milling test

Table 4 Chemical compositions of corresponding points in
Fig. 9

Chemical composition (mole fraction)/%

Point
Cr Ti Al C Co w Fe o
1 - - - 4143 735 2753 — 2215
2 - - - 26.17 495 11.66 9.02 47.26

3 18.34 2.13 452 1337 2.1 0.07 208 -

material will be hit and squashed by the tool on re-entry
into the workpiece, thus leading to the initiation of
chipping and finally to the breakage of carbide at the
cutting edge. The worn cutting edge induces higher
friction, load and temperature, which results in further
wear, chipping, and failure of milling tools [22]. For the
coated tool, chemical analysis on the cutting edge (Area
3) of coated end mills shows that mainly Ti, Al, Cr and N
(elements of coating) with low fraction of W and Co
(elements of cemented carbide) are found at the wear
area of the cutting edge. It indicates that the CrTiAIN
coating does not run out off and shows a good wear
resistance although some cemented carbide is exposed
after the milling test. Less Fe at the worn surface of
coated tool reveals that CrTiAIN coating reduces the
adhesive wear at the contact area in the complex terrible
conditions to some extent. The lower adhesive wear for
the coated tool can be attributed to the decreased cutting
force due to lower friction coefficient and better
oxidation resistance of the coating than those of the
WC—Co substrate. Therefore, it can be concluded that
the CrTiAIN coating improves the cutting performance
of the end mills by diminishing cutting forces, lowering
the temperatures, and reducing the adhesive wear on the
cutting edges.

4 Conclusions

1) CrTiAIN hard coating with Cr and CiN
interlayers was deposited on Si wafers and cemented
carbide end mills using a closed field unbalanced
magnetron deposition system.

2) The CrTiAIN coating exhibits a dense columnar
crystal structure with columns consisting of nanolayers.
The formation of nano-layered structure is due to the
substrate rotation in front of Cr, Ti, and Al targets during
coating deposition.

3) The CrTiAIN coating shows good mechanical
properties such as high hardness (30 GPa), good
adhesive strength (>60 N), and low friction coefficient
(about 0.55). Due to the excellent mechanical properties
of CrTiAIN coating, it can significantly improve the
cutting performance of cemented carbide end mills in
high-speed milling hardened steel. The main merits of
the coating lie in that the coating diminishes cutting
forces, lowers the temperatures on the cutting edge, and
reduces the adhesive wear on the cutting edges.
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