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Abstract

Diamond-like carbon (DLC)-coated tools are suitable for the machining of various aluminum alloys, graphite, and other non-
ferrous metals. The shortcomings of DLC-coated tools such as high internal residual stress, low toughness, and poor adhesion
strength limit their application. In order to reveal the mechanical and cutting performance of DLC-coated tools, a DLC monolayer
coating, Cr/CrN/DLC composite coating, and Ct/W-DLC/DLC composite coating had been prepared on the cemented carbide
cutting tools. The influences of transition interlayer on the microstructure and mechanical properties of DLC coatings were
analyzed. Tool lives, wear mechanism, and machined surface roughness obtained with uncoated cemented carbide tool, DLC
monolayer—coated tool, and Cr/x/DLC-coated tool during the machining of Al-Si alloys were investigated. Compared with DLC
monolayer coating, the strength ratio (ID/IG) of the DLC composite coatings with Cr/x transition structure was improved, while
the sp® covalent bond contents was decreased. The results show that the adhesion strength and toughness of the Cr/x/DLC
composite coating were enhanced, and the residual stress was greatly reduced. The cutting tests further indicate that the DLC
coating significantly improved the tool life. Based on comprehensive evaluation, the Ct/W-DLC/DLC composite coating has the
highest adhesion, highest toughness, the lowest residual stress, and the longest tool life, and it is suitable for the machining of

non-ferrous metal.

Keywords DLC - Composite coating - Cemented carbide - Mechanical properties - Tool life

1 Introduction

Diamond-like carbon (DLC) film is a metastable amorphous
material formed by the combination of sp', sp?, and sp® cova-
lent bonds coordinating carbon atoms, and a C—H covalent
bond is present in the hydrogen-containing DLC. The sp*
and sp> covalent bonds represent graphite structure and dia-
mond structure, respectively. According to the sp*/(sp” + sp”)
ratio and hydrogen content in DLC, the DLC is divided into
four categories: tetrahedral carbon film (tx-C, sp® covalent
bond content is higher than 80%), hydrogenated tetrahedral
carbon film (x:C-H, sp3 covalent bond content is higher than
70%), hydrogen-free amorphous carbon film (x-C), and
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amorphous diamond film (x-D) [1]. DLC coatings can be
prepared through different deposition techniques, including
physical vapor deposition (PVD), chemical vapor deposition
(CVD), and liquid phase electro-deposition [2]. DLC coating
exhibits low surface roughness, high hardness, low friction
coefficient, strong wear, and corrosion resistance, and can be
deposited on the cutting tools, molds, bearings, seal rings, and
other key components. The research about DLC coating is an
important development direction in the field of high hardness
and wear-resisting coating in the future [3]. At present, DLC
coatings have been widely used in metal cutting, such as turn-
ing, milling, and drilling of non-ferrous alloys, as shown in
Table 1 [4-12]. However, the DLC coating also has disadvan-
tages such as high internal residual stress, low toughness, and
poor adhesion, which limits its further application especially
in the machining of difficult-to-cut materials [13].
Unremitting efforts have been committed to investigate the
mechanical properties of DLC, so as to improve its adhesion
with substrate and decrease its residual stress. The commonly
methods to alleviate the residual stress and enhance its adhe-
sion are doping, adding transition interlayer, setting bias,

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-020-05014-5&domain=pdf
mailto:dj84105@126.com

Int J Adv Manuf Technol (2020) 106:5241-5254

5242

[z1-6]

[8°L]

[9—+]

“Burpup 1oy o[qenns
QIOW PUE SONSLIOJOBIRYD
JO uoneurquIod
IoP0q sey D-e], «—
‘UoISaYpE JunIwi| pue mo|
s0010) Surmnno oy Surdooy
ur s3uneod ope1s D Td-HN
A} 10A0 saSejueApE
Peq DTd-H oYL <
'S[00}
Pajeod—puowrIp AD
JO 9sn 9y} Iymusqns ueo
pue 9j11 [00} oY paduojoid
S[ILP pa1e0d-yTd-H «—
“191wWeIp [Ind dIyd Io[[ews
pUE SI0BJINS POUIYIBU
JO sonjeA ssouy3nor Jomoj
pey S[00) Paje0d-)( «—
*90UB)SISAI Jeam d[qerofard
pue $3010J Fumno Io[ews
pey S[00) PajR0d-) I «—
*90uBISIp FUo| yum
s1nq ssof pue 93pa dn-jjing
SS9] pey S[00) pAJe0d-) I «—
"uLoy
Team Arewrad oy ST 1AM
JAISBIqQE o) pue ‘Ajijenb
90BJINS PAUIYOLW 1S0q
Pey S[00) PaYe0d AN «—
“9JI] 901A19S }Sa3UO[ pue djel
Jeom wnwirurw ‘sonzodord
uonoLy ‘ssauy3noy
‘UOISAYpPe 189q A}
Pey S[00) PAIL0D IOARDNIA «—
'SSOIS [BULIOIUI 9SBI[AI
pue $9010§ Sururyorw
90Npal P[nod 1 ‘snynpour
JSe[d puk SsaupIey 1Yy
pey S]00) PaYR0d-) I «—

*onbio) 500105
jsnay) ¢ASojoydiow
ooejInsIopun

©od&y diyo ¢Apenb
9oy 91 [00) 2Fpa

dn-)mq ‘oo amre]

N |
100} Sumno ‘IR)oEIp
[Ano ‘ssouy3nox
90BJINS PaUIyoRUI
£9010J SumIno ‘{1nq pue

98pa dn-ing <ream joo],

'ssouy3noI d0eyINS
pauIyorUl {ULIOY JBIA\
(ITeOM MUR[J JJUIONJO0D
uonoLy <ssouy3noy
“uoIsaype ‘snnpour
onse[y ‘ssaupiey

‘ssoms aArssarduio))

wn G-1

wr 7'1-7°0

wrl ¢z

*Ao[[e wnurwnye jseo
9peI3 61€ (SLOLVY Pue

AAd ‘ADVd  dddD ‘SAO[[e ISV 1sED
“Ko[re
o3reyosIp TIISS YOIV “Kojfe

ore winhoeA ‘ADVd

ASo[ouya9) 901os
uor Jeaur]/Suroynds
uonouSew 2ANdeI

Kouanbagg-prua {GADVA

S'TBINIV “81L 1ouodu]

"padIOJUIx
10q1 sse[3 ‘skof[e
ISV Kof[e APIVILL

[THP SSH ‘SIHP
9pIQIED PAJUSLID PUE

OTA-HN D8 DTd-H Suruq

S[00) 9pIqIed
aurj-enn dpIqred

pajuawad pue I SunmN

S[00} PIQIED PAJUAD
pue H:D-%/071d-1L

DTAAD/DID *HDLL Suruny,

R |

SYIeWAI A

ERLHIROREN |

ssauyoIy) Suneo)

A3ojouro9) uoneredard

2031dsrop

orensqns pue 3uneo)  poyrow JuIuIYoR]A

S[00} PAJL0-) T YNM SUIUIYORW UO SNIE)S [OIedsdy

L d1qe]

pringer

Qs



Int J Adv Manuf Technol (2020) 106:5241-5254

5243

annealing, and so on. Some studies have shown that the dop-
ing and biasing methods are effective for reducing residual
stress; however, the hardness and elastic modulus of DLC
are also weakened, and the surface roughness of the coating
is also greatly increased [5, 14]. The annealing treatment can
maintain the high hardness of DLC while reducing the internal
residual stress. However, many substrate materials cannot
withstand the high temperature of 773—-873 K, and the anneal-
ing treatment changes the coating structure and deteriorates
the thermal stability in practice [15, 16]. Therefore, the appli-
cation of annealing aim to promote the mechanical properties
of DLC is limited. It has been found that the addition transition
interlayers between the substrate material and the DLC coat-
ing is one of the most effective method to solve the mismatch
between the coating and the substrate [17]. The roles of tran-
sition interlayer not only improve the DLC adhesion but also
reduce the internal residual stress by narrowing the difference
in thermal expansion coefficient, crystal structure, and chem-
ical composition mismatch between the interfaces. The com-
plex interface structure formed by the addition of transition
interlayers enhances the interfacial material’s hindrance to dis-
location slip and to inhibit the formation and propagation of
cracks, thus improves the toughness and deformation resis-
tance of the DLC coating [18]. In addition, due to the high
solubility and high diffusion coefficient of C in Co, the Co
element in cemented carbide is not conducive to the nucle-
ation of C atoms, and has a catalytic effect on the formation of
soft graphite phase [19]. Therefore, the addition of transition
interlayers performs an important role in the DLC coating on
the cemented carbide substrate which contains Co element.
Huang et al. [6] deposited Ti-DLC/DLC multilayer coating
on cemented carbide substrate, the results shown that the ad-
hesion and toughness of the multilayer coating were better
than DLC monolayer coating; moreover, the friction coeffi-
cient and wear rate of the DLC multilayers were significantly
lower than that of a DLC monolayer coating.
Cast Al-Si alloy (AC9B), belonging to hypereutectic (Si >

13 wt%) structure, has the advantages of low density and
favorable strength to weight ratio. It is widely used in aero-
space, automotive, and instrumentation industries. However,
the Al-Si alloy (AC9B) has poor machinability, and the small
chips generated during the cutting process may scratch the
machined surface which lead to poor surface quality and seri-
ous tool wear. The traditional coatings like TiC, TiN, Al,Os,
and AIN have limitations in the cutting of Al-Si alloy. On the
one hand, the traditional coatings showed rapid wear due to
strong adhesion and chemical reaction with Al-Si alloys [19].
On the other hand, the hard silicon phase in the alloys can lead
to severe hard particle wear and even breakage during the
machining, which makes it difficult to obtain machining ac-
curacy and reduce tool service life [4]. In contrast, DLC-
coated tools have perfectly chemical inertness and inherently
self-lubricating properties, and are appropriate for the cutting

of Al-Si alloys. Giovanni et al. [4, 7] prepared DLC coating on
the surface of cemented carbide tools and found that the per-
formance of DLC-coated tools was better than that of uncoat-
ed tools, which not only reduces the surface roughness of the
machined surface but also reduces the cutting forces by ap-
proximately 50%, meanwhile it could extend tool life.

Considering the potential application of DLC composite—
coated tools in cutting Al-Si alloys, DLC monolayer coating
and DLC composite coatings with Cr/x transition interlayers
(Cr/CrN/DLC and Ct/W-DLC/DLC composite coatings) were
prepared in this investigation. In the preparation process of
composite coating, the transition interlayers (Cr, CrN, W-
DLC) were added between the YG8-cemented carbide sub-
strate and DLC coating. The influence of transition interlayers
structure on the mechanical properties of DLC coating was
comprehensively analyzed. The effect of different transition
interlayers on the adhesion properties and internal residual
stress of DLC composite coating structure was discussed.
Finally, the effect of the transition interlayers on the cutting
performance of DLC-coated tools was investigated by the
cutting Al-Si alloys test, which provides the theoretical basis
and technical support for the preparing of DLC-coated tools
with good comprehensive properties.

1.1 Experimental procedure
1.1.1 Deposition principle of DLC composite coating

Three transition interlayers (transition metals (Cr) interlayer,
metal compounds (CrN) interlayer, and W element—doped in-
terlayer) are designed to have a coefficient of thermal expan-
sion similar to that of YG8 (WC 92%, Co 8%)-cemented
carbide substrate and DLC coating, and can also be used for
hardness transitions. As a transition element, Cr has higher
hardness, higher density, good ductility and conductivity,
and thermal conductivity. Depositing a proper thickness of
Cr layer on the interface can form an effective bonding inter-
face and improve the adhesion of the film [20]. Designing a
Cr/x multilayer film can hinder the growth of the Cr layer’s
columnar crystals and refine the crystal grains. The second
transition interlayers of the two composite coatings are CrN
and W-DLC. The performance of W-DLC is closer to that of
DLC coating. The hardness and wear resistance of the CrN
transition interlayer coating are lower than that of the W-DLC
transition interlayer [21, 22]. HauTer Coater (HC-1500) coat-
ing equipment was employed to prepare Ct/CrN/DLC, Cr/W-
DLC/DLC, and DLC using sequential deposition method. The
preparation principle is that the substrate periodically exposes
to independent DC magnetron sputtering deposition sources
and plasma-assisted chemical deposition source. The equip-
ment controls the deposition period and then controls the
film’s thickness, as shown in Fig. 1. It is equipped with a
vacuum chamber for two orthogonally mounted plasma
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Fig. 1 Schematic of the
sequential deposition system
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DC Power™
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sources: a magnetron for Cr, CrN deposition; a WC target for
W-DLC deposition; and a PACVD plasma source for DLC
deposition from argon and acetylene mixture. The substrate
was transported between the two plasma sources by a stepper
motor. Primary pump and turbo molecular pump were used
for evacuation. Then argon glow discharges in order to etch
and clean the substrate to remove large particles of impurities
and oxidized contaminants on the surface, and improve the
surface roughness of the substrate to form an adhesion favor-
able condition for the transition interlayers. Under the bias
setting, acetylene precipitates carbon ions and bombards the
substrate, thus deposits a diamond-like carbon film on the
surface of the substrate. Detailed deposition parameters were
exhibited in Table 2.The thicknesses of three coatings were
Cr/CrN/DLC-2.7 um, Ct/W-DLC/DLC-3.3 um, and a mono-
layer DLC-1.8 um, respectively.

Table 2  Deposition parameters for the coatings

Cr/CrN interlayer Magnetron
W-DLC interlayer WC target
DLC layer Mixture of Ar/C,H,
Deposition temperature (K) <473
Sputtering power (W) 1000-3000
Ion beam source (V) 1000-1500
Ar flow rate (sccm) 5

C,H, flow rate (sccm) 70

Gas pressure (Pa) 2.7

Bias power (V) 1000-2000
Duty cycle 20-60%
Vacuum pressure (Pa) 5%x1072

holder

n I:I Magnetron

— Tovacuum
pump

I

Vacuum chamber

1.2 Microstructure and mechanical properties of DLC
coating

Variations of carbon hybrid bond and amorphous crystal struc-
ture were probed use Raman spectroscopy (laser wavelength
of 514.5 nm, Ar + laser power of 50 mw). The cross-sectional
morphology and element distribution observation of the coat-
ing were measured use a laser scanning electron microscope
(SEM) and X-ray energy spectroscopy (EDS). The hardness
and elasticity modulus of Cr/CtN/DLC, Cr /W-DLC/DLC
multilayer coatings and DLC monolayer coating were tested
using a Nanoidentation Tester with Oliver-Pharr measurement
method [23] with a load of 20 mN. The coating adhesion was
obtained by scratch test using the Revetest Scratch Tester
(RST). During the scratch test, the diamond indenter type
was AJ-290 with a radius of 200 um and the linear loading
method was applied with a scratch length of 3 mm.

1.3 Cutting performance of DLC-coated tools

Several cutting tests were carried out to investigate the cutting
performance of DLC-coated tools in the machining of cast Al-
Si alloy AC9B. YGS8 (size 13 mm X 13 mm x 4.5 mm)-
cemented carbide tools were singled out as the substrate with
rank angle 7y, of 20°, clearance angle «, of 0°, and inclination
angle s of 0°. All of the cutting tests were carried out on a
general lathe CA6140 (maximum speed 1400 r/min, power

Table 3 Chemical composition of Cast Al-Si alloy (AC9B) (wt%)

Element Si Cu Fe Mn Mg Ni Ti Zn Al

Content 19.68 0.55 0.65 0.13 1.01 1.00 0.15 0.07 76.77
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Table 4 Machining parameters

and conditions Workpiece

Tool substrate

Tool holder

Cutting speed (v,)
Radial cutting depth(a,,)
Rutting feed rate ( f)
Cutting condition

Al-19.68%S:i alloy (140 mm dia. X 300-mm-long cast bar)
Zcc 41305A

MSBNR2525M12

150 m/min

0.4 mm

0.1 mm/rev

Dry

7.5 kW). The workpiece (AC9B alloy) was subjected to solu-
tion treatment at 783.15 K for 2 h and quenching at 483.15 K
for 7 h. The Brinell hardness of the AC9B aluminum silicon
alloy after heating treatment was 110. The elemental compo-
sition of the workpiece was determined through X-ray energy
spectroscopy (EDS) and the measured results are displayed in
Table 3, which meets the composition requirements of the
literature [24]. The cutting test belongs to a single factor test
to investigate the effect of cutting speed on the cutting perfor-
mance under the dry cutting conditions. Machining parame-
ters and conditions are shown in Table 4. After the cutting
tests, the flank wear of the cutting tools were measured by
microscopic observation and the cutting tool lives were re-
corded. The roughness of the machined surfaces after machin-
ing was measured using a handheld roughness meter (TIME
TR200). The description of the experiment methodology flow
chart is shown in Fig. 2.

Fig. 2 Flow chart of the
experiment methodology

2 Results and discussion
2.1 Microstructure of DLC coating

Figure 3 shows the cross-sectional morphology of uncoated
tools. It can be seen from Fig. 3 that there are fewer surface
defects, the grain structure is plump-eared, and the grain mor-
phology is mainly quadrilateral structure of WC. Moreover,
the grains are uniformly distributed with high density and
lower porosity, which conforms to the typical grain morphol-
ogy of cemented carbide [25]. Cross-sectional morphology of
DLC composite coating with transition interlayers on YG8-
cemented carbide substrate were observed as shown in Fig.
4a, b, and c. A typical transition interlayer structure can be
clearly observed from Fig. 4. The coatings grow homoge-
neously, with there appears no defects like pinholes and drop-
let. The boundaries of the gradient transition interlayers are

[ Cemented carbide substrate ]
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v
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l
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Cutting performance

|

l I ! !

Cross-sectional
analysis

Y

Morphology ,
Element distribution

Nanoindentation Seratch test Cutting test Raman sp?f:tral
test analysis
Hardness, Elasticity Adhesion, Tool life (VB , [l;0S;:]((mC?Ff\glfllrlijl1
modulus, Elastic Toughness Wear _mechanism, p ID/IG o’ >
recovery value () (CPR) Machined surface fent R’espi dual
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Fig. 3 Cross-sectional morphology of uncoated tools

tightly combined without obvious delamination or peeling,
which indicates the microstructure of the DLC, Cr/CrN/
DLC, and Cr/W-DLC/DLC composite coatings was fine.
The EDS spectral line scanning area is indicated by the

Fig. 4 Cross-sectional
morphology and element
distribution of coated tools: a, d a
DLC monolayer coating; b, e
Cr/CrN/DLC composite coating;
and ¢, f Cr/W-DLC/DLC
composite coating

Cross-sectional morphology

arrowed line in the cross-sectional morphology of Fig. 4a, b,
and c, and the arrow direction indicates the EDS spectrum line
scanning direction.

Figure 4d, e, and f show the elements line distribution for
the three coatings of DLC, Ct/CrN/DLC, and Cr/W-DLC/
DLC, respectively. Since the substrate is YG8 belongs to the
W-Co-type cemented carbide, so there is a large amount of W
element and Co element that are contained in the EDS spectral
line scan substrate region. From Fig.4d, it can be seen that
there contain three elements, W, Co, and C, because the out-
ermost layer of the coating is a DLC coating, so the content of
C element in the coating area is significantly increased. In Fig.
4e, it can be observed that in addition to the W and Co ele-
ments, there are also Cr and C elements, and the N element
content is small since it belongs to the category of light ele-
ments. Combined with the SEM test results, it can be clearly
seen that the composite coating has obvious boundaries with
other coating or substrate, and the distribution of elements
confirms that the prepared composite coating is Cr/CrN/
DLC composite coating. In Fig. 4f, in addition to the substrate

Cross-sectional element distribution
100
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elements W and Co, the coating region also contains Cr, W,
and C elements. It can be obviously seen that the content of
each element in the Cr/W-DLC/DLC composite coating is
apparently distributed. It is confirmed that Fig. 4c is a Cr/W-
DLC/DLC composite coating.

The Gaussian deconvoluted Raman spectra for DLC, Cr/
CrN/DLC, and Ct/W-DLC/DLC coatings are represent in Fig.
5. According to Raman spectra fitting results, the G and D
peak positions of the three coatings are located at around of
1350 to 1580 cm ', which conform to the typical asymmetric
oblique scattering amorphous carbon structure [26].

As can be seen from Figs. 6 and 7, compared with DLC
monolayer coating, the full width at half maximum of G peak
(GFWHM) of DLC composite coating with transition inter-
layers increased from 102.93 to 113.97 and 115.38, and the
same as a comparatively high intensity ratio of D peak to G
peak (ID/IG). The value of ID/IG increases from 1.19 to 1.25

—DLC
——— Fit Peak 1 G 1582.70
Fit Peak 2
Cumulative Fit Peak D 141239
E)
&
2 //\
7
2]
8
=]
T T T
1000 1200 1400 1600 1800
Raman shift (cm”™ I)
a) DLC monolayer coating
——Cr/CrN/DLC
EitBeak 1 G 1578.92
~—Fit Pcak 2
= Cumulative Fit Peak
D 1397.03
3
2
2
Z
o
2
|
T T T
1000 1250 1500 1750 2000
Raman shift (cm-] )
b) Cr/CrN/DLC composite coating
Cr/W-DLC/DLC G1579.94
Fit Peak 1
——— Fit Peak 2
= Cumulative Fit Peak
D 1371.80
5
S
=
R
=
Q2
£

T T T
1000 1250 1500 1750 2000
Raman shift (em™ )

¢) Ct/W-DLC/DLC composite coating
Fig. 5 Raman spectra of DLC coatings

5247
1590 200
1580 - L 150
'g 1570 1 i
Pt - 100 §
2
2 1560 =
o T i
&
£ 0 2
o
1550 4
300
o1 % % 5
DLC Cr/CrN/DLC Cr/W-DLC/DLC
Coating types

Fig. 6 Relationship between the FWHM of the G band and the G peak
position

and 1.28, while the content of sp> covalent bond decreases
from 0.80 to 0.67 and 0.69. The full width at half maximum
of G peak (GFWHM) can indicate the properties of the sam-
ple. If the properties are relatively single, the full width at half
maximum of G peak (GFWHM) is narrow and the peak spec-
trum becomes sharp. On the contrary, the full width at half
maximum of G peak (GFWHM) is wide and the peak spec-
trum is slow. This also indicates that the DLC monolayer
coating has single properties. Related literature reports
[27-29] that the ID/IG value reflects the structural order of
the coating, which is proportional to the number and size of
sp” clusters in the film. This indicates that after adding the
transition interlayers, the multilayer coating has a better struc-
tural order and reduces the sp® covalent bond content in the
outermost DLC film, meanwhile increasing the sp> bond con-
tent. And then, the structure of DLC coating with different Cr/
x transition interlayers tends to be graphite and the hardness
decreased. Furthermore, in the gradient transition model, the
compressive stress is the key to the formation of sp* covalent
bond structure [5]. It can be further deducted that the adding
Cr/x transition interlayers has the ability to reduce the internal

1.5 1.0
0.9
1.24 .
\\\\\\ 0.8
N
0.9 1 2
i)
2 0.7 E
2 061 o
F0.6 £
0.3+ L0.5
0.15
0.0 0.00
DLC Cr/CrN/DL.C Cr/W-DLC/DLC
Coating types
Fig. 7 ID/IG Ratio and the sp’ covalent bond contents
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residual stress through reducing the covalent bond content of
sp® (C-C).

2.2 Mechanical properties of DLC coating

The high-energy ion bombardment and the interface mismatch
between coating and substrate during the deposition of DLC
coating lead to internal tensile stress or compressive stress. In
order to calculate and compare the residual stress in the coat-
ings, the following equation was employed [30]:

o = —565.6 L0

o (1)
where o, is the residual stress (GPa), w is the G peak position
of the coating (cm "), and wy is the G peak position of the pure
graphite. According to Eq. (1), the relationship of residual
stress between three different coatings is calculated shown in
Fig. 8. The DLC monolayer coating had the highest residual
stress of 0.97 GPa. The residual stress of the DLC composite
coating containing Cr/CrN transition interlayers drops to
0.38 GPa. The residual stress of the DLC composite coating
containing Ct/W-DLC transition interlayer drops to 0.02 GPa.
From the calculation results of residual stress, it can be con-
cluded that the two transition interfaces are contributed to
release the internal residual stress in the DLC coating. As
the case of carbon-based films, high sp3 covalent bond content
tends to result in high hardness and high internal stress [5].
Combined with the results of Raman spectrum analysis, the
reason for the reduction of residual stress in the transition
interlayers is the increase of sp” covalent bond contents. The
Raman characteristic peak of a DLC monolayer coating was
shifted to the right while the internal stress was high, which is
also consistent with the view of Sahoo. Sahoo et al. [19] con-
sidered that the reason for the Raman spectrum positive shift
was the higher stress and the distortion of crystal structure. In
addition, there is slipping or dislocation in the transition inter-
layers structure of Cr, CrN, and W-DLC. The lipping or dis-
location between interlayers can absorb plastic deformation,

1.0 S DLC
E=J Cr/CrN/DLC
il Ct/W-DLC/DLC
= \
[T
S 06-
2
£ 04 \ -
2 1 A N
2 021 \\\\%
0.0 . AN\
-0.2-

Fig. 8 Internal residual stress of different DLC coatings

@ Springer

which helps to release the internal stress.

The hardness and elastic modulus of these three coatings
are measured by nanoindentation, and the results are shown in
Fig. 9. The hardness of Cr/CrN/DLC and Cr/W-DLC/DLC
composite coating was 15.43 GPa and 18.86 GPa, respective-
ly, while the DLC monolayer coating was 20.50 GPa. The
elastic modulus manifests a similar variation trend that Cr/
CrN/DLC, Cr/W-DLC/DLC composite coatings were
168.17 GPa and 180.50 GPa while the monolayer DLC coat-
ing was 258.76 GPa. This is consistent with the test prediction
for hardness in the Raman spectra test analysis, and reaffirms
that the sp’ covalent bond content can enhance the hardness of
DLC coatings. It had also shown that the transition interlayers
could reduce the hardness and elastic modulus, due to the
reduction of sp® covalent bond content and the increase of
graphite phase [27]. Thus, the Cr/x transition interlayers can
be reduced in hardness by reducing the content of the sp
covalent bond, and the low hardness of the DLC composite
coating having the transition interlayers is due to the relatively
low hardness of Cr and CrN intermediate layers.

The elastic recovery value (W,) originated from the typical
load—displacement curves, which are shown in Fig. 10. The
W, value shows the elasticity recovery capacity, and it can
better characterize the toughness of the specimen to some
degree [27]. The elastic recovery value (W,) used the follow-
ing equation:

[(hmax_hl‘)/hmax] x 100% (2)

where /., 1s the maximum indentation depth during loading
and 4, is the residual indentation depth after unloading. For the
composite coating, the W, level of the Cr/CrN/DLC and Ct/W-
DLC/DLC coating was 38.10% and 41.82%, respectively.
The W, value of the DLC monolayer coating decreases to
31.74% compared with the DLC composite coating. This re-
flects the elastic or reversible deformation is conspicuous dur-
ing the indentation experimentation. The elastic recovery abil-
ity of the DLC composite coating with different Cr/x transition
interlayer structures was better than that of the DLC monolay-
er coating, and the Ct/W-DLC/DLC composite coating had
the best elastic recovery ability.

The adhesion and toughness for the three coatings tested
under scratch tests are presented in Fig. 11. Adhesion strength
is affected by the composition and structure of the coating as
well as by the thickness of the coating, the hardness of the
substrate, and the friction coefficient between the coating and
the indenter. The main difference between Cr/CrN/DLC and
Cr/W-DLC/DLC composite coatings is the intermediate layers,
but the adhesion strength had a considerable difference. The Cr/
W-DLC/DLC coating had the highest adhesion of 116.56 GPa,
which was on account of the dense coating structure deposited
by PACVD technique and the inherent characteristics of the
transition metal carbide (WC) interlayer. Nevertheless, the
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adhesion of the Cr/CrN/DLC composite coatings was
73.18 GPa that is much lower than the Ct/W-DLC/DLC. The
monolayer DLC coating had the lowest adhesion of 69.68 N.
This can be attributed to two reasons: first, the existence of the
transition interlayers makes the elastic modulus between the
adjacent films more similar. The residual stress between the
interfaces created a gradient mode with the intermediate hard
layer deposition. The gradient residual stress reduces the resis-
tance between the individual layers, which greatly increase the
adhesion and provide greater support for the coating structure.
Second, slight multi-phase mixed growth is formed at the inter-
face during the growth of the thin films, which will weaken the
slippage and separation between the layers.

The coating fracture toughness reflects the ability of ab-
sorbing plastic deformation work and fracture work during
the process from deformation to fracture. The coating tough-
ness in this study is represented through scratch crack propa-
gation resistance (CPRy) [31], expressed as follows:

CPR; = Ly (LCZ_Lcl) (3)
25
| — DLCW=31.74%
—— Cr/CIN/DLC W¢=38.10%
20 == Ct/W-DLC/DLC W,=41.82%
~ 154
Z
g
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Fig. 10 Typical load—displacement curves during indentation test
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where the L., indicates the initial peeling point load. L,
stands for the critical load which indicating the occurrence
of delamination and adhesion failure of the coating [6].
Figure 12 is a scratched morphology of three coatings.
The micrographs corresponding to L., and L., have been
shown in the two wireframes in Fig. 12, where a, c, and e
represent L.;, and b, d, and f represent L.,. The Cr/CrN/
DLC and Ct/W-DLC/DLC composite coating’s toughness
was 1290 N” and 1712 N?, separately. However, the DLC
monolayer coating’s toughness much lower than two the
previous composite coatings was 1169 N°. In addition, the
results of coating’s toughness characterized by scratch crack
propagation resistance (CPRy) were consistent with the
trend of toughness reflected by the elastic recovery value
(W,) in the above indentation test, which confirms that the
toughness of the composite coatings is improved by intro-
ducing the transition interlayers. According to the research
[32], the decrease of sp” covalent bond content in a com-
posite coating could result in a comparatively low hardness,
but contributed to an increase in coating’s toughness. This
explains the cause of toughness change from the perspective

o 7
2 Z : ?@ é -so§
el B B I

Coating types
Fig. 11 Adhesion and toughness of DLC coatings

@ Springer



5250

Int J Adv Manuf Technol (2020) 106:5241-5254

Fig. 12 Scratch morphology: a, b
DLC coating, ¢, d Cr/CrN/DLC
composite coating, and e, f Cr/
W-DLC/DLC composite coating

of'a chemical bond perspective. The failure morphology of
the three coatings can be clearly observed form Fig. 12b, d,
and f. Some slight scratch marks and slight transverse
cracks are clearly seen in the middle of the scratch of a
DLC monolayer coating. Large area peeling is seen in the
central region and obvious scratch marks and a small
amount of spotted flaking at the end of scratch are observed
from Cr/CrN/DLC composite coatings. Some transverse
cracks and a small amount of spotted flaking at the scratch
edges are observed in Cr/W-DLC/DLC composite coating.
The Cr/CrN/DLC and Cr/W-DLC/DLC composite coatings
exhibit sufficient adhesion strength and scratch crack prop-
agation resistance due to the interfacial effect of the transi-
tion interlayer. The interfacial effect of the transition inter-
layers inhibits crack propagation [33]. This is attributed to
the energy dissipation and crack deflection caused by the

@ Springer
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transition interlayer, thus improving the toughness and ad-
hesion of the DLC composite coatings.

2.3 Cutting performance of DLC-coated tools

Figure 13 indicates the flank wear of uncoated and DLC-
coated cemented carbide tools as a function of machining
distance. The wear morphology of tool flank was observed
by microscope and the tool flank wear (VB) was measured.
In this work, VB = 0.3 mm was recognized as the blunt crite-
rion of cutting tools. As can be seen from Fig. 13, the uncoated
tool exhibits a comparatively higher wear rate during the ma-
chining. The cutting life of uncoated tool was about 4600 m.
The flank wear of DLC-coated tools rapidly increases to about
0.15 mm at the machining distance of 1600 m, and then slow-
ly rising for a long cutting distance afterwards. Cr/CrN/DLC-
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coated tools and DLC monolayer—coated tools show
prolonged tool life of 1.26 times and 1.17 times longer than
the uncoated tools, respectively. The tool life of Ct/W-DLC/
DLC composite—coated tool was approximately 6200 m,
which was 1.35 times longer than that of uncoated tools.

Figure 14 shows the wear morphologies of the tool flank
and tool tip on ineffective cutting tools. The main wear form
of cutting tools in the machining of Al-Si alloy is boundary
wear. The main wear mechanism is adhesion wear and abra-
sive wear. The high contact pressure and elevated temperature
generated during the cutting process can form built-up edge in
the tool tip, adhesion then appeared by falling off of built-up
edge [34]. In addition, the rake face has many strips of grooves
that were formed by mechanical friction of the hard phase in
workpiece, as well as the debris exfoliated from built-up edge
[35]. The wear of coated tool starts from the damage of the
coating. During the cutting process, the coating will show
obvious peeling under the influence of mechanical stress and
thermal stress. When the coating is peeling off, the chip is in
direct contact with the cutting tool substrate, and the temper-
ature of cutting tool is significantly increased. Working at
elevated temperature, DLC coating begins to graphitize and
the hardness is reduced significantly, which further aggravates
the wear of the coated tools.

Surface roughness (Ra) was used to quantitatively char-
acterized the final surface quality on machined surface. The
surface roughness is influenced by tool wear and character-
istics in the machining process, e.g., the tribological system
[36]. In this sense, surface roughness can be employed to
determine the cutting performance of cutting tool [37].
Figure 15 shows the difference in the machined surface
roughness about DLC-coated and uncoated cutting tools in
machining of Al-Si alloy under the same cutting parameters,
and the error bars were obtained by standard deviation of the
acquired data. As can be seen from Fig. 15, the machined

Built-up edge

a) DLC coated tool

Built-up edge

Built-up edge

Built-up edge

s

d) Uncoated cemented carbide tool

Fig. 14 Wear of uncoated and DLC-coated tools

surface roughness generated by DLC-coated tools is signif-
icantly lower than that of uncoated tools. This is due to the
self-lubricating property of DLC-coated tools, which can
reduce the friction coefficient between cutting tool and ma-
chined surface [1]. As all known, the low friction coeffi-
cients are associated with low workpiece temperature, low
tool temperature, and reduction in the tool wear through the
cutting processes that can improve the roughness of the
machined surface [38]. The investigation results showed
the maximum value of surface roughness obtained by
DLC monolayer—coated tool and the minimum value of ma-
chined surface roughness obtained by Cr/W-DLC/DLC
composite—coated tool as among these three kinds of coat-
ings (i.e., DLC, Cr/CrN/DLC, Ct/W-DLC/DLC). It can be
induced that the multilayer coating structure can improve
the machined surface quality.
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2.4 Comprehensive evaluation of DLC coatings

The comprehensive properties of the DLC-coated tools in-
clude mechanical properties and cutting properties, in which
various factors such as hardness, toughness, elasticity modu-
lus, internal stress, adhesion, and cutting lives need to be con-
sidered. In order to facilitate the intuitive comparative analy-
sis, the comprehensive properties of the three coated tools in
this research are shown in Table 5.

The comprehensive evaluation of coating’s performance
can be carried out by the method of radar chart. Radar chart
is a useful graphical display method for displaying multivari-
ate data in a two-dimensional graph. The most obvious feature
of radar chart is its intuitive visualization, which allows the
status of to-be-evaluated object to be visually displayed [39].
Among the factors affecting the comprehensive properties of
DLC-coated cemented carbide tools, hardness, toughness,
elastic modulus, adhesion, and cutting lives are beneficial in-
dexes, and the internal stress is a non-profit index. According
to the data in Table 5, radar chart is drawn and shown in Fig.
16.

Figure 16 compares the individual indexes: the internal
stress, adhesion, and toughness of the Cr/x/DLC composite
coating were better than the monolayer DLC coating.
Among them, Ct/W-DLC/DLC composite coating has the

lowest internal stress and the best adhesion and toughness.
The tool life of Cr/x/DLC composite—coated tools is obviously
longer than that of DLC monolayer—coated cemented carbide
tool, of which the Cr/W-DLC/DLC composite—coated carbide
tools has the longest tool life. Nevertheless, the hardness of the
DLC monolayer coating is apparently higher than that of the
Cr/x/DLC composite coating.

A two-dimensional eigenvector with respect to area and
perimeter is formed by the radar chart, and a comprehensive
evaluation vector is generated from the two-dimensional ei-
genvector. The evaluation function results can be obtained
according to the comprehensive evaluation vector, as shown
in Fig. 17. Considering that the hardness and elastic modulus
of Cr/CrN/DLC-coated cemented carbide tools were much
lower than that of DLC monolayer—coated cemented carbide
tools, so the comprehensive performance is affected.
Compared with the comprehensive performance of the
DLC-coated cemented carbide tools, the overall performance
improvement of Cr/CrN/DLC composite—coated cemented
carbide tools is not significant, which is about 1.05 times that
of the DLC monolayer—coated cemented carbide tools. The
Cr/W-DLC/DLC-coated carbide tools have the best compre-
hensive performance with 1.35 times that of the DLC
monolayer—coated cemented carbide tools.

3 Conclusions

In this research, two types of composite coating with Cr/CrN
and Cr/W-DLC transition interlayers and a DLC monolayer
coating were prepared on YG8-cemented carbide tools. The
influences of different transition interlayers on DLC compos-
ite coating’s structure, hardness, residual stress, adhesion
strength, and cutting characteristics were discussed. The cut-
ting performance of DLC-coated tools was investigated
through the cutting tests. The comprehensive performance of
DLC coatings was estimated by the method of radar chart. The
main conclusions are as follows:

(1) The Cr/x transition structure reduces the content of sp’
covalent bonds in the DLC, which in turn reduces the
hardness and elastic modulus of the DLC coating. The

Table 5 Comprehensive

properties of the three coated Coating type DLC Cr/CtN/DLC Cr/W-DLC/DLC
tools
Tool life (m) 5400 5800 6200
Hardness (GPa) 20.5 15.23 18.86
Elastic modulus (GPa) 258.76 168.17 180.5
Toughness (V) 1168.62 1289.79 1711.72
Adhesion (N) 69.68 73.18 116.56
Internal stress (GPa) 0.967 0.379 -0.021
Machined surface roughness (ptm) 2.17 2.31 1.87
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Fig. 16 Comprehensive evaluation of composite coating tools based on
Radar chart

sp> covalent bond content of composite coatings de-
creased compare with the monolayer DLC coating, lead-
ing to the decrease of hardness and elasticity modulus.
However, the transition interlayer contributes to the in-
crease of sp” bonds content in the coatings, which can
reduce the internal stresses.

(2) The coating/substrate matching performance of the Cr/x/
DLC composite coating is better than the monolayer
DLC coating. The Ct/W-DLC/DLC composite coating
has the highest adhesion and the highest film toughness,
which are 67.28% and 46.47% higher than the DLC
monolayer coating respectively. The magnitudes of re-
sidual stresses in Cr/W-DLC/DLC and Cr/CrN/DLC
composite coatings reduce by 97.83% and 60.81% com-
pared with the monolayer DLC coating, respectively.

(3) Ct/W-DLC/DLC composite—coated tool has the longest
tool life in the machining of Al-Si alloys, which is 1.06
times longer than that of Cr/CrN/DLC-coated tool, 1.15
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Fig. 17 Evaluation function result of composite coating tools

times longer than that of DLC monolayer—coated tool
and 1.35 times longer than that of uncoated tool. The
adhesion wear and abrasive wear are the main form of
cutting tool wear mechanism.

(4) The comprehensive performance of the Ct/W-DLC/DLC
composite coating is 1.29 times that of the Cr/CrN/DLC
composite coating and 1.35 times that of the monolayer
DLC coating.
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