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Abstract 

In the present work, smooth boron-doped (BD) and undoped multilayered diamond coating systems (MDCS) with top layer 
nanocrystallinity were deposited on chemically etched cemented tungsten carbide (WC-6%Co) substrates, using hot filament 

chemical vapour deposition (HFCVD) technique. Both coatings were accomplished by combining the alternate thin films of 
microcrystalline diamond (MCD) and nanocrystalline diamond (NCD) with a transition layer (TL) of ~1μm thick, using 
predetermined process parameters during the deposition process. The effects of boron doping on the residual stresses (σ), 
hardness (H) and coefficient of friction (COF) of MDCS were analyzed using Raman spectroscopy, Berkovich Nanoindenter 
and Micro-tribometer, respectively. The comparison has been documented between BD-MDCS with undoped one, under 
same input operating conditions and within same atmospheric conditions. The frictional characteristics were studied under 

the application of increasing normal load when sliding against smooth alumina (Al2O3) ceramic counter ball for the total 
duration of 20 min, within dry sliding conditions. The average values of COF of undoped-MDCS and BD-MDCS decrease 
from ~0.30 – 0.27 and ~0.28 – 0.25, respectively under the application of 1 – 10 N loads. Also, the average values of 
indentation depths for undoped-MDCS and BD-MDCS were ~65 nm and ~70 nm, with average hardness values in the range 
of ~65 – 80 GPa and ~55 – 75 GPa, respectively. Therefore, depositing smooth, adhesive and thick BD-multilayered 
diamond coatings on cemented tungsten carbide components would certainly enable its many useful future applications in 

mechanical industry. Copyright © 2017 VBRI Press. 
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Introduction 

Chemical vapour deposition (CVD) diamond coatings 

have a combination of excellent mechanical and 
tribological properties, such as extremely high hardness, 
exceptional wear resistance, and a low COF, sliding 
against many counter bodies including ceramics and 
metals [1]. CVD-diamond coatings have attracted great 
interests to be used as protective and wear-resistant film 

on mechanical bearings and seals in rotary machines [2-

4]. Depositing CVD-diamond coatings on hard tools like 
WC-Co essentially increase their durability during heavy 
cutting or milling operations [5]. However, the presence 
of surface cobalt (Co) on the WC-Co material resists 
diamond nucleation and allows the formation of graphitic 
carbon phases, which decreases the strength of adhesion 

between coating and substrate [6]. Therefore, the removal 
of surface cobalt by chemical etching technique is an 
important step to increase this force of adhesion [7].  

The grain size of the diamond films was mainly 
controlled by methane concentration and chamber 

pressure thus, CVD-diamond coatings are mainly 
classified into nanocrystalline diamond (NCD) and 

microcrystalline diamond (MCD) on the basis of their 
grain sizes [8]. Smooth NCD films increases the 
tribological properties of mechanical components, but 
with the decreasing grain size the intrinsic residual 
stresses increase within a layer. Also, the presences of 
large number of grain boundaries in NCD films are the 

source of graphitic carbon phases, which affects their 
crystallinity as well as the mechanical properties [9, 10]. 
NCD coatings show low hardness, low elastic modulus, 
low COF and high adhesiveness (on WC-Co), whereas; 
MCD coatings show high hardness, high elastic modulus, 
high COF and low adhesiveness (on WC-Co) [11].  

A new deposition technique called multilayered 
diamond coating system (MDCS) was designed to 
improve the adhesion factor, hardness value and wear 
resistance of mechanical components by joining the 
advantages of both MCD and NCD types of coatings, 
with a transition layer (TL) between them using HFCVD 
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process [12].  For the enhancement of wear resistance of 
mechanical tools during practical applications, the 
adhesion between the coating and substrate is an 

important parameter, but the MCD coating has good load 
bearing capacity as compared to NCD coating [13]. The 
MDCS has been used for the purpose of prevention of 
enormous MCD grain growth, to enhance the fracture 
toughness [14-16] and to reduce the magnitude of residual 
stresses within the coating [17].  MDCS have shown 

excellent adhesion strength as compared to single-layer 
NCD coating and to have the smallest average grain sizes 
[18]. However, the interface between two diamond layers 
in MDCS plays an important role on the mechanical 
behaviour during industrial applications and their 
excellent wear resistance was achieved due to the high 

adhesion between MCD and NCD interfaces [19]. The 
MDCS is also well known to improve the tribological 
characteristics of ceramics, carbides and hard metals, by 
increasing the adhesion between the coating and the 
substrate, allowing higher applied loads, reduction of 
residual thermal stresses and improving force of de-

lamination [20].  
In this work, smooth and adhesive thin undoped and 

BD-MDCS were deposited on chemically etched WC-Co 
substrates with uniform thickness of ~3µm each, using 
HFCVD technique. Systematic investigation of the 
relationship between applied increasing load and COF 

was carried out to better understand the tribological 
behaviour of undoped-MDCS & BD-MDCS. The results 
may serve breakthrough information for the designer to 
design the mechanical component using this novel coating 
procedure. 
 

Experimental 

Materials and methods 

Cemented tungsten carbide (WC-Co: CERATIZIT-
CTF12A grade) with 6% Co & 0.8-1.3μm WC grain size) 
was selected as the substrate material in order to minimize 
the residual compressive stress developed during 

deposition process. WC-Co substrates of size 1cm × 1cm 
× 0.3cm and with surface roughness factor (Ra) of ~0.35 
μm were cleaned in ethyl alcohol with ultrasonic agitation 
to remove the impurities from the surface. From the Co-
cemented tungsten carbide sample the surface cobalt was 
removed using standard chemical etching technique to 

increase the adhesiveness factor of coating on the 
substrate.  MDCS (undoped & BD) were successfully 
deposited on chemically etched WC-Co substrates, using 
HFCVD technique with uniform thickness of ~3 μm. The 
boron content is formed when trimethyl borate (C3H9BO3) 
is dissolved in acetone solution and the mixed solution in 
the liquid container is introduced in the reactor by part of 

H2. 
Structural characteristics of these coatings were studied 

using grazing incidence X-ray diffraction (PANalytical) 
technique with Cu Kα (λ = 0.154 nm) radiation at 3° 
grazing angle and confocal Raman microscope (Alpha 
300R, WITec) at an excitation wavelength of 448nm. 

Surface morphology of these coatings were studied using 

a high-resolution scanning electron microscope (HRSEM, 
Quanta 3D, FEI). Nanoindentation tests were conducted 
using triboindenter (TI 950, HYSITRON) with a 

Berkovich tip of total included angle (2a) = 130.5°, radius 
of curvature approximately 150nm and at a10mN 
trapezoidal load cycle. The values of hardness (H) were 
calculated from the load-displacement data and the values 
of elastic modulus (E) were calculated using Oliver and 
Pharr mathematical procedure [21]. Friction 

characteristics were carried out using a ball-on-disc type 
linear reciprocating micro-tribometer (CSM Instruments, 
Switzerland) under dry sliding conditions. Smooth 
alumina (Al2O3) ceramic ball of size Ø 6mm was used as 
sliding body, when applying normal loads of 1N, 5N & 
10N. A sliding speed of 8cm/s, frequency of 2Hz and a 

friction stroke length of 5mm were used for the total 
duration of 20 min. The detailed input experimental 
tribological operating conditions are listed in Table 1.  

 
Table 1. Input operating tribological conditions. 

 

S. No. Parameters  Operating  conditions  

1 Normal Load 1, 5 & 10 N 
2 Sliding Velocity 8 cm/s 
3 Relative Humidity 60 (± 5) % 

4 Sliding Time 20 minutes 

5 Surface Condition Dry 
6 Materials Tested MDCS & BD-MDCS 
7 Ball Material Alumina (Al2O3) 

8 Diameter of ball 6 mm 
9 Stroke length 5 mm 
10 Frequency 2Hz 
11 Temperature 30 ± 1⁰C 
12 Roughness Factor 

(Ra): 
NCD 

BDNCD 

 
 

~0.19 μ m 

~0.12 μ m 

 

Method of deposition 

Hot filament CVD system (Model 650 series, sp3 
Diamond Technologies) with excellent process control 
unit was used for the deposition of diamond films, using 
growth rate of 1 µm/hr. Deposition parameters such as 
chamber pressure and methane concentration were 

controlled easily during the experiment by using throttle 
valve and mass flow controllers, respectively. Hydrogen 
(H2) and methane (CH4) were used as the precursor gases 
and their flow rates were completely controlled  
using mass flow controllers. An array of tungsten wires  
(ø 0.12 mm) in systematic order were used as hot 

filaments for the activation of these precursor gases. The 
distance between filament and substrate was kept 15mm 
for all the experiments. The grain size of the diamond 
films was usually controlled by methane concentration 
and chamber pressure. By increasing the methane 
concentration and decreasing the chamber pressure gives 
the growth of secondary nucleation and therefore 

decreases the grain size from MCD to that of NCD [8]. 
The toxic by-product gases or exhaust gases produced 
after the deposition process from the HFCVD chamber 
were diluted using nitrogen (N2) gas. However, these N2 
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gases were used before and after the diamond growth 
process to flush the chamber. CVD-chamber was made of 
aluminum with cooling channels and the temperature of 

the chamber was maintained at ~50°C using a circulating 
water chiller. Both coatings were designed by combining 
the alternate MCD and NCD layers with a transition layer 
(TL) of ~1 μm thickness, they are; undoped-MDCS 
(MCD-TL-NCD) and BD-MDCS (MCD-TL-BDNCD). 
This transition layer was actually formed by linear change 

of process parameters from microcrystallinity to 
nanocrystallinity [22]. However, in case of BD-MDCS, a 
small content of boron (~0.35%) was added to the NCD 
surface for modifications in mechanical and tribological 
properties. The growth parameters used for the deposition 
of MCD, NCD and BD-NCD coatings are listed in     

Table 2. 
 

Table 2. Growth parameters used for the deposition of MCD, NCD & 

BD-NCD coatings. 

 

C o a tin g

Ty p e

P r o c e ss  

P r e ssu r e          

(To r r )

C H 4/H 2

R a tio

(% )

F ila m e n t 

Te m p e r a tu r e  

(°C )

S u b str a te  

Te m p e r a tu r e  

(°C )

B o r o n  

C o n c e n tr a tio n

(% )

D u r a tio n    

(h r s)

M C D 3 6 2 2 2 0 0 8 0 0 –8 5 0 - 1

N C D 1 2 4 2 2 0 0 8 0 0 –8 5 0 - 1

B D -N C D 1 2 4 2 2 0 0 8 0 0 –8 5 0 ~0 .3 5 1

  
 
 

Results and discussions 

In the present experimental work, the frictional 

characteristics of undoped-MDCS & BD-MDCS were 
compared when sliding against smooth Al2O3 ball, under 
the application of increased normal load, using ball-on-
disc type linear reciprocating micro-tribometer. 
Experiments were conducted at normal loads of 1, 5 and 
10 N, sliding velocity 8 cm/s, stroke length 5mm, 
frequency = 2 Hz, temperature 30 ± 1⁰C, sliding time 20 

min and relative humidity ~65% under dry sliding 
conditions.  Nanoindentation tests of these CVD-diamond 
coatings were conducted using Berkovich nanoindenter 

and their hardness values were calculated from the load-
displacement data. The elastic modulus values were 
calculated, using Oliver and Pharr mathematical method 
as [21]:  
Harness (H) = P/A= P/ 24.5 hc

2 and  

Stiffness (S) = dP/dh = 2E* /                             (1) 

Elastic modulus (E) = (slope of the elastic  

unloading curve) × (  )                                     (2) 
 

Reduced modulus, 1/E* = 1- υ2 ∕E + 1-ύ2 ∕É                     (3)  

E* = dP/dh (1/2hc) (1/ ) [√ ]                                (4) 

A = 3 (√3 hc
2) Tan2 (65.3) = 24.5 hc

2 and 
 = 1.034 for Berkovich indenter                                    (5) 

where, P= maximum load, A= area of contact, hc is the 
contact depth, E = elastic modulus of specimen &  
É = elastic modulus of indenter. 

 

Physical characterizations 

Raman spectroscopy and residual stress analysis of 
MDCS 
 

Raman spectroscopy was used to check the chemical 
structure and crystallinity of the diamond coatings and if 
the crystalline diamond coating shows a fundamental 

Raman peak at approximately 1333 cm-1, confirms that 
the coating is diamond in nature [23]. Fig.1. (a, b) show 
the Raman spectra of the top-layer surfaces corresponding 
to undoped-MDCS and BD-MDCS, respectively. In  
Fig. 1 (a), the characteristic fundamental Raman peak of 
undoped-NCD exists at 1336 cm-1 and this shift of the 

fundamental Raman peak towards higher side of  
1333 cm-1, confirms the presence of residual compressive 
stresses. Mainly, these residual compressive stresses exist 
due to the difference in thermal expansion coefficients 
between substrate and coating [24]. Residual stresses can 
be calculated from σ = -0.348 (vm ‒ v0) GPa for the 

fundamental Raman peak at vm = 1336 cm-1 & v0 =  
1332 cm-1 [25].  Thus, undoped-NCD coating contains 
compressive stresses of -1.4GPa, where negative sign 
indicates compressive stress. Two other peaks  
ν1 = 1141 cm-1 & ν3 = 1491 cm-1, are characteristics of  
in-plane (C-H) and stretching (C=C) vibrational modes, 

respectively. The existence of these modes was ascribed 
to the formation of transployacetylene (TPA) chain in the 
grain boundaries in case of NCD coating [26]. For  
BD-NCD coating, the characteristic fundamental Raman 
peak at 1336 cm-1 shifts to lower value at 1300 cm-1 due 
to the slightly boron doping, and the other peak at  

1516 cm-1 shows the presence of graphitic carbon phases 
(G-band). Hence this downshift of the fundamental 
Raman peak is due to the result of the breakdown of the k 
= 0 selection rule due to boron doping. The two other 
peaks around 459 cm-1 and 1213 cm-1 represent the actual 
boron incorporation in the lattice [27]. The residual 

tensile stress for the BD-NCD coating can be also 
calculated as, σ = -0.348 (1300‒1332) = 11.13 GPa, 
where positive sign implies tensile stress. 

 

 

Fig.1 Raman spectra of the MDCS with (a) undoped-NCD &  

(b) BD-NCD. 

X-ray diffraction (XRD) patterns of MDCS 

The XRD pattern of the top-layer surface corresponding 
to MDCS is shown in Fig. 2. Sharp and strong peaks of 

cubic diamond coatings were observed at (111) crystal & 
(220) crystal planes at the diffraction angles of 44° & 
75.5° respectively, along with the substrate (WC) peaks. 
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These diamond peaks confirm the crystallinity of the 
NCD coating. The highest peaks of WC substrate confirm 
that the grain size of tungsten carbide is more than 

diamond coating. However, with the addition of boron 
content the grain size and thus, lattice parameters of 
diamond films were changed. Therefore, using the 
equations given by Brunet [28], the change of lattice 
constant for BDNCD film can be calculated as:  

Δa/a = β [B]                                                                    (6) 

where, Δa = a-a0, a0 = 3.5619 Å for undoped-diamond 
film, a = a0 + Δa = (3.5619 + Δa) Å for BD- diamond film, 
and [B] = 0.35 is the concentration per unit volume of the 
boron atoms.  

β (cm3) = 3.87 × 10-25 + 3.73 × 10-45 [B]                        (7) 

From eq. (7), β (cm3) = 3.87 × 10-25 & from eq. (6),  

Δa / a = 3.87 × 10-25 × [0.35] = 1.3545 × 10-25. 
 

 
Fig. 2. X-ray diffraction patterns of the MDCS. 

 
 

Surface morphology of MDCS 

Scanning electron microscopy (SEM) technique was used 
to study the surface morphology, microstructure and grain 
size of the diamond coatings. As per the earlier studies it 
is already mentioned that during the diamond deposition 
process increase in methane concentration leads to 
secondary nucleation, and therefore changes the nature of 

the grains from microcrystalline to nanocrystalline. The 
cauliflower type of morphology is generally shown by the 
top-layer surface (NCD) corresponding to MDCS as per 
the earlier reports [29], shown in Fig. 3(a, b). However, 
Fig. 3(c) shows the cross-sectional morphology of the 
MDCS along with the thickness of both coating and 

substrate. The compositional analysis of the NCD surface 
was confirmed using energy dispersive spectroscopy 
(EDS), as shown in Fig. 3 (d).  
 
Nanoindentation and hardness measurement of MDCS 

Before nanoindentation tests these CVD-diamond 
coatings were polished against Si3N4 pin for the duration 
of 2 hrs using a tribometer. Fig. 4(a, b) show the load-
displacement curves corresponding to 5 indentations 

carried out on undoped-MDCS and BD-MDCS, 

respectively. The average indentation depth for undoped-
MDCS was ~65 nm, whereas for BD-MDCS, it was ~70 
nm. The hardness values (H) of undoped-MDCS were in 

the range 65 – 80 GPa and these values resembles 
approximately with the recent research work done on 
CVD-diamond coatings [22]. However, the hardness 
values of BD-MDCS were slightly decreased in the range 
of 55 – 75 GP. 
 

 
 
Fig. 3. (a, b) Surface morphology of the MDCS, (c) Cross-sectional 

morphology of coating-substrate system & (d) EDS of the MDCS. 
 

 

Fig. 4. Load-displacement curves corresponding to 5 indentations on 

MDCS with (a) undoped-NCD & (b) BD-NCD. 

  

Friction characteristics of MDCS 

Since, limited research has been done on boron doped 
(BD) diamond films; however, some of the important 
literature related to this novel coating method is 
mentioned here: an appropriate amount of boron dopant 
on diamond films will refine diamond grains; increases 
grain size, change nature of residual stresses and improve 

film quality. BD-diamond films present tensile residual 
stresses while undoped-diamond films show compressive 
residual stresses. However, during friction measurement 
the BD-diamond films shown low COF as compared to 
undoped-diamond films, although BD-diamond films 
have mostly larger grain size and rougher surface. Boron 

doping also improves the wear resistance of diamond 
films and also their adhesive strength on the substrates 
[30, 31]. Also the boron incorporation between diamond 
grains in CVD-diamond layer would reduce the purity and 
quality of thin diamond films to some extent, but resulting 
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in lower hardness and Young’s modulus of BD-diamond 
coating compared with undoped-diamond coating [32]. 

In this study, the frictional characteristics of undoped-

MDCS and BD-MDCS were studied, when sliding against 
smooth Al2O3 ceramic ball, using ball on disc-Micro-
tribometer with increasing normal load and for the total 
duration of 20 min. Fig. 5 (a) shows the variation of 
average COF of undoped-MDCS under the application of 
1–10N load, whereas Fig. 5 (b, c, d) show individually 

the variation of COF with the sliding time at 1, 5 & 10N 
loads, respectively. The average value of COF on the 
surface of undoped-MDCS decreases from ~0.30 – 0.29 
and then 0.29 – 0.27, by increasing the normal load from 
1 – 10 N. Fig.6 (a) shows the variation of average COF of 
BD-MDCS under same input operating conditions, 

whereas Fig. 6 (b, c, d) show individually the variation of 
COF with the sliding time at 1, 5 & 10N loads, 
respectively. Similarly, the average value of COF on the 
surface of BD-MDCS decreases from ~0.28 – 0.27 and 
then 0.27 – 0.25, by increasing the normal load from         
1 – 10 N.  
      

 
 

Fig. 5. Variation of COF of undoped-MDCS sliding against Al2O3 ball 

with respect to (a) Normal load, and sliding time at (a) 1N, (b) 5N & 

(c)10N load. 
 

 

Fig. 6. Variation of COF of BD-MDCS sliding against Al2O3 ball with 

respect to (a) Normal load, and sliding time at (a) 1N, (b) 5N & (c)10N 

load. 

There may be many explanations regarding this 

behavior of decreasing COF of CVD-diamond films: one 
possible reason for low COF of BD-diamond films 

compared with undoped diamond films is that the 
interaction mechanism between two contact surfaces was 
changed because of boron incorporation. Since, the 
existence of boron carbide and boron hydride chemical 
bonds would help change the surface frictional energy 
dissipation and thus change the COF. The other possible 

reason for low COF of BD-diamond films compared with 
undoped diamond films is that, the low COF combined 
with the increased thermal stability under oxidizing 
environment conditions. Also, the oxide generated during 
friction may serve as solid lubrication, which will help to 
decrease COF for BD-diamond films [27, 33].   

 

 

Fig. 7. Raman spectra of the wear track obtained on BD-MDCS when 

sliding against Al2O3 ball at (a) 1N, (b) 5N & (c) 10N load. 

 

Characterizations of the wear-tracks formed on CVD-

diamond coatings after friction measurement 

Fig. 7 (a, b, c) show the Raman spectra of the wear tracks 
formed on the surface of BD-MDCS at 1 N, 5 N & 10 N 
loads respectively, when sliding against smooth Al2O3 
ball after friction measurement. The existence of residual 
compressive stresses in all these wear tracks are estimated 

from   = -0.348 (vm --v0) GPa, for the main fundamental 

Raman peak at vm = 1336 cm-1 & v0 =1333 cm-1.  
Therefore, each wear track of BD-MDCS contains 
residual compressive stresses of 1.044 GPa, under the 
application of each load. Thus, after friction measurement 
the residual tensile stresses of BD-MDCS changed to 
compressive stresses with the decrease in magnitude, but 

remained same under the application of increasing normal 
load. The other peaks around 525 cm-1, 536 cm-1 and  
536 cm-1 at the extreme left side of fundamental diamond 
peak (1336 cm-1) as shown in Fig. 7 (a, b, c) respectively, 
represent the actual boron incorporation to the top-layer 
surface. The other two modes (ν1 & ν3) on left and right 

sides of fundamental diamond peak at each load, 
represent the change in-plane (C-H) and stretching (C=C) 
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vibrational modes respectively, and the variations in these 
peaks occurred due to changing load.  

However, all CVD-diamond coatings undergo phase 

transformation during long-duration of rubbing, high-load 
(high-speed) sliding tests, and then the transformation 
products trapped at the sliding interfaces can periodically 
influence the friction and wear performance [34].            
Fig. 8 (a) shows surface morphology of the wear-track 
formed on the surface of MDCS and Fig 8(b) shows the 

compositional analysis of the tribo-layer formed on the 
wear-track of Al2O3 counter ball after sliding against 
CVD-diamond coatings, using energy dispersive 
spectroscopy (EDS) technique, respectively. Also, the 
detailed mechanical and tribological experimental results 
are listed in Table 3. 
 

 
 

Fig. 8. Surface morphology of Al2O3 counter ball after sliding against 

diamond surfaces with (a) SEM image and (b) EDS analysis. 

 

Table 3. Experimental mechanical & tribological results. 

 

 

Conclusion 

The effect of boron-doping on the lattice parameter, 
residual stresses, hardness and frictional characteristics of 
multilayered-diamond coating system were analyzed 
experimentally here. However, incorporating low boron 
concentration of 0.35% into top-layer surface of MDCS, 
the fundamental characteristic diamond peak at 1336 cm-1  

downshift to 1300 cm-1 and the compressive residual 
stresses were changed to tensile stresses. It was also 
observed that the average hardness values of MDCS were 
slightly decreased due to boron-doping and the BD-
MDCS shows less value of COF than undoped one. 
Further, it was also estimated that using boron content of 

about ~0.35%, there was nearly 8% reduction in COF, 
~7.14% increment in indentation depth and ~9.7% 
reduction in hardness. Hence, all the experimental 
tribological results conclude that COF of both undoped-
MDCS and BD-MDCS decrease with the increase in the 
magnitude of load, as like other types of diamond 

coatings. 
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Notation 

BD  Boron-doped 

NCD                        Nanocrystalline diamond 

MCD                       Microcrystalline diamond 

MDCS                     Multilayered diamond coating system 

TL                           Transition layer 

HFCVD                   Hot filament chemical vapour deposition 

σ              Residual stress 

H                             Hardness 

h                              Indentation depth 

E                             Elastic modulus 

COF                        Coefficient of friction 

XRD                        X-ray diffraction 

SEM                        Scanning electron microscopy 

EDS                        Energy dispersive spectroscopy 
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