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Abstract 

Lower surface roughness and sharper cutting edge are beneficial for improving the machining quality of the cut‑
ting tool, while coatings often deteriorate them. Focusing on the diamond coated WC-Co milling cutter, the abrasive 
flow machining (AFM) is selected for reducing the surface roughness and sharpening the cutting edge. Comparative 
cutting tests are conducted on different types of coated cutters before and after AFM, as well as uncoated WC-Co 
one, demonstrating that the boron-doped microcrystalline and undoped fine-grained composite diamond coated 
cutter after the AFM (AFM-BDM-UFGCD) is a good choice for the finish milling of the 6063 Al alloy in the present case, 
because it shows favorable machining quality close to the uncoated one, but much prolonged tool lifetime. Besides, 
compared with the micro-sized diamond films, it is much more convenient and efficient to finish the BDM-UFGCD 
coated cutter covered by nano-sized diamond grains, and resharpen its cutting edge by the AFM, owing to the lower 
initial surface roughness and hardness. Moreover, the boron incorporation and micro-sized grains in the underly‑
ing layer can enhance the film-substrate adhesion, avoid the rapid film removal in the machining process, and thus 
maximize the tool life (1040 m, four times more than the uncoated one). In general, the AFM is firstly proposed and 
discussed for post-processing the diamond coated complicated cutting tools, which is proved to be feasible for 
improving the cutting performance
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1  Introduction
Various types of aluminum (Al) alloys are used in many 
industrial fields, such as the aerospace industry, auto-
motive industry, cable industry, as a result of the nice 
mechanical and technological properties, such as the 
high tensile strength, high strength to weight ratio, 
favorable corrosion resistance, nice castability and 
machinability [1]. Particularly, with the flourishing devel-
opment of the cell phone industry, Al alloy phone shells 
gradually replace those made of the plastic and stainless 
steel [2], for instance, shells of the distinguished iPhone 
are made of the anodized 6063 Al-Mg alloy. In busi-
ness applications, the customer preference puts forward 

extremely high requirements in the surface quality of the 
phone shells, which can be obtained by milling and sub-
sequent polishing. Due to the very large manufacturing 
batch for the phone shells, it is believed that the produc-
tion cost may sharply rise with increasing the process, 
so it is of great significance to accomplish the machin-
ing only by milling, or milling and simple polishing pro-
cesses. Al alloys perform good machinability owing to the 
low hardness, favorable strength and relatively high ther-
mal conductivity, while have too high ductility, and the 
ductility will further increase with the temperature owing 
to the low melting point and the inferior high-tempera-
ture stability. As a result, the Al alloys have a strong ten-
dency to stick to the cutting tool and to form build-up 
edges when machined. These build-up edges can severely 
affect surface finish and even remove small portions of 
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the tool when it intermittently breaks away [3], and thus 
both the machining quality and the tool life deteriorate.

The chemical vapor deposition (CVD) diamond film is 
attractive as an ideal coating for excellent characteristics, 
such as the high hardness, favorable wear resistance, low 
friction coefficient, high thermal conductivity, low ther-
mal expansion coefficient and excellent chemical stabil-
ity [4, 5]. It is demonstrated that during the machining 
processes of the Al alloy workpieces, especially under the 
circumstance of the rough machining, the deposition of 
diamond films on the cobalt cemented tungsten carbide 
(WC-Co) milling cutters can prolong the working life-
time significantly, and improve the machining quality to 
some extent, because the excellent tribological properties 
of the diamond film can reduce the adhesion between 
the cutter and workpiece [6]. However, for the finish 
machining, since the cutting depth is relatively small, it 
is supposed that the optimal-designed uncoated WC-Co 
milling cutters can meet the requirement of the machin-
ing quality during their life cycles, but one drawback is 
that they wear out rapidly, followed by the deterioration 
of the machining quality. The employment of the turning 
or milling cutters made of the monocrystalline diamond 
is believed as the best choice for finish machining Al alloy 
workpieces, regardless of the cost, which can be directly 
used for mirror finishing [7, 8]. It is another option to 
adopt the polycrystalline diamond (PCD) as the cutting 
edges [9, 10], the wear resistance of which is undoubtedly 
much higher than that of WC-Co, while lower than those 
of the monocrystalline diamond and CVD diamond film. 
This is because the PCD is composed of not only dia-
mond crystals but also some metallic bonding phases. 
Moreover, for either the monocrystalline diamond or 
PCD, it is rather difficult to form milling cutters with 
complicated shapes. Consequently, prolonging the tool 
life and guaranteeing the long-time machining quality 
with low cost are main aims of depositing diamond films 
on milling cutters.

The pretreatment that is essential for depositing dia-
mond films on the WC-Co substrate [11], as well as the 
coverage of the film will both change the geometry of 
the cutter that is optimal-designed for finish-milling Al 
alloys, especially the radius of the cutting edge. Due to 
the fact that the small radius of the cutting edge often 
means the small cutting force and the improved machin-
ing quality [12, 13], and the passivation of the edge prob-
ably deteriorate the machining quality. Therefore, how to 
alleviate the passivation, or how to resharpen the cutting 
edge becomes imperative.

By reason of nodular or granular growth morpholo-
gies of the diamond films, the surface roughness also 
increases after the diamond growth. The low surface 
roughness of the coated rake face is also beneficial for 

good machining performance, including the surface fin-
ish of as-machined workpiece, the tool wear and chip 
morphology [1]. Some reports have addressed the pol-
ishing of the diamond coated tools [14], demonstrat-
ing the improvement in surface finish of Al-Si alloy [15], 
the counterbalance of the polishing for edge-rounding/
passivation effects of as-deposited diamond film on the 
cutting edge [16], the improvement in the edge sharp-
ness [17]. However, most of the polishing methods are 
not suitable for finishing complicated surfaces of milling 
cutters. By contrast, the abrasive flow machining (AFM), 
known as a novel way for polishing complicated surfaces, 
is supposed as an effective solution for this problem. It is 
found that for high speed steel (HSS) and WC-Co cutting 
tools, in the preparation of the cutting edge by the AFM, 
the radius of the cutting edge can be actually controlled 
by adjusting the particle size as well as the volume ratio 
of the abrasive paste [18, 19].

In order to efficiently polish the diamond film, the ini-
tial surface roughness should be reduced as much as pos-
sible, and the surface hardness can be reasonably reduced 
to an acceptable level. The tool lifetime of the milling cut-
ter is another pivotal factor to evaluate its performance, 
which is dependent on not only the surface hardness and 
the wear resistance but also the film-substrate adhesion, 
because the film removal acts as the main failure mode in 
applications of diamond coated cutting tools [20, 21]. It 
is recognized that the adhesion is related to the residual 
stress [22], and it is indeed proved that the integral wear 
behavior and the working lifetime of several diamond 
coated components are obviously affected by the adhe-
sion [23, 24], especially for the WC-Co substrate, because 
the Co can promote the graphitization and apparently 
deteriorate the adhesion [25]. Some pretreatment tech-
niques and deposition methods are proposed to enhance 
the adhesion, such as the alkali-acid pretreatment, micro-
wave oxidation, energy ion irradiation, ion implantation 
and interlayers [26–29], which however can either cause 
voids generating or require more complex techniques. In 
addition, the boron-doped diamond (BDD) film can well 
adhere to the WC-Co and SiC substrates and perform 
much better wear behavior and elongated working life-
time [23, 24, 30, 31]. Associated with the present study, 
it is of great significance to clarify effects of AFM on the 
performance of the undoped diamond film and the BDD 
film, either micro-crystallized or fine-grained, and the 
final optimal film type can be accordingly determined.

In this study, optimal-designed WC-6 wt.%Co mill-
ing cutters with regular WC grain size were selected as 
the substrates for depositing varieties of hot filament 
CVD (HFCVD) diamond films on, including four mono-
layer films, i.e., the undoped micro-crystalline diamond 
(UMCD) film, the undoped fine-grained diamond 
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(UFGD) film, the boron-doped micro-crystalline dia-
mond (BDMCD) film, the boron-doped fine-grained 
diamond (BDFGD) film, and one high-performance com-
posite diamond film, i.e., the boron-doped microcrys-
talline and undoped fine-grained composite diamond 
(BDM-UFGCD) film. AFM was used for modifying the 
surface smoothness and radii of cutting edges. Effects of 
the AFM on the performance of diamond coated milling 
cutters were further studied by cutting tests.

2 � Experimental Details
2.1 � Substrates and Uncoated Milling Cutters
For the determined workpiece (6063 Al alloy), a type 
of special-designed flat milling cutter was selected, as 
shown in Figure 1. Structural parameters of this milling 
cutter were as follows: three-edge, hilt diameter D = 10 
mm, total length L = 75 mm, edge diameter d = 10 mm, 
edge length l = 30 mm, helix angle β = 45°, rake angle of 
the peripheral cutting edge γo = 30°, relief angle of the 
peripheral cutting edge αo = 15°, radius of the peripheral 
cutting edge r = 0.01‒0.02 mm, with edge-lines on flank 
faces.

With regard to the substrate, the WC-Co was selected. 
The Co can promote the graphitization and deteriorate 
the adhesive strength of as-deposited diamond film. 
Although the higher Co content in the substrate could 
provide higher toughness for the milling cutter, the WC-
6wt.%Co was still the most appropriate for depositing 
CVD diamond films on. Besides, the WC-Co materi-
als with fine WC grains (< 0.5 μm) performed superior 
mechanical properties, and cutting edges are much easier 
to be sharpened, but the adhesion of the diamond film 
on these substrates was relatively lower, mainly due to 
the inferior mechanical bonding between the diamond 
and fine WC grains. So the WC-6wt.%Co with the reg-
ular WC grain size (about 0.5‒1.5 μm) was finally fixed. 
The uncoated milling cutter made of such the material 

(R-WC) had a radius of the peripheral cutting edge r of 
0.02 mm. Moreover, in cutting tests, the uncoated milling 
cutter made of the WC-8wt.%Co material with the small 
WC grain size (<0.5 μm) (F-WC) was also used as the 
contrast specimen, which had an extremely small r below 
0.01 mm.

The surface roughness Ra values of both the rake and 
flank faces (the edge lines) of the uncoated milling cutters 
were measured by confocal microscopy (CM, Zeiss Axio 
CSM700), adopting a scanning length of about 50 μm. 
The radii of the peripheral cutting edges r were approxi-
mately measured based on cross-sectional morphologies 
of the cutting-off milling cutters observed adopting the 
field emission scanning electron microscopy (FESEM, 
Zeiss ULTRA55). Each of the Ra or the r value was cal-
culated by averaging five values obtained on five different 
positions, similarly hereinafter.

2.2 � Preparations of Diamond Coated Milling Cutters
Before the deposition of any type of the diamond film, 
the WC-Co milling cutter was firstly pretreated by typical 
alkali-acid two-step pretreatment technique in order to 
roughen the deposited surfaces (mainly the etching effect 
of the Murakami alkali solution) and remove the cobalt 
element on or close to the surface (the etching effect of 
the acid solution), and thus enhance the nucleation den-
sity and alleviate the graphitization effect in the nuclea-
tion and growth processes of the diamond as much as 
possible [32]. Afterwards, the pretreated surfaces were 
ground with the diamond grits (0.5‒1 μm) for removing 
the loose layers on the etched surface and enhancing the 
nucleation density.

Diamond films were deposited on the pretreated mill-
ing cutters in a home-made HFCVD vacuum reactor, 
using the mixture of the acetone and hydrogen as the 
basic reactant gas. During the growth process of the BDD 
film, the acetone pre-mingled with a minuscule amount 
of trimethyl borate [(CH3O)3B] was employed as the car-
bon source instead of pure acetone. The typical filament 
arrangement for fabricating diamond coated complicated 
cutting tools could refer to our pervious investigation 
[33]. Deposition parameters for the diamond nucleation 
and the growth of the four typical types of mono-layer 
diamond films were listed in Table 1, where the filament 
height hf was defined as the vertical distance between 
the tool nose and filament, minus representing that the 
filament was below the tool nose. A nucleation stage of 
30 min was adopted at the initial stage of the deposition 
process of any type of the diamond film, with a view to 
obtaining relatively higher nucleation density for het-
eroepitaxy [34]. The mechanical properties and cutting 
performance of the diamond coated cutting tools and 
some other components were all closely associated with 

Figure 1  Photographs of the uncoated and different diamond 
coated milling cutters
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the film thickness [6, 30, 35, 36], and there were distinct 
differences between the growth rates of the various types 
of diamonds [37–40]. Therefore, the different growth 
durations were adopted for depositing different films 
of similar thicknesses. For the BDM-UFGCD film, the 
growth durations for the BDMCD and PFGD layers were 
respectively determined as 6 h and 4 h.

Surface and cross-sectional morphologies of diamond 
films were all observed by the FESEM, and diamond 
ingredients were characterized by the Raman spectros-
copy (XploRA, Horiba Jobin Yvon). For demonstrat-
ing the influences of the pretreatment and diamond 
growth on the surface roughness value and the radius 
of the cutting edge, after either the pretreatment or the 
growth processes, both the parameters were also meas-
ured according to the same techniques applied for the 
uncoated specimens.

2.3 � Abrasive Flow Machining
In order to efficiently polish the diamond coated milling 
cutters by the AFM, a jig was designed firstly, as plotted 
in Figure 2(a). A commercial AFM apparatus (XINFENG 
BN100) was applied, using special-formulated polish-
ing paste for machining the diamond film. The paste 
was constituted by the colloidal resin carrier, ultra-hard 
diamond particles (400 mesh), lubricant and adherent 
agent, as shown in Figure  2(b). During the AFM pro-
cesses, the jig and the milling cutter were placed verti-
cally in the apparatus, then the polishing paste moved 
up and down through holes of the jig under a pressure of 
15 MPa. The paste could fill the space around the milling 
cutter in the jig, and thus efficiently polished its periph-
eral surface. It should be emphasized that the dowel was 
made of a screw, the upper surface of which must be at 
the same height of the upper surface of the upper cover 
for avoiding the unwanted deformation and even fracture 

of the dowel, upper cover and the milling cutter caused 
by the small load-bearing area under the initial pressure. 
Besides, the apex of the tighten dowel should contact the 
central point of the milling cutter under a contact pres-
sure as small as possible, for either limiting the waggle of 
the cutter or alleviating the damage to its end edges. Dur-
ing the AFM process, the main input parameters included 
the cycle times, the pressure and the concentration of 

Table 1  Deposition parameters for synthesizing typical types of mono-layer diamond films

Nucleation UMCD UFGD BDMCD BDFGD

Flux of H2 QH (mL/min) 1100

Flux of acetone QAce (mL/min) 20

B/C atomic ratio AR (ppm) 0 0 0 4500 4500

Pressure p (Pa) 1600 4000 1300 4000 1300

Filament diameter Df (mm) 0.6

Filament length lf (mm) 150

Filament separation sf (mm) 36

Filament height hf (mm) −6

Filament temperature Ts (°C) 2100 ± 100

Substrate temperature Ts (°C) 850 ± 50

Growth duration tg (h) 0.5 12 9 11 8

Figure 2  a As-designed jig and b the special-formulated polishing 
paste for abrasive flow machining the diamond coated milling cutters
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the diamond particles in the polishing paste [41]. In this 
study, the latter two were determined, so the former was 
the only control variable for different specimens.

2.4 � Cutting Tests: Peripheral Finish‑Milling the 6063 Al 
Alloy

Due to the limitation of the AFM and the jig adopted in 
the present study, only peripheral surfaces and cutting 
edges of the diamond coated milling cutters were effec-
tively polished, so the machining mode of the cutting 
tests was determined as the peripheral finish-milling, 
which just made use of the peripheral cutting edges of 
the milling cutters. Moreover, for the varieties of other 
types of cutting tools, such as the face milling cutter, 
the ball end milling cutter and the driller, correspond-
ing appropriate jigs should be specially designed during 
the subsequent further researches. In the present study, 
all the cutting tests were carried out on a machining 
center (Hurco VMX42), using the 6063 Al alloy plates 
(300 mm×200 mm×6 mm) as workpieces. As detected 
by energy dispersive spectroscopy (EDS), the elementary 
composition of such the workpiece was listed in Table 2. 
A set of definite cutting parameters as stated in Table 3, 
which were the common parameters for peripheral fin-
ish-milling the 6063 Al alloy, were adopted.

During the cutting test, the dynamometer (Kis-
tler-9272) was used to measure the cutting force real 
timely. The surface roughness values of as-machined 
workpieces were measured by a portable surface 
roughometer (MITUTOYO SJ-210). The tool failure 
appeared as the reduction of the machining quality, so 
the tool lifetime was approximately defined as the mill-
ing length when the machining quantity deteriorates, 

specifically, as the surface roughness Rz value of the 
workpiece reaches 1.6 μm. Besides, several typical fail-
ure modes were presented, based on worn morphologies 
examined by the FESEM.

3 � Results and Discussions
3.1 � Characterizations on As‑Prepared Milling Cutters
It is described above that the uncoated milling cutters 
are named as R-WC and F-WC, respectively referring 
to the milling cutters made of WC-6wt.%Co with the 
regular and small WC grain sizes. Besides, as-fabricated 
diamond coated milling cutters are named based on the 
type of the selected diamond film, i.e., UMCD, UFGD, 
BDMCD, BDFGD and BDM-UFGCD, while the diamond 
coated milling cutters after AFM are named by adding a 
prefix of AFM, for example, AFM-UMCD. Besides, the 
R-WC milling cutter after the pretreatment but before 
the deposition of the diamond film is also characterized 
in some respects, which is named as P-R-WC.

Photographs of uncoated and different diamond coated 
milling cutters are all listed in Figure 1. By visual inspec-
tions, it can be judged that the uncoated milling cutter 
(R-WC) is bright and smooth, while the brightness and 
smoothness of all the diamond coated milling cutters 
are significantly reduced. Besides, obvious differences 
also exist between the colors and lusters of as-deposited 
diamond films with micro- and nano-sized grains on the 
film surfaces, the former presenting gray colors and pale 
reflections and the latter presenting relatively shiny black 
colors.

Surface and cross-sectional morphologies of the five 
different types of diamond coated milling cutters before 
AFM, and the surface morphology of the R-WC are all 
shown in Figure 3. It is firstly proved that different dia-
mond films of similar thicknesses (9–11 μm) are indeed 
deposited on R-WC substrates by controlling the growth 
time. Besides, typical surface features related to the 
micro-sized and nano-sized diamond films appear, well 
in accordance with the previous study.

Both the UMCD and BDMCD films show micro-sized 
diamond grains with well-defined shapes, and the boron 
doping technique can slightly reduce the grain size. The 
average grain size of the UMCD film is 2‒4 μm, while 
that of the BDMCD film is 1‒3 μm. Attributed to the dis-
tinct crests and valleys of the shaped diamond grains, the 
surface roughness Ra values on the rake and flank faces 
of the UMCD coated milling cutter are as high as 242.54 
and 267.91 nm, and those of the BDMCD coated ones 
are 237.15 and 252.4 nm. Cauliflower-like nodules com-
posed of the dense nano-sized diamond grains (20‒500 
nm) appear on the surfaces of not only the UFGD and 
BDFGD films, but also the BDM-UFGCD film with a sur-
face UFGD layer. The nodules are more densely packed 

Table 2  The elementary composition of  the  6063 Al alloy 
workpiece

Element Al Mg Si Fe Others

Percentage m (wt%) 99.24 0.49 0.21 0.11 0.17

Table 3  Cutting parameters adopted in the cutting tests

Parameter Value

Rotational speed n (r/min) 10000

Milling speed v (m/min) 314

Milling width ae (mm) 0.08

Milling depth ap (mm) 7.5

Feed rate f (mm/min) 1200

Lubrication Oil-base 
suspen‑
sion
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and form larger, shallower dome-like protrusions, result-
ing in a relatively lower surface roughness. Nevertheless, 
it is found that nano-sized diamond grains of the BDM-
UFGCD film are larger than those of the single-layer 
FGD films, which can be distinguished from cauliflower-
like shapes in the FESEM micrographs with lower ampli-
fication factors. As a result, the surface roughness Ra 
values on the rake and flank faces of the UFGD coated 
cutter reach 142.36 and 161.94 nm, and those of the 
BDFGD coated one are 137.22 and 167.54 nm, but those 
of the BDM-UFGCD coated one are a little higher, which 
are 162.9 and 186.22 nm. As a comparison, the uncoated 
milling cutter (R-WC), which is elaborately ground, per-
forms a rather smooth surface. The surface roughness Ra 
values on its rake and flank faces are as low as 61.47 and 
73.29 nm, respectively, and those for the F-WC are 58.72 
and 65.44 nm.

The Raman spectra of the different diamond coated 
milling cutters before and after the Gauss–Lorentz (G–L) 
deconvolution are plotted in Figure  4, indicating dis-
tinct features related to micro- and nano-sized diamond 
grains.

For the film surfaces constituted of micro-sized dia-
mond grains, pronounced peaks located around 1332.4/
cm corresponding to the sp3 diamond phase dominate 
in their Raman spectra, fully demonstrating the high 
polycrystalline diamond purity. On the contrary, the 
purities of the film surfaces comprised of the nano-
sized diamond grains significantly reduces, manifesting 

as the enhancement of non-diamond peaks, especially 
the broad peaks around 1580/cm corresponding to the 
graphitic phase (G bands). Besides, the peaks around 
1200/cm in the Raman spectra of the boron-doped film 
surfaces are the typical features related to the boron 
doping. Specially, for the BDM-UFGCD film, because 
the Raman can detect mostly the chemical characters 
of the film surface (the UFGD layer), significant non-
diamond peaks exist in its Raman spectrum. However, 
compared with the single-layer UFGD film, the full 
width at half maximum (FWHM) of the sp3 diamond 
peak is smaller, indicating that the diamond purity on 
the surface of the composite film is a little higher, owing 
to the effect of the BDMCD layer beneath the surface 
UFGD layer. It is rather difficult to measure the hard-
ness of the diamond film deposited on the complicated 
milling cutter, but in our previous study, on the planar 
WC-6 wt.%Co substrates, it is proved that the surface 
hardness decreases when the grain size changes from 
micro to nano, mainly as a result of the deteriorated 
film quality, while the hardness of the composite dia-
mond film, although with nano-sized diamond grains 
on the surface, is higher than that of the UFGD film, 
due to the reinforcement effect of the micro-sized dia-
mond grains.

The influences of the pretreatment and the coverage of 
the diamond films on the radius of the peripheral cutting 
edge are also illuminated, based on the measurements 
on the FESEM cross-sectional morphologies of the 

Figure 3  FESEM micrographs of a PMCD, b PFGD, c BDMCD, d BDFGD and e BDM-PFGCD coated milling cutters before AFM, and f the uncoated 
milling cutter (R-WC)
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Figure 4  Raman spectra of a UMCD, b UFGD, c BDMCD, d BDFGD and e BDM-UFGCD coated milling cutters before AFM processes
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cutting-off milling cutters, which together with the influ-
ences of the AFM will all be discussed later.

3.2 � Effects of AFM
Under the definite pressure of 15 MPa, the five different 
types of diamond coated milling cutters are all submitted 
to AFM, adopting variable cycle times. Variations of the 
surface roughness Ra values on both the rake and flank 
faces of the different diamond coated milling cutters 
with the cycle time are all plotted in Figure 5, including 
some typical surface morphologies that are observed by 
the FESEM. It is to be expected that AFM processes can 
gradually reduce the Ra values of all the polished surfaces, 
but some obvious differences exist between the different 
types of diamond coated milling cutters, or between the 
rake and flank faces of the same milling cutter.

Firstly, it is easily understood that for diamond coated 
specimens with a certain high initial surface roughness, 
the reduction of the Ra value is more significant at the 
initial stage of AFM, mainly owing to the high material 

removal efficiency caused by the diamond particles in the 
paste on distinct peaks, edges and convex of as-synthe-
sized diamond grains. With the surface smoothing, the 
polishing efficiency gradually decreases and approaches 
zero, indicating that the further polishing is impossible. 
There is a threshold of the attainable Ra value for any 
diamond coated milling cutter, which is about 68‒77 nm 
for the nano-sized film surfaces that is close to Ra values 
of R-WC and F-WC specimens. Nevertheless, such the 
threshold is as high as 115‒126 nm for micro-sized film 
surfaces. Moreover, the threshold for the BDMCD film 
(121 nm on average) is lower than that for the UMCD 
one (125 nm on average), and the threshold for the BDM-
UFGCD film (75 nm on average) is relatively higher than 
those for the single-layer UFGD film (72 nm on average) 
or BDFGD film (72 nm on average). In addition, because 
there is no obvious difference between the features of 
the same diamond films deposited on the rake and flank 
faces, such the thresholds for both the faces of the same 
diamond coated milling cutter are totally the same.

As indicated by the typical surface morphology of the 
AFM-UMCD specimen in Figure 5(b), after the sufficient 
AFM polishing, almost all the diamond protrusions are 
removed and about 90% of the film surface is smooth-
ened, while there still exist a number of valleys between 
the diamond crystals. Under such the condition the pol-
ishing paste cannot provide enough grinding force for 
such the partly-polished diamond crystals, therefore 
the further polishing is useless and the Ra value reaches 
the threshold. Moreover, because the grain size of the 
BDMCD film is a little smaller than that of the UMCD 
film, indicating that the residual valleys should be shal-
lower, the threshold is relatively lower. Figure  5(a) gives 
the typical surface morphologies of the AFM-UFGD and 
AFM-BDM-UFGCD specimens after sufficient AFM, 
both of which present smooth surfaces, vague or partly-
clear cauliflower-like nodules similar to the specimens 
before AFM, while without visible nano-sized diamond 
grains. Because the residual valleys between the nodules 
are much less than those on the surfaces of the UMCD 
and BDMCD films, corresponding thresholds of the Ra 
values are much smaller. Due to the fact that the BDM-
UFGCD film has relatively larger nano-sized diamond 
grains than the single-layer FGD films, its threshold is a 
little larger.

Also due to the above reasons, the required cycle times 
for polishing the surfaces of the different diamond coated 
milling cutters to thresholds are distinctive. Just adopt-
ing the flank face as the example, for the UMCD film 
with the largest grain size, the highest initial Ra value, 
the extremely high diamond purity and hardness, it 
takes almost 75 cycle times to reduce the Ra value to the 
threshold. Owing to the refinement of the diamond grain 

Figure 5  Variations of Ra values on a the rake face and b the flank 
face of different diamond coated milling cutters with the cycle time, 
and some typical surface morphologies
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caused by the boron doping and the slight reduction of 
the initial Ra value, 60 cycle times of AFM can reduce its 
Ra value to the threshold. The change of the grain size 
from micro to nano, along with the subsequent reduction 
of the initial Ra value, diamond purity and hardness, con-
tribute much to the polishing efficiency of the nano-sized 
surfaces. As a result, such the required cycle time for the 
three types of diamond films is 25. In addition, it is found 
that for any of the diamond coated milling cutter, the 
required cycle time for the rake face is generally less than 
that for the flank face, because the grinding force pro-
vided of the polishing paste restricted in the spiral groove 
is relatively larger than that provided by the polishing 
paste around the flank face.

Besides the Ra value, the radius of the peripheral cut-
ting edge r is also affected by AFM, as shown in Figure 6, 
including several typical cross-sectional morphologies of 
cutting-off milling cutters adopted for estimating such 
the r values. It is apparent that the pretreatment pro-
cess can increase the r value significantly, since the alkali 
etching, acid etching and the grinding can all passivate 
the cutting edge of the well-prepared R-WC milling cut-
ter. Afterwards, the deposition of the varieties of dia-
mond films on the pretreated substrates, i.e., the “piling 
up” of the micro-sized or the nano-sized diamond crys-
tals can slightly reduce the r value, while as a whole, the 
combination of the indispensable pretreatment and the 
deposition of the diamond film can inevitably blunt the 

cutting edge. Under most of the conditions, it is believed 
that such the passivation of the cutting edge caused by 
the pretreatment is beneficial for the continued deposi-
tion of the diamond film and the lifetime elongation of 
the coated milling cutter, because it is difficult to guar-
antee the adhesion on the sharp cutting edge. However, 
the passivation of the cutting edge often means the dete-
rioration of the machining quality. Coincidentally, it is 
additionally found that the AFM process can improve not 
only the surface smoothness but also the sharpness of the 
peripheral cutting edge with relatively large radius, espe-
cially for diamond coated milling cutters having nano-
sized diamond grains on the surfaces. After the sufficient 
AFM processes that can reduce the respective Ra values 
to the thresholds, the r value for the UFGD coated mill-
ing cutter slightly decreases from 31.4 μm to 25.7 μm, 
and that for the BDFGD one from 28.4 μm to 25.4 μm, 
and that for the BDM-UFGCD one from 33.2 μm to 28.8 
μm. However, noteworthy is that even polished by AFM, 
all the r values for the diamond coated milling cutters still 
cannot reach to as low as those for the R-WC specimen, 
let alone the F-WC specimen.

Another advantage of AFM adopted for polishing the 
diamond film is that it can avoid the graphitization and 
ensure the diamond purity as much as possible. It is 
known that when polishing the diamond materials by 
other techniques, such as mechanical, thermo-chemical 
and chemo-mechanical polishing, graphitization often 
occurs [42, 43], mainly owing to the instant high tem-
perature and the chemical catalyst. It is acknowledged 
that the moderate graphitization is conducive to the pol-
ishing by reduce the surface hardness, while it inevitably 
deteriorates the wear resistance and some other excel-
lent surface features of the diamond film. In the present 
investigation, for any type of the diamond film, the rela-
tive graphite content G, which is determined as the ratio 
of the intensity of the graphite peak to the total intensity 
of all the peaks in the Raman spectrum after the G–L 
deconvolution, hardly increases after AFM, as demon-
strated by Figure 7.

The G is just adopted for approximately evaluating the 
graphitization, but not the exact graphite content in the 
diamond film, due to the neglect of different sensitivities 
of the Raman signal to the different carbon phases [44]. 
It is known that for the diamond films, especially for the 
MCD films with low initial graphite contents, the gra-
phitization is obvious under some other polishing condi-
tions. However, in the AFM process, the polished surface 
of the diamond coated milling cutter can only contact 
with the polishing paste made of the colloidal resin car-
rier, diamond particles, lubricant and the adherent agent, 
which hardly have catalytic function for the graphitiza-
tion like the iron-group elements. Furthermore, because 

Figure 6  Radii of peripheral cutting edges of R-WC milling cutters 
before and after the pretreatment, together with the five different 
diamond coated milling cutters before and after sufficient AFM
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the interaction between the polishing paste and polished 
surface is not as severe as those in some other tradi-
tional polishing processes, so the grinding force of AFM 
is relatively small. Consequently, the temperature of the 
polished surface, which is measures as 30‒150  °C, is far 
below the graphitization temperature of the diamond 
film and the polishing temperatures in other techniques, 
such as thermo-chemical polishing, in which the tem-
perature of the polished surface should be controlled as 
450‒900 °C.

3.3 � Results of Cutting Tests
The reduction of the surface roughness and the sharpen-
ing of the cutting edge of the diamond coated milling cut-
ters directly reflect in as-measured cutting forces at the 
initial stages of the present peripheral finish-milling pro-
cesses, as shown in Figure 8. The values of the total cut-
ting forces F in Figure 8(b) are all obtained by composing 
the directional cutting forces Fx, Fy and Fz, all of which 
are calculated by averaging the cutting force signals in the 

analyzed zone as exemplified in Figure 8(a). It is known 
that the cutting force originates from the resistance to 
elastic or plastic deformations in three deformation 
zones of the workpiece, and the frictional forces between 
the cutting tool and the workpiece or the chip. It is sup-
posed that the reduction of the surface roughness of the 
rake and flank faces might reduce the coefficient of the 
friction (COF) between the diamond film and the Al alloy 
workpiece, attributed to the weakening of the plough 
effects caused by the diamond peaks and edges on the 
soft material, and thus reduce the frictional forces mainly 
between the milling cutter and the workpiece in the fin-
ish-milling of the Al alloy workpiece. Besides, the sharper 
the cutting edge, the lower the resistance to the defor-
mation. In consequence, it is firstly found that the F-WC 
milling cutter owning rather sharp cutting edge and low 
surface roughness, shows a lower cutting force than the 

Figure 7  a The relative diamond purity Q of different diamond 
coated milling cutters before and after AFM processes, and b Raman 
spectra of specimens after AFM Figure 8  a Original directional cutting force signals for the 

AFM-BDM-UFGCD specimen after the lowpass filtering and b total 
cutting forces for all the specimens, at initial stages of the milling 
processes
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R-WC one. Secondly, UMCD and BDMCD coated mill-
ing cutters perform much higher cutting forces than the 
uncoated R-WC one, attributed to either the increased 
surface roughness or the passivation of the cutting edge, 
but the UFGD, BDFGD and BDM-UFGCD coated mill-
ing cutters perform lower cutting forces than UMCD and 
BDMCD ones. Distinctly, AFM can reduce cutting forces 
of all the diamond coated milling cutters at different lev-
els, obviously as a result of the re-smoothening of both 
the rake and flank faces, together with the resharpening 
of the cutting edges. Owing to the insufficient polishing 
on both the micro-sized surfaces and the rather limited 
resharpening of the cutting edges, the cutting forces pro-
vided by the AFM-UMCD and AFM-BDMCD specimens 
are still significantly higher than that provided by the 
R-WC one. On the contrary, although surface roughness 
Ra values and radii of cutting edges r for the AFM-UFGD, 
AFM-BDFGD and AFM-BDM-UFGCD specimens are 
larger than those for the R-WC one, they show cutting 

forces approaching to that provided by the R-WC, due to 
the natural excellent tribological properties of nano-sized 
diamond films when sliding against soft Al alloy, such as 
the low COF [41].

When finish milling the Al alloy, the most intuitionistic 
criterion to evaluate the performance of the milling cut-
ter is the surface quality of the workpiece, which is asso-
ciated with not only the initial condition of the milling 
cutter, but also the wear or fracture in the machining pro-
cess. Surface roughness Ra and Rz values of as-machined 
workpieces are both measured. It is well acknowledged 
that the Ra value is the most commonly-used parameter, 
which can fully reflect micro-geometrical features of 
the surface. Besides, the Rz value is also widely used for 
evaluating the surface quality of the Al alloy workpiece 
during the finish milling process, since it can reflect the 
existence and the severity of the surface texture caused 
by the milling cutter to a certain extent. The surface 
texture is one of the critical criteria for evaluating the 
machining quality of many Al alloy workpieces after the 
finish milling, such as the mobile phone shells, and such 
the surface texture is mostly parallel to the feed direction. 
As a result, when measuring the surface roughness by the 
surface profilometer, the scanning direction is selected to 
be perpendicular to the surface texture (the feed direc-
tion), and thus the Rz value that can fully reflect the sur-
face texture can be obtained.

In order to make full sense of the machining quality, 
failure mode and the tool lifetime of different specimens, 
in the present study, for each type of the specimen, milling 
tests are conducted on five different samples. Variations 
of both the Ra and Rz values of workpieces machined by 
three typical types of specimens (one of the five), includ-
ing the F-WC and the BDM-UFGCD coated milling cut-
ters before and after AFM, along with the milling lengths 
are shown in Figure 9(a). It is found that the surface qual-
ity of as-machined workpiece will gradually deteriorate, 
probably attributed to the gradual wear or even the frac-
ture of the milling cutter. The Rz value of as-machined 
workpiece at the initial stage, only associated with the ini-
tial condition of the perfect milling cutter, is adopted as 
the first criterion for evaluating the machining quality and 
comparing the performance of the different specimens. 
Rz values of workpieces machined by all the specimens 
at initial stages are shown in Figure 9(b). It is known that 
the machining quality is influenced by the smoothness of 
the rake and flank faces, and the sharpness of the cutting 
edge of the milling cutter. In consequence, the workpiece 
machined by the F-WC milling cutter presents an initial 
Rz value as low as 0.85 μm, while that of the workpiece 
machined by the R-WC one reaches 0.96 μm. After depos-
iting various diamond films on the pretreated R-WC mill-
ing cutters, associated with the roughening of the rake 

Figure 9  a Variations of both the Ra and Rz values of workpieces 
machined by three typical specimens with the milling length and 
b corresponding Rz values of workpieces machined by all the 
specimens at initial stages of milling processes
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and flank faces, the passivation of cutting edges and sub-
sequent increasing of cutting forces, the initial Rz values 
of corresponding as-machined workpieces are all above 
1.45 μm, which can even reach 2.10 μm for the micro-
sized diamond coated specimens. As expected, AFM can 
improve the machining quality of all the diamond coated 
milling cutters, while such the effects on the micro-sized 
ones are rather limited. As for three nano-sized diamond 
coated milling cutters after AFM, initial Rz values of as-
machined workpieces reduce to 0.98‒1.18 μm, approach-
ing to that machined by the R-WC milling cutter.

Noteworthy to be reiterated that the tool lifetime is 
defined as the milling length when the surface roughness 
Rz value of as-machined workpiece reaches 1.6 μm. It is 
supposed that the deterioration of the machining quality 
along with the process of the milling test is induced by the 
wear or fracture of the milling cutter, but the failure mode 
cannot be uniformly determined. For example, for one of 
the F-WC samples corresponding to the line in Figure 9(a), 
the sharp increment of the Rz value from 50 m to 100 m 
(the tool failure) is caused by the abnormal but expected 
tipping (as shown in Figure 10(a)), while for another F-WC 
sample, the Rz value gradually increases with the normal 
flank wear of the milling cutter (as shown in Figure 10(b)), 
and the tool lifetime reaches 200 m. Similar divergent 
failure phenomena also exist for the R-WC milling cut-
ters, while the probability of the tipping failure reduces. 
Besides, it is found that the gradual flank wear of dia-
mond coated milling cutters, either before or after AFM, 
is rather slow, attributed to the high hardness and wear 
resistance. As a result of the sufficient increment of the 
radii of the cutting edges, the tipping also hardly appears 
on any diamond coated milling cutter. Nevertheless, they 
will also fail in some other ways. For the UMCD, BDMCD, 
AFM-UMCD, AFM-BDMCD and BDM-UFGCD speci-
mens, due to the high surface roughness of the rake and 
flank faces, and the large radii of the cutting edges, the 
machining quality at the initial stages cannot meet the 
requirements of the machining quality, indicating that they 
originally fail. As for the UFGD and BDFGD coated milling 
cutters before and after AFM, apparent film fracture and 
removal occur before the severe flank wear (as exemplified 
in Figure 10(c)), which have a close relationship with the 
relatively poor adhesion of the nano-sized diamond films 
[42] and act as the main failure modes. As for the AFM-
BDM-UFGCD specimen, the flank wear similar to F-WC 
and R-WC specimens appears as the main failure mode (as 
shown in Figure 10d), which however is much slower.

Without regard to the specific failure mode, adopting 
the machining quality (Rz > 1.6 μm) as the uniform cri-
terion, tool lifetimes of different specimens, which are 
obtained by conducting milling tests on five different 
samples for each the specimen, are all listed in Table 4.

Figure 10  Typical wear or failure modes for typical specimens: a 
the abnormal but expected tipping of one F-WC specimen; b the 
normal flank wear of one F-WC specimen; c the film removal of the 
AFM-UFGD specimen; d the slow flank wear of the AFM-BDM-UFGCD 
specimen
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Although the machining quality of the R-WC mill-
ing cutter is worse than that of the F-WC one, it per-
forms longer tool lifetime, due to the lower probability 
of tipping failure dependent on the relatively rounder 
cutting edge. The tool lifetimes of the UMCD, AFM-
UMCD, BDMCD, AFM-BDMCD and BDM-UFGCD 
specimens are zero or almost zero, because they can-
not meet the requirements of the machining quality at 
the very beginning stages of the milling processes. The 
UFGD and BDFGD coated milling cutters either before 
or after AFM show slightly prolonged tool lifetimes 
than the uncoated ones, because the rapid fracture and 
removal of the nano-sized diamond films associated with 
their poor adhesion will cause the deterioration of the 
machining quality, especially for the UFGD and BDFGD 
coated milling cutters before AFM, the machining qual-
ity of which approaches the threshold value at the very 
beginning stages (Rz = 1.54 μm for UFGD and Rz = 1.47 
μm for BDFGD). It is proved that the boron doping can 
enhance the adhesion between the diamond film and the 
substrate, and there are favorable mechanical interlocks 
between micro-sized diamond grains and the substrate 
[45], therefore, the BDM-UFGCD film has not only low 
surface roughness but also nice adhesion. It is speculated 
that the AFM hardly influences the adhesion of as-depos-
ited diamond films, so the AFM-BDM-UFGCD specimen 
presents a tool lifetime almost four times longer than the 
R-WC. Considering that the AFM-BDM-UFGCD speci-
men can provide favorable machining quality (Rz = 1.18 
μm) approaching to the uncoated milling cutters (Rz = 
0.85 μm for F-WC and Rz = 0.96 μm for R-WC), and it is 
efficient to polish its surface by AFM, the BDM-UFGCD 
coated milling cutter after AFM is recognized as an 
important candidate for finish milling the Al alloy.

4 � Conclusions

1.	 The pretreatment and the coverage of diamond films, 
especially micro-sized diamond films, apparently 
increase the surface roughness of both the rake and 
flank faces, and reduce the radii of the cutting edges.

2.	 The AFM can re-reduce the surface roughness of the 
rake and flank faces of the diamond coated milling 
cutter, and re-sharpen the cutting edge. It is the first 
time that the AFM is proposed, studied and applied 
for post-processing the diamond coated complicated 
cutting tool.

3.	 It is much more convenient and efficient to finish the 
surfaces of the nano-sized diamond coated milling 
cutters, and resharpen their cutting edges. Moreover, 
the AFM can avoid the graphitization and ensure the 
diamond purity as much as possible.

4.	 Attributed to the reduction of the surface roughness 
and the radii of cutting edges, the diamond coated 
milling cutters after AFM present lower cutting 
forces and improved machining quality. Addition-
ally taking the improved adhesion and the much pro-
longed tool lifetime into considerations, the AFM-
BDM-UFGCD specimen is believed as an important 
candidate for the peripheral finish-milling of the Al 
alloy.
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Table 4  Tool lifetimes of different specimens

Specimen Tool lifetime LT (m)

1 2 3 4 5 Average
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UMCD 0 0 0 0 0 0
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UFGD 300 300 300 200 300 280

AFM-UFGD 300 400 300 300 200 320
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AFM-UFGD 400 600 300 300 400 400

BDM-UFGCD 0 0 0 50 0 10

AFM-BDM-UFGCD 1200 1000 1000 800 1200 1040
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