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Abstract: A specific revised HFCVD apparatus and a novel process combining HFCVD and polishing technique were presented to
deposit the micro- and nano-crystalline multilayered ultra-smooth diamond (USCD) film on the interior-hole surface of WC—Co
drawing dies with aperture ranging from d1.0 mm to 60 mm. Characterization results indicate that the surface roughness values (R,)
in the entry zone, drawing zone and bearing zone of as-fabricated USCD coated drawing die were measured as low as 25.7, 23.3 and
25.5 nm, respectively. Furthermore, the friction properties of USCD films were examined in both dry sliding and water-lubricating
conditions, and the results show that the USCD film presents much superior friction properties. Its friction coefficients against
ball-bearing steel, copper and silicon nitride balls (d4 mm), is always lower than that of microcrystalline diamond (MCD) or WC—Co
sample, regardless of the lubricating condition. Meanwhile, it still presents competitive wear resistance with the MCD films. Finally,
the working lifetime and performance of as-fabricated USCD coated drawing dies were examined under producing low-carbon steel
pipes in dry-sliding and water-lubricating conditions. Under the water-lubricating drawing condition, its production significantly
increases by about 20 times compared with the conventional WC—Co drawing dies.
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1 Introduction

Drawing wires, bars, or tubes is a metalworking
process using tensile force to stretch metal, which
consists of reducing the cross-section and increasing the
length by forcing the wires, bars or tubes through one or
a series of drawing dies. During the drawing process, a
plastic deformation will be imparted to the metal surface
by the interaction behaviors occurring at die-workpiece
interface. Thus, the inherent properties of die
interior-hole surface to a large extent determine the
lifetime of drawing dies and the surface quality and
dimensional accuracy of drawn products, and thus, the
costs and economics of drawing processes [1,2].

In current metal drawing industry, cemented
tungsten carbide (often with 6% cobalt as the binder
agent) is the most popular die material. Several typical
failure phenomena on the interior-hole surface of

tungsten carbide drawing dies include wear/crack,
generally induced by its insufficient wear-resistance,
even under lubricant condition, corrosion, often occurs
under wet drawing and will result in selective leaching of
cobalt binder used to hold the powder together [3], and
workpiece adherence (pick-up), mainly resulted from
high chemical affinity and friction coefficient of tungsten
carbide to workpiece material.

An effective technique for diminishing such failures
is depositing a suitable coating material on the
interior-hole surface of drawing dies. The expected
properties of the deposited coating include excellent
wear and erosion-resistance, superlow friction coefficient
and chemical affinity to workpiece materials. During last
decade, a variety of tribological or protective coatings
have been adopted with various aims, including
increasing wear resistance, eliminating adherence,
reducing galling effect, or implementing no-lubricant
drawing process, and some satisfied results have already
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been achieved. For instance, CrN and TiAIN coatings are
capable of increasing the lifetime of tungsten carbide
drawing dies using producing copper profiles by nearly
three or two times, respectively, while the CrN/a—C and
TiAIN/a—C double layers cannot give any further
improvements [4]. MURAKAWA et al [5] realized the
semidry/dry wire drawing process for aluminum material,
with improved surface precision of the drawn wire and
reduction of drawing resistance, by coating the tungsten
carbide dies with a layer of DLC coating. However, no
information on the lifetime elongation of DLC coated die
comparing with uncoated one is given.

Chemical vapor deposition (CVD) diamond films
have long been expected as one of the most suitable
coating materials for drawing dies due to their various
excellent mechanical and tribological properties, such as
high hardness and elastic modulus, good wear resistance,
good corrosion resistance, low friction coefficient and
high thermal conductivity, and some successful
applications have reported in available studies, in which
an fundamental method of depositing diamond films on
interior-hole surface of drawing die using HFCVD was
proposed and an lifetime elongation of 5—15 times has
been achieved in welding material and copper pipes
compared with the uncoated WC—Co drawing dies
[6—10].

Allowing for the excellent friction properties
exhibited by diamond films under water lubricating
condition[11—-14], the water lubricating system can be
expected to be used in metal drawing accompany with
diamond coated drawing dies. However, there is no such
research reported in available literatures. Neither, to our
knowledge, the specific HFCVD devices designed for
depositing high-quality diamond films on interior-hole
surface of large-sized drawing die with aperture larger
than 15 mm has not been developed, which to large
extent limits the application scope of diamond coated
drawing dies.

In this study, a specific revised HFCVD apparatus
and a complete process of fabricating high-quality
diamond coated drawing die are presented firstly. Using
this method, the micro/nano-crystalline multilayered
ultra-smooth diamond (USCD) film can be deposited on
the interior-hole surface of WC—Co drawing dies with
aperture ranging from 1.0 to 60 mm. Furthermore, the
friction properties of USCD films under both dry sliding
and water-lubricating condition are examined comparing
with conventional MCD films and uncoated WC—Co
samples. Finally, an application tests were carried on
using as-fabricated USCD coated drawing die, in which a
water lubricating drawing process, instead of oil-based
lubricating, is successfully implemented in producing
low-carbon steel pipes.

2 Experimental

2.1 Deposition apparatus

The fabrication process is carried out in a
home-made bias-enhanced HFCVD apparatus. HFCVD
method is chosen because it can provide a suitable
growth environment for diamond film by the hot
filaments, ~which are dragged straightly by
high-temperature  resistance springs through the
interior-hole of drawing die, generating a uniform and
stable temperature distribution on the interior-hole
surface.

For drawing dies with aperture less than 15 mm,
three tantalum wires are twisted as one single hot
filament and fixed on the centerline of the interior-hole
of drawing dies, as illustrated in Fig. 1. While for those
larger than 15 mm, such twisted hot filament cannot
generate enough high temperature on their interior-hole
surface, so a mouse-cage type arrangement consisting of
six tantalum wires is adopted, as illustrated in Fig. 1(b),
whose centerline coincides with the centerline of the
interior-hole of drawing dies. This arrangement is
applicable for die with aperture up to 60 mm. The
distance between hot filaments and interior-hole surface
is kept as 810 mm to guarantee the uniformity of
generated temperature field.

2.2 Fabrication and characterization of USCD coated
drawing dies

Prior to deposition, a two-step etching procedure
requires to be performed to remove the cobalt near the
interior-hole surface because the presence of cobalt can
induce the cobalt-catalyzed formation of non-diamond
carbon phase at the diamond—substrate interface, and
thus cause strong deleterious effects on the adhesive
strength of the deposited diamond films. Firstly, the
WC—Co drawing die are dipped the in the Murakami’s
reagent (10 g K;[Fe(CN)g]+10 g KOH+100 mL H,0) in
an ultrasonic vessel for 30 min, and then etched with
Caro’s acid (30 mL H,SO4+70 mL H,0,) for 1 min.
Murakami’s reagent attacks WC grains and roughens the
substrate surface; subsequently, Caro’s acid oxidizes the
binder to soluble Co®" compounds, and then reduces the
cobalt concentration on the substrate surface [15].
Thereafter, their interior-hole surface is abraded and
roughened using the mixture of 10 and 5 um diamond
slurry and further polished with emery cloth in order to
improve diamond nucleation. Finally, they are rinsed
with acetone in an ultrasonic vessel to eliminate
impurities.

Acetone, hydrogen and possible nitrogen are used
as reactive gases. The hot filaments are heated up to
approximately 2200 °C, and this will generate a
temperature field of 800—900 °C on the interior-hole
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Fig. 1 Ilustration image for depositing diamond films with twisted (a) and mouse-cage hot filament arrangement (b) on interior-hole

surface of drawing dies: 1—Stainless shell of vacuum reactor; 2—Entrance of reactant gas; 3—Vacuum reactor; 4—Hot filament;

5—Drawing die; 6—Sample table; 7—Cooling system; 8—Bias current power; 9—Hot filament power; 10—High-temperature

resistance springs; 11—Entrance of cooling water; 12—Exit of cooling water

surface of drawing dies. Also, there is a DC bias applied
between the hot filaments and interior-hole surface in
order to enhance the diamond nucleation density. To
deposit the multilayered MCD/NCD composite diamond
coating, a layer of conventional microcrystalline
diamond (MCD) film is firstly deposited, and then
another two layers of nanocrystalline diamond (NCD)
films are deposited layer by layer. After each deposition
pass, the interior-hole surface will be polished with
diamond grits (1 um) in order to eliminate the sharp
edges of diamond grains. The deposition parameters for
MCD and NCD films are listed in Table 1.

Table 1 Deposition parameters for MCD and NCD films

Flow rate Bi
. of acetone, Pressure/ as Duration/
Period current/ .
Hy, No/ Pa A min
(mL-min")
Nucleation 85/200/0 1666.525 2.5 15
Period — ¢0000/0  3999.66 2.5 15
MCD I
depositi i
cposthion Peﬁ"d 852000 1999.83 0.1 30
Period
80/200/60 3999.66 2.5 30
NCD ; / 999
depositi i
cposition P eﬁ"d 85/200/60 1999.83 0.1 45

After each deposition or polishing process, the
surface and cross-section morphology of as-deposited
diamond coating on the entry, drawing and bearing zone
was investigated using scanning electron microscopy
(SEM). In this way, the surface refinement process of
as-deposited diamond coating during whole deposition
could be observed step-by-step.

2.3 Friction tests

The friction properties of as-deposited USCD films
are evaluated under both dry sliding and water
lubricating conditions on a ball-on-plate type
reciprocating friction tester, comparing with uncoated
tungsten carbide and conventional MCD film samples.
Ball-bearing steel, copper and silicon nitride balls (d4
mm) are used as the counterpart materials. The sliding
duration is 30 min for ball-bearing steel and copper and
1 h for the silicon nitride. The normal load applied on the
contacts is fixed as 4.0 N and the reciprocating frequency
is constantly 8 Hz, which can provide an average sliding
velocity of 0.056 m/s for a friction stroke of 3.5 mm.
Before each sliding process, the samples are rinsed with
acetone in an ultrasonic vessel to eliminate impurities.
The friction coefficients for the contacts are recorded
automatically by the friction tester. The worn surface of
the examined samples is investigated using white light
interferometer.
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3 Results and discussion

3.1 Characterizations of as-deposited USCD Films
The surface morphology of the interior-hole surface

of drawing die was investigated using SEM after each

diamond film is deposited, as presented in Fig. 2, in

Fig. 2 SEM images of interior-hole surface of drawing die after
depositing one layer of MCD film (a), depositing one layer of
NCD film in-situ polished on MCD film (b), depositing another
layer of NCD film in-situ polished on MCD/NCD composite
film (c¢) and polishing as-deposited USCD film (d)

which the surface refinement process during the
deposition of the micro- and nano-crystalline multi-
layered diamond film can be observed step-by-step.
Figure 2(a) presents the surface morphology of the MCD
film firstly deposited on the interior-hole surface. It can
be seen that the interior-hole surface is covered by a
continuous layer of fine-grained MCD film with
diamond grains of 4—5 um in size, accompanying with a
large amount of small diamond crystallites. These
small-sized diamond crystallites are grown in the second
period of MCD deposition in which the reverse bias
current is applied [14]. Figure 2(b) gives the interior-hole
surface of drawing dies after another layer of NCD film
is in-situ deposited on the polished surface of the MCD
film. It can be seen that the micro-sized diamond grains
are almost completely covered by a variety of
cauliflower-structured diamond crystallites clusters,
which consist of many nano-sized diamond crystallites
with diameter ranging from 60 to 80 nm. Continually, the
surface of as-deposited MCD/NCD composite film is
further refined by surface polishing and then in-situ
depositing one more layer of NCD film, as exhibited in
Fig. 2(c). To obtain smoother surface finish, the
deposited diamond film is polished again, and the
resulted surface morphology is demonstrated in Fig. 2(d).

The cross-section morphologies on the entry zone,
drawing zone and bearing zone of as-fabricated
multilayered diamond coated drawing dies were
investigated by SEM, as presented in Fig. 3. The
multilayered structure of as-deposited diamond film can
be clearly observed. The cross-section of the MCD film
is made up of columnar structures of coarse crystals,
while that of the NCD films looks like the piled silver
sand structure. The thicknesses of as-deposited
multilayered diamond film at various locations are
different, because the temperature distribution and
deposition environment on the interior-hole surface are
not exactly identical. In present case, the average
thickness is measured as 12—15 pm.

The surface roughnesses (R,) of the entry zone,
drawing zone and bearing zone of as-fabricated diamond
coated drawing dies are measured as 25.7, 23.3 and 25.5
nm respectively by the surface profilometer with 4 mm
scanning length, as demonstrated in Fig. 4.

Furthermore, the ingredients and purity of the
as-deposited USCD film were examined by Raman
spectroscopy and X-ray diffraction (XRD), as plotted in
Fig. 5 and Fig. 6 respectively. The Raman spectrum of
USCD film exhibits the typical nanocrystalline features.
A significant broaden peak at 1334.37 cm™' is indicative
of sp® diamond and the pronounced Raman scattering
intensity in the region of 1400-1600 cm ' suggests that
the grain size of the USCD film decreases to nanometer
scale [16—18]. It is also noted that the slight shift in wave
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Fig. 3 Cross-section morphologies of entry zone (a), drawing

zone (b) and bearing zone (c) of as-fabricated USCD coated
drawing dies

number of diamond peak from 1332 cm™' can be owing
to the residual compressive stress in the film [19,20]. In
the XRD pattern, the characteristic diamond(111) and
diamond (220) peaks are visible and the width at half
maximum of the diamond(111) peak is measured as
about 0.8°, which is well correlated with the fact that
diamond nanocrystallites are present and there exist a
large amount of grain boundaries in diamond films.

3.2 Tribological properties of as-deposited USCD

films

The friction tests are conducted to evaluate the
effect of as-deposited USCD films on reducing friction
and enhancing wear resistance under water-lubricated
condition, using ball-bearing steel, copper and silicon
nitride as counterpart materials. Conventional MCD
films and uncoated WC—Co samples are also employed
in friction tests for the sake of comparison. Figure 7
presents the friction curves under both dry sliding and
water-lubricating conditions.

It can be seen that the friction coefficient evolution
of a given contact under water lubricating condition is

0.3 Ha)
02
0.1
{} -
-0.1}
_0‘2 L
03+
..0_4 =
-0.5)

87.2 88.2 89.2 90.2 91.2

ylum

0.3
0.2
0.1
ok
-0.1F
=0.2r
-03F
-04F
-0.5F

1 1 1 L 1 1 1
80.0 81.5 83.0 845 B86.0 87.5 §9.0
x/mm

(b)

yum

0.4 )
03+
0.2}
G.1t (|l |
) vl Al bt b
of g
. fl‘r |l |‘1’)ﬁHIJ‘ﬁI| L '“T
- ‘] -
0.2+
_0‘3 -
-0.4r
1 1 1

1 1
79.5 80.0 80.5 81.0 81.5
x/mm

Fig. 4 Surface profiles of entry zone (a), drawing zone (b) and

y;"pm

bearing zone (c) of as-fabricated USCD coated drawing dies

1334.37

1593.73

1000 1200 1400 1600 1800
Raman shift/cm™
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USCD films while sliding against copper (a), ball-bearing steel
(b) and silicon nitride (c) under both dry sliding and water-
lubricating conditions

always lower than that under dry sliding condition,
exhibiting obvious beneficial effects of water-lubricating
on reducing friction of diamond films, regardless of the
counterpart material. Besides, the diamond films always
exhibit much smoother friction process under water
lubricating condition, while the WC—Co sample exhibits
a very unstable friction evolution when sliding against
ball-bearing steel under water lubricating condition.

In dry sliding process, especially sliding against the
ball-bearing steel and copper, the MCD film always
exhibits higher friction coefficients and much unstable
friction evolution, comparing with the WC—Co and the
USCD film. The surface roughness is supposed to play
an essential role on this phenomenon. Allowing for the
surface roughness of the MCD film, measured as
R4~285.792 nm/R~383.201 nm, is much higher than that
of the WC—Co, R,~29.2866 nm/R;~39.8556 nm, and the
USCD film, the sharp edge of diamond grains on its
surface will cause a lot of wear debris adhering on the
worn surface, and thus increases the adhesive strength
between the contacted surfaces. This will be a disaster in
the case of drawing copper wire or tubes application.
Under water lubricating condition, the physisorbed water
layer formed at the sliding interface can diminish such
negative effect to some extent through reducing the
interaction between the contacted surfaces. Therefore,
the MCD film exhibits lower friction coefficients than
tungsten carbide while sliding against ball-bearing steel
and silicon nitride under water lubricating condition, but
still higher for the copper counterpart.

Among the three examined samples, the USCD film
presents much superior friction properties. For a given
counterpart material, its friction coefficient, under either
dry sliding or water-lubricating condition, is always the
lowest. In dry sliding process, the smooth surface and
distributed amorphous carbon phase in grain boundary
areas largely guarantee its extremely low friction, even
lower than that of tungsten carbide under water-
lubricating condition for sliding against silicon nitride.
While under water lubricating condition, the low
adhesive strength of the physisorbed water layer formed
on the sliding interface further decreases its friction
coefficient.

In the end of each sliding process, the worn surface
of examined samples was investigated using white light
interferometer to evaluate their wear resistance. The
results demonstrate that no discernible worn area can be
observed for all three samples after sliding against the
ball-bearing steel or copper, neither under dry sliding nor
water lubricating condition. For the silicon nitride,
comparatively, all three samples exhibit obvious worn
scars under sliding dry condition, while only
uncoated tungsten carbide shows worn scar under
water lubricating condition. Figure 8 shows the surface
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topography and profile of the worn area of the samples.
It can be obtained that the deposited USCD film has not
only the extremely low friction, but also the similar wear
resistance with conventional MCD films, which to a
larger extent guarantee its successful application as the
tribological and protective coating on drawing dies.

3.3 Application of USCD coated drawing dies in

producing low-carbon steel pipe

The working lifetime and performance of the
as-fabricated USCD coated drawing dies were evaluated
in production of low-carbon steel pipes. For one
conventional WC—Co drawing die, a die repair process is
required after drawing every 9—10 t, and one WC—Co
drawing die will be discarded after 4—5 die repairs. That
is to say, the total production of one WC—Co drawing die
is 40—50 t. For the USCD coated drawing die, the die
repair process is not necessary and the production of one
USCD coated drawing die is 400—-500 t under dry
drawing condition. Under water lubricating drawing
condition, comparatively, its production significantly
increases up to more than 1000 t, by a factor of above 20
times comparing with WC—Co drawing dies. Besides,
while employing WC—Co drawing dies, the surface of
low-carbon steel pipe is usually required to be performed
a phosphating treatment to avoid being scratched. This
phosphating treatment is not necessary any more when
adopting the USCD coated drawing dies because of the
excellent friction properties of the USCD film.
Furthermore, a water-lubrication based metal drawing
production is beneficial for eliminating the environment
pollution caused by the oil-lubrication system. Figure 9
exhibits the fabricated USCD coated drawing dies and
the produced low-carbon steel pipe.

Fig. 9 As-fabricated micro- and nano-crystalline multilayered
diamond film coated drawing dies and produced low-carbon
steel pipe

4 Conclusions

1) High-quality micro- and nano-crystalline multi-
layered USCD films can be deposited on the interior-hole

surface of WC—Co drawing dies with aperture ranging
from 1.0 mm to 60 mm, using the specific revised
HFCVD deposition apparatus and deposition process.

2) The surface roughness values (R,) in the entry
zone, drawing zone and bearing zone of as-fabricated
USCD coated drawing dies are measured as 25.7, 23.3
and 25.5 nm, respectively, and typical NCD features are
exhibited in the analysis results of Raman spectrum and
DRD pattern.

3) The results of friction tests show that the USCD
film presents much superior friction properties to
uncoated WC—Co sample and conventional MCD films.
For a given counterpart material, the friction coefficient,
under either dry sliding or water-lubricating condition, is
always the lowest, and also presents similar wear
resistance with conventional MCD films.

4) Under water lubricating drawing condition, the
production of as-fabricated USCD coated drawing dies
significantly increases about 20 times compared with the
conventional WC—Co drawing dies.
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