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Fabrication of diamond flow controller micronozzles
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Abstract

In this work we show how to manufacture diamond sonic micronozzles. The advantage in using diamond to fabricate the
micronozzles, compared with other materials, is that it is the hardest material known, has low thermal expansion, thermal
conductivity is very high and it is chemically inert. In our process, tungsten wires, used as molds, have been fabricated by using
an electrochemical etching process. These molds have been coated with diamond films by Chemical Vapor Deposition. By a wet
etching, the tungsten mold was removed, obtaining the micronozzle. Flow measurements have shown that the diamond
micronozzles work as passive flow controllers and flowmeters under choking conditions.� 2002 Elsevier Science B.V. All rights
reserved.
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1. Introduction

The flow metrology was an active research area
during the second part of the 20th century. This area
promoted a great knowledge to the operation principles
of many fluid flowmeters. Micromachining techniques
were used to fabricate flowmeters to measure small flow
rates, to be used in several industrial and scientific
activities w1x.

The small restriction elements, such as critical orifice
nozzles, can control the flow rates, allowing their use
as critical passive flow controllers and flowmetersw2x.
The nozzles have the advantage that there are no moving
parts, avoiding wear effects and thermal perturbation. In
this work we show how to manufacture diamond micron-
ozzles. Flow measurements have shown that they work
as passive flow controllers and flowmeters under chok-
ing conditions. The strategical choice of the material
used to fabricate the nozzles is an important feature to
achieve interesting properties. Diamond is an excellent
material for manufacturing nozzles due to its hardness
(1.0=10 kgycm ), low thermal expansion(1.1=106 2 y6
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K ), high thermal conductivity(20 Wycm K) andy1

chemical inertnessw3x. The hardness is responsible for
mechanical stability, and low thermal expansion guar-
antees the stability of the opening size and throat
diameter for a large temperature range. The high thermal
conductivity allows a precise temperature control and
the chemical inertness permits the device use in corro-
sive environments.
The flow rate, in micronozzles and microtubes, can

be controlled and measured under choking conditions
w2x that occur when the gas flow velocity in the throat
nozzle is equal to the speed of sound. In these condi-
tions, the flow rate can be controlled and measured,
determining the inlet pressure and temperature in despite
of the outlet pressure and temperature.

2. Experimental procedures

A method for producing diamond structures by the
replication of molds has been used before by othersw4
–6x. More specifically the production of diamond tubes
using tungsten wires as a mold had been described by
May et al. w4x. The production of diamond microtubes,
used as a flow controller and flowmeter, is described by
Silva et al.w7x. In this work we used a method somewhat
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Fig. 1. (a) Typical nozzle convergent–divergent shape.(b) Scheme
of the electrolytic cell for tungsten etching.

Fig. 3. (a) Convergent–divergent nozzle shape around the tungsten
wire with 217-mm throat diameter.(b) Micrograph of a nozzle shape
tungsten mold coated with continuous diamond film.

Fig. 2. 20-mm length tungsten wire, supported by two silicon pieces
over the sample holder of the CVD system.

similar to those mentioned above, but now aiming the
production of diamond micronozzle.
The molds utilized in this fabrication technique con-

sist of tungsten wires with initial diameter of approxi-
mately 500mm. The idea is to etch the wires, obtaining
for them a convergent–divergent geometry. In Fig. 1a,
a typical nozzle shape obtained in this paper is shown
schematically.
Our electrochemical etching process follows those

commonly adopted to make sharp tips for Scanning
Tunneling Microscopy(STM) w8–11x. A scheme of the
etching apparatus can be seen in Fig. 1b, where a NaOH

solution was used. In the electrolytic cell, the tungsten
wire was the anode and a stainless steel rod was the
cathode. The stainless steel rod had a 5-mm diameter
and 75-mm length. The distance between cathode and
anode was approximately 30 mm. The volume of the
NaOH solution was 400 ml, the applied potential was
10 V, the immersed wire length was 20 mm and the
etching time ranging from 5 to 20 min.
In order to avoid a uniform corrosion of the immersed

wire, part of it was masked by painting with an etch
resistant material(acetate). In this way, only a small
area of the wire was exposed to the etching solution.
This small area of the wire in contact with the solution
was etched, producing the nozzle shape. The etching
time was controlled in order to obtain the desired throat
dimension. In this way we achieve the convergent–
divergent shape for the tungsten wire molds.
In the next step, the surface of the nozzle-shaped wire

was treated to improve the diamond nucleation. In order
to do this, it was immersed in an ultrasonic bath
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Table 1
Dimensions and correlated parameters of the samples

Samples Length Initial Throat Ratio Area ratio Ratio
(L) diameter diameter (Dyd )t (AyA sD yd )2 2

t t (Lyd )t
(mm) (D).(mm) (d ) (mm)t

Tube 5000 500 – – – –
Nozzle 1 5000 500 480 1.0 1.1 10.4
Nozzle 2 5000 500 293 1.7 2.9 17.1
Nozzle 3 5000 500 217 2.3 5.3 23.0

Fig. 4. (a) Tungsten mold with the diamond coating already cut with
laser.(b) The inlet of the diamond micronozzles involved in beeswax.

Table 2
Critical properties of the four samples

Samples Critical pressure Critical flow rate
ratio (P yP )*

out in (cm ymin)3

Tube 0.5 1813
Nozzle 1 0.6 1557
Nozzle 2 0.6 627
Nozzle 3 0.6 319

containing water, alcohol and diamond powder(grain
size of 1mm ), for 5 min. Then it was dried in air, in
vertical position and a brush was used to homogenize
the diamond powder distribution on the wire surface.
After that, the diamond deposition was performed,

using a plasma assisted Chemical Vapor Deposition
(CVD) system w12x. We coated 20-mm lengths of
tungsten wires with polycrystalline diamond film, sup-
porting the wire with two silicon pieces, according to
Fig. 2, over the sample holder of the CVD system. Note
that, in this way, the tungsten wire is about 0.8 mm
from the holder. The diamond growth parameters were
300 sccm hydrogen flow rate, 3 sccm methane flow
rate, 90 torr chamber pressure, 8508C substrate temper-
ature, 850 W microwave power and 24 h growth time.
The tungsten wires coated with polycrystalline dia-

mond film were cut using a neodymium laser. The wires
were cut to 5 mm in length, with the nozzle shape
approximately in the center. The cutting parameters were
0.6 J energy pulse, 0.4 ms timing length, 119 Hz
repetition rate, 300 mmymin cutting velocity, 150mm
beam diameter and O was used as working gas.2

Each wire piece, coated with diamond, was involved
in beeswax with the ends of the tungsten wire exposed
to be etched. The tungsten was etched using a mixture
of hydrofluoric acid and nitric acid, in a volume ratio
of 1:1, at room temperature, in 24 h. In this way, we
got diamond micronozzles, involved in beeswax, that
work as a matrix support.
We have prepared four samples in this paper: three

diamond micronozzles, with different throat diameters
and one diamond microtube. The diamond microtube
fabrication was performed with similar techniques used
for the micronozzlesw4,7x. The dimensions and corre-
lated parameters of the samples are summarized in Table
1.
The samples characterization as flow controllers has

been performed using air in two different experimental
settings. In the first one(low-pressure condition), we
had atmospheric pressure at the inlet and at the outlet
pressure ranged from 10 to 100 kPa. In the second case
(high-pressure condition), we had atmospheric pressure
at the outlet and at the inlet the pressure ranged from
100 to 800 kPa. We have measured the air pressure and
temperature in the inlet and only the pressure in the
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Fig. 5. Curves of the volumetric flow rate as a function of pressure ratio for the microtube and the nozzles.

outlet. The samples were tested under choking condi-
tions and the data were described in curves of volumetric
flow rate (cm ymin) as a function of the pressure ratio3

P yP , whereP is the inlet pressure andP is theout in in out

outlet pressure. Note that the volumetric flow rate is the
gas volume, at the inlet pressure(P ), per minute(it isin

not sccm).

3. Results and discussion

3.1. Nozzles fabrication

The nozzle shape was successfully obtained, submit-
ting the tungsten wires to an electrochemical etching
process. In Fig. 3a typical convergent–divergent nozzle
shape is shown. In this figure, it is possible to see
grooves on the tungsten wire surface, due to its fabri-
cation method. However, from Fig. 3a again, we verify
that the nozzle surface region is smoother, due to the
etching process. The tungsten surface roughness, meas-
ured by atomic force microscopy was found to be 270
nm in the grooved region.
Fig. 3b shows a micrograph of a tungsten wire mold

coated with continuous diamond film. The polycrystal-
line film presents faceted diamond crystals with grain
sizes from 5 to 10mm. It is possible to observe that the
diamond film is continuous, covering completely the
tungsten mold surface.
In Fig. 4a diamond coated tungsten mold is shown,

already cut with laser. In this figure, it is possible to
observe melted tungsten in the cut regions.
Then, the tungsten mold was involved in beeswax

and it was etched, using a mixture of hydrofluoric acid
and nitric acid. In Fig. 4b the inlet of the obtained

diamond micronozzles is presented. The diamond walls
of the micronozzles do not have a uniform thickness
w7x, having approximately 25mm in the thinner region
and approximately 45mm in the thicker region. In spite
of this, it is important to note that, the inner cylindrical
convergent–divergent symmetry of the nozzle is main-
tained, according to Fig. 1a.

3.2. Flow characterization

The nozzles and the microtube have been manufac-
tured in order to work as passive flow controllers and
flowmeters in choking conditions. The characterization
of these devices has been performed in two different
cases: low pressure and high pressure, as described in
the experimental procedures.
In Fig. 5, for the microtube and the nozzles, we

present the curves of the volumetric flow rate(cm y3

min) as a function of the pressure ratioP yP . Asout in

clearly seen, the choking conditions are obeyed in all
cases, that is, for the four devices, in low and high
pressures.
The critical pressure ratio yP is defined as the*Pout in

starting point of the critical volumetric flow rate plateau.
The critical pressure ratio yP was approximately*Pout in

0.5 in the diamond microtube and approximately 0.6 in
the diamond micronozzles. Note that the critical flow
rate decreases with nozzle throat diameter reduction.
The critical properties of the four samples are summa-
rized in Table 2. Based on several measurements per-
formed for each device, we observed that the critical
pressure ratio yP is independent of the inlet and*Pout in

outlet pressure values. The flow rate, in choking condi-
tions, can be controlled and measured when the critical
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pressure ratio yP is reached. This implies that the*Pout in

nozzles, under choking conditions, can be used as
critical passive flow controllers and flowmetersw13–
15x. The mass flow rate(dmydt) can be obtained by
the critical volumetric flow rate plateau of Fig. 5 and
measuring the inlet pressure and temperaturew2,13x.

Taking into account the devices dimensions, air tem-
peratures(around 300 K) and pressures in our experi-
mental conditions, we can verify, using the well-known
fluid mechanics approachw14,15x, that the gas flow is
described by a ‘flow with friction’, where slip-flow
boundary effects are negligiblew16x.

4. Conclusions

In this work we have shown how to fabricate diamond
sonic micronozzles utilizing tungsten wires as molds.
The advantage in fabricating diamond micronozzles,
compared with other materials, is that:(i) it is the
hardest material known, providing high mechanical sta-
bility; (ii) its low thermal expansion guarantees main-
tainance of the throat size for a large temperature range;
(iii ) its high thermal conductivity allows a precise
temperature control; and(iv) the chemical inertness
permits the device to be used in corrosive environments.
The convergent–divergent nozzle shape was obtained
by an electrochemical etching process. A good axial
symmetry has been got for the nozzles shapes. A faithful
diamond replica of the tungsten molds has been
obtained. The experimental flow measurements have
shown that the choking conditions were reached for our
devices. In this way, they can be used as passive sonic
flow controllers and flowmeters.
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