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CHAPTER 1

1 Introduction

This chapter will give a short introduction to
micromachining and explain why powder
blasting is a useful addition to micro-
technology. A general impression of the
technique of powder blasting is presented.

1.1 Micromachining
Micromachining is a general term for the fabrication processes for Micro
Electro Mechanical Systems (MEMS). These are sensors and actuators
with a typical feature size between 1-100 µm (the thickness of a hair is
about 70 µm). The advantages of making such small devices are e.g. fast
response time, low weight, small volume and the utilisation of micro-scale
effects. Examples of commercially successful micro devices are inkjet
nozzles, airbag sensors and pressure transducers.
Traditionally, IC technologies were used for the fabrication of MEMS.
Most of those techniques are based on photolithography. A light sensitive
mask material is applied on top of a substrate, exposed through a mask to
UV-light and developed to define the structures. Later, also other
micromachining techniques were added like wafer to wafer bonding. Two
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main types of techniques can be distinguished: bulk and surface
micromachining. Surface micromachining concerns with the deposition
and selective removal of thin films (<1 µm) on top of a substrate
material. Bulk micromachining concerns etching of the substrate material
and is suitable to machine feature sizes larger than 10 µm.

Figure 1.1 Anisotropic etch profile [1]. Figure 1.2 Isotropic etch profile [2].

1.2 Glass micromachining
Being an IC technology spin off, micro machining has always
concentrated on silicon. Anisotropic KOH etching was an easy method to
perform bulk micro machining in silicon creating channels and through
holes. The dependence of the etch rate on the crystallographic directions
in silicon was useful to accurately machine the substrate (Figure 1.1).
Silicon is a semiconductor with a low thermal resistance. For certain
applications, these properties are not wanted (see e.g. paragraph 8.3) and
glass is used as the substrate material. Glass is a thermal and electrical
insulator, optically transparent and chemically inert. Apart from quartz,
glass is a homogeneous and amorphous material consisting of various
chemical components. Thin oxide layers (SiO2) are usually etched with
wet chemical HF-etching in surface micromachining. This is also
commonly used for bulk micromachining of glass wafers, although it has
some serious disadvantages. Due to the highly corrosive nature of HF,
ordinary mask materials can not be used. Also, this technique is an
isotropic process (Figure 1.2) which results in mask underetching and low
aspect ratios. Also, small local defects in the mask would allow the HF to
penetrate protected areas and create large etch pits.
Alternative glass-machining methods are available but they all have
certain disadvantages. Drilling or milling of glass is possible, but the
minimum feature size is large (>500 µm [3]). Laser machining results in
thermal stresses, material re-deposition on unexposed areas and the
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equipment is expensive. Ultrasonic drilling is fast and very suitable for
brittle materials [4] but complex designs are more difficult to fabricate.
The Reactive Ion Etching of glass results in a very low etch rate (typically
less than 1µm/min, e.g. [5]).

1.3 Powder Blasting
Sand blasting is an old technique. It was and is used for a wide variety of
purposes like tombstone engraving, paint or corrosion removal, house
facades cleaning, surface roughening for better adhesion, device
demarking, glass decoration and (live) tooth drilling. Since the Second
World War, sand blasting is used to systematically investigate the
erosion resistance of materials. This field of research was important for
e.g. gas turbines and pipelines and has grown very large. This provides us
with a large amount of knowledge on equipment and particle-target
interaction. The development of flat panel displays in the nineties caused
sand blasting to be developed to an accurate machining method.
Our interest in powder blasting was raised during a cryogenic micro
cooler project [6] by a review article on micro coolers where components
were abrasively machined in glass using a gelatine mask [7]. Later it was
found that Philips Natlab had been developing this sand blasting to a
mature glass machining technique. For the production of Zeus displays
[8], powder blasting was judged to be the best process to create
thousands of holes at once at low cost, high speed and with a high
accuracy. Currently, powder blasting is used on a large scale in Japan for
the production of flat plasma displays.

1.4 Advantages and disadvantages
The costs of powder blasting equipment are relatively low. Because of the
powder particles (contamination) and the large minimum feature sizes
(>30µm), the process is carried out outside the clean room, which also
reduces the costs. While most micromachining techniques are dedicated
to a single material, powder blasting can in principle be used on any type
of brittle material such as glass, silicon and ceramics. Metals and
elastomers have a high resistance against powder blasting, which allows
them to be used as mask materials. The minimum attainable feature size
is smaller than 100 µm, which is small enough for general bulk micro
machining. Because it is a directional machining technique, aspect ratios
are larger than one. The removal rate of approximately 25 µm/min on a
3” wafer with one nozzle is very high and can easily be increased by e.g.
using multiple nozzles, higher pressures and higher powder fluxes.
Lithographic techniques can be used to define complex designs, which
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makes the process similar to standard micromachining techniques. Very
attractive is the ability to create through-holes in glass relatively easily.
There are also some disadvantages. Powder blasting creates rough
surfaces, which can be an unwanted side effect. It is not suitable to
selectively remove material for e.g. surface micromachining since it
attacks all brittle materials; it is a truly bulk micromachining technique.
Also, the minimum feature size is still much larger compared to other
micromachining techniques. Extra safety measures for operators must be
taken to prevent inhalation of small sized powders, which can cause a
health risk [9].

Figure 1.3 A schematic impression of the powder blast process.

1.5 Powder Blasting in practice
Powder blasting is a technology in which a particle jet is directed towards
a target for mechanical material removal (Figure 1.3). The particles are
accelerated towards the target with a high-pressure airflow through a
circular nozzle (with a diameter of 1.5 mm). The particles hit the target
with a speed up to 290 m/s (depending on the air pressure and particle
size) in a ventilated box. A lateral movement ensures an evenly eroded
surface while a mask, which contains the design, covers the target.
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Figure 1.4 A schematic impression of the powder blast equipment.

The powder blasting equipment is build-up form three basic elements
(Figure 1.4). The first element consists of a powder feeder (Texas
Airsonics HP-2) and a balance (Sartorius QC 34 EDE-S) to record the
amount of the powder that is being used. Second, a blasting chamber is
used where the substrate or nozzle is scanned in lateral direction (custom
made) to achieve an evenly eroded surface. Finally, the blasting chamber
is ventilated by a cyclone (Torit VS550) to separate the particles from
the airflow.

1.6 Outline of this thesis
Chapter 2 will give general information on particle-target interaction and
powder blasting conditions. Most of the information is obtained by other
authors from classic erosion experiments.
Powder particle velocity and kinetic energy is an important parameter for
powder blasting. Chapter 3 shows how the velocity of small particles in a
particle jet can be measured relatively easy.
Mask materials are used to create small and complex structures.
Chapter 4 discusses some of these mask types.
The surface roughness created by powder blasting is much higher
compared to other micromachining methods. Chapter 5 therefore shows
how the roughness is created and how it can be manipulated.
To further decrease the minimum feature size, the average particle size
also has to be decreased. However, the removal rate drops sharply if the
particles become too small. Chapter 6 gives a detailed description of this
transition.
In Chapter 7 the typical channel profiles that are created by powder
blasting are discussed. The typical rounded v-shape of the channels gives
rise to several limitations, such as the maximum aspect ratio. These
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effects can be reduced by changing the particle size or the jet impact
angle.
Chapter 8 will discuss most of the devices that were fabricated using
powder blasting at the MESA+ research institute, and conclude with some
remarks on the current position of powder blasting in micromachining.
Some final remarks on the original goals and outlooks on powder blasting
will be made in Chapter 9.
The Appendix reports a case study of ceramic powder blasting.
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CHAPTER 2

2 Literature review

This chapter will give an overview of the many
parameters and conditions that can influence
the result of powder blasting. Some of the
subjects mentioned here will be further
discussed and investigated in the following
chapters of this thesis.

2.1 Introduction
The literature in this chapter originates mainly from papers on classic
erosion experiments (determining the wear rate of materials).
First the effect of a particle impact on a target material is discussed. The
result of such an impact will depend on the target material (there are
three basic types of materials with respect to particle erosion), and
particle properties such as e.g. shape, size and velocity. This knowledge
can help us to explain the results obtained from powder blasting.
Second the transport of particles to the target by air jet will be discussed.
The air flow, powder mass flux and nozzle height all have an influence on
the particle velocity, which is an important parameter and has to be
measured accurately.
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Finally some aspect of powder blasting as a micromachining technique
are discusses. Most of these subjects are explained in more detailed in the
following chapters of this thesis.

2.2 Particle-target interaction

2.2.1 Brittle erosion
To predict the erosion of billions of particles impacting on a surface,
often a single particle impact on a flat smooth surface is considered.
When a brittle material is impacted by a hard sharp particle, the contact
area is plastically deformed due to the high compressive and shear
stresses. The large tensile stresses that remain after the impact
(relaxation) results in lateral cracks causing the material removal (Figure
2.1).

Figure 2.1 The sequence of a single particle impact (after [1]).

Such an impact event is often compared to indentations made with a
standard sharp indentor (e.g. Vickers). There is no exact analytical
solution to the stress state of a sharp indentation (in contrast to round
indentations [1]). Over the years, several models have been published on
this subject trying to relate the erosion rate to material properties [2, 3,
4]. Traditionally the erosion rate was defined by the weight of removed
target divided by the weight of used powder. Nowadays, often the
amount of target removed by a single particle impact is predicted or
measured.
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Marshall et al. empirically found a relation between indentation pressure
and lateral crack length for a broad range of brittle materials [5].
Slikkerveer [6] used indentation theories to construct an analytical
model based on that relation:
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with Ep the brittle erosion of a single particle in grams, ρt the target
density E the target Young’s modulus, Ukin the particle kinetic energy, H
the target hardness, and KIc the target fracture toughness. The erosion
data of alumina particles on glass fitted rather well to this model. More
importantly, it showed that the erosion only depends on the kinetic
energy of a single particle. A recent and extensive experimental work on
erosion is by Feng and Ball [7] where relations were derived for several
combinations of target and powder materials.

Ceramics

In general, the lateral crack mechanism is responsible for the erosion
behaviour of homogeneous brittle materials. In the case of polycrystalline
ceramics the microstructure (pore size and grain size) also influences the
erosion rate [8, 9]. When the ceramic consists of grains that are much
smaller compared to the powder particle size, the main mechanism of
material removal is the ejection of grain clusters. The particle kinetic
energy is entirely used for grain boundary cracking [2, 10].

2.2.2 Impact angle dependence
When the impact angle of the particle is decreased, the change in erosion
rate is very characteristic and dependent on the target material. Two
main characteristics are often described in the literature: brittle and
ductile erosion (Figure 2.2).
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Figure 2.2 Typical ductile and brittle angle dependent
erosion rate [11, 12]. Perpendicular erosion is at 90°.

Brittle erosion deals with material removal due to crack formation while
ductile erosion deals with material removal due to cutting and ploughing
(see next section). The difference is reflected by the impact angle
dependent erosion rate. Maximum erosion for brittle materials (like glass,
silicon and ceramics) is at 90° impact angle, while for ductile materials
(like metals) the maximum erosion is around 20°-30° impact angle
(Figure 2.2). The impact angle dependent erosion rate for brittle erosion
can as an approximation be described by:

kE )sin(α∝  , Eq. 2-2
with α the impact angle and k an exponent typically between 2 and 3.
However for small angles (≤ 30°) the tangential velocity also plays a role
in enhancing the lateral crack formation in the velocity direction and the
erosion rate becomes larger than described by Eq. 2-2. [13].

Ductile brittle transition

It was already shown in 1966 [11] that the impact angle dependant
erosion rate of glass changes from brittle to ductile for very small particles
[12, 14, 15] (Figure 2.3). These particles do not have enough energy to
initiate a crack, so the target is only plastically deformed. Wear maps
have been developed to show the dependence of this threshold on
particle size and velocity [15]. Later only the particle kinetic energy was
used to calculate the threshold [6]. The ductile-brittle transition is shown
in detail for Pyrex, silicon and sodalime glass in Chapter 6.
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Figure 2.3 Erosion transition due to a decrease in particle size [11].

2.2.3 Ductile erosion
The ductile erosion mechanism (e.g. in the case of metal erosion) is
controlled by plastic deformation. The impact angle dependent erosion
rate is shown in Figure 2.4.

Figure 2.4 Impact angle dependent erosion rate for ductile materials [12].
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At low angles, the particles graze over the surface (ploughing) and at
higher angles the particle comes to rest in the surface while cutting [16,
17, 18].  The displaced material can subsequently easily be removed by
other particles. Erosion at 90° impact can not be explained in this way. In
reality, not all particles will impact at exactly 90° and also the rough
surface results in different impact angles.
The impact angle at which maximum erosion occurs is related to the
material hardness for pure metals or alloys [19]. The erosion rate of pure
metals can also be related to the hardness for grazing angles [12, 20, 21]
as well as for perpendicular impact [19].
The erosion rate (measured in [g/g]) does not change with particle size
above a certain size threshold (<100µm) [12, 22, 23]. This particle
threshold changes with impact velocity (Figure 2.5).

Figure 2.5 Particle threshold in the case of
metal erosion at different velocities [24].

Similar to brittle erosion, the velocity dependence of the erosion rate for
metals is characterised by a velocity exponent:

kvE ∝ , Eq. 2-3

with k between 2 and 3 [12, 24, 16]. This exponent is said to be
independent [19] or dependent [17] on the impact angle. At low impact
angles, ripples are formed on the surface that is a result of the tangential
component of the velocity [25]. When a metal is eroded, often an initial
increase in weight is observed, before the steady state erosion is obtained.
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This weight increase can be explained by particles that embed in the
target on impact [16].

2.2.4 Elastomer erosion
The erosion of elastomers (rubbers) is controlled by fatigue crack growth
and erosive wear. This is caused by tensile stresses due to frictional
traction’s rather than bulk deformation of the elastomer [26, 27]. It
results in a lower erosion rate at 90° impacts than at glancing impacts.
The angle dependent erosion rate looks similar to that of ductile
materials, although the erosion mechanisms at work are rather different.
Often, there is a start-up effect in the erosion rate. First the target mass is
increasing due to embedding of particles into the material. After a while
this process is in equilibrium and the steady state erosion is reached. The
dependence on velocity can be much higher compared to ductile or
brittle materials [26]. The influence of elastomer material properties on
erosion is not yet well described in the literature, probably due to the
large variety of elastomer materials. A good recent literature review was
made by Slikkerveer et al. [28].

2.2.5 Particle properties

Degradation

When a particle impacts on target, also the particle can fracture. This
especially occurs when the particle hardness is equal to or lower than the
target hardness (e.g. when blasting ceramic materials, see Appendix) and
it results in a much lower erosion rate [29, 30]. Less severe degradation
of particles can also lead to more rounded particles, reducing the erosion
rate [31]. The amount of particle fracture also depends strongly on the
impact velocity [15, 32]. Experiments with alumina particles on glass
targets showed that the particles break on impact due to pre-existing
flaws. So as the particles become smaller during erosion, they also
become stronger since the biggest flaw is removed on first impact [32].

Size

The most important effect of the particle size on erosion properties is its
influence on the kinetic energy. However, other effects have been
suggested such as a difference in localised heating [33] or a difference in
strain rate [34]. A wide particle size distribution will enhance the erosion
rate [35].
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Round particles

All particles referred to in this thesis are sharp (Figure 2.6), unless
mentioned otherwise. In the case of round particles, a different crack
mechanism plays a role in erosion [36]. The contact on impact is elastic
and the stress distribution can be calculated using Hertz’s theory [37].
Cracking now only occurs when a flaw is already present in the stressed
area, whereas sharp particles create their own flaw (see Chapter 6). This
plays a role in e.g. the erosion transitions [31].

 

Figure 2.6 Sharp Alumina particles, average size 29.2 µm (left)
and 9 µm (right).

2.3 Blast Conditions

2.3.1 Air jet flow [38]
Powder particles are accelerated by inserting them in a high velocity air
jet. This air jet is produced by applying a pressure difference over a
nozzle. The applied pressure differences are often larger than 1.9 bar. In
that case a cylindrical nozzle is choked, which means that the air velocity
at the nozzle exit is equal to the velocity of sound. (Note however that in
case of a Laval-nozzle (a converging-diverging nozzle) the air velocity can
increase to supersonic values.) The sound velocity at the exit of a choked
cylindrical nozzle (which is now equal to the air exit-velocity) can be
calculated from:

ρ
ep

kc ∝ , Eq. 2-4

where c is the velocity of sound, k the specific heat ratio (k = 1.4 for ideal
gasses), pe the air pressure at the nozzle exit, ρ the air density. When the
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nozzle is just choked, the pressure at the nozzle exit is equal to the
atmospheric pressure so the corresponding sound velocity is about
330 m/s.
When the pressure difference is increased to values above 1.9 bar, the
nozzle exit pressure will also increase and become larger than
atmospheric pressure The pressure at the nozzle exit can than be
calculated with (for k = 1.4 and choked flow):

5283.0≈
r

e

p

p
, Eq. 2-5

with pr the pressure in the powder reservoir.
This pressure increase also changes the local air density, because for
isentropic compressible flow:

1C
p

k
e =

ρ
, Eq. 2-6

with C1 a constant, which has a value of about 69.8⋅103. Using Eq. 2-4
and Eq. 2-6 the sound velocity (air velocity) in a choked cylindrical
nozzle exit can be calculated:

( )k
e

k pCkc /11/1
1

−= . Eq. 2-7

Using Eq. 2-5 and Eq. 2-7 it can be calculated that a reservoir pressure of
5⋅105 Pa results in an approximate air velocity at the nozzle exit of
378 m/s. In reality, the air jet is mixed with powder particles, which has
an influence on the air jet that is very difficult to calculate. It is suggested
that the exit pressure in that case becomes higher [39].

2.3.2 Gas-particle flow
When particles that are accelerated by the air jet leave the nozzle, they
often have a velocity that is still lower compared to the air velocity. This
means that the particles are still accelerated outside the nozzle. So the
maximum particle velocity can sometimes be obtained up to a distance
from the nozzle of 10 times the nozzle diameter (Figure 2.7). This is also
clearly seen in the erosion rate which first increases and then decreases
with increasing nozzle–target distance [39]. This effect is large when the
velocity difference between particle and air jet is large, which is the case
for large particles (higher mass), high air velocities and high particle
fluxes (lower average velocity).
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Figure 2.7 Particle velocity versus nozzle distance. Same measurement
method as Figure 3.9 page 44. Mass flux is 1.4 g/min, pressure is

2.3⋅105 Pa (left axis) and 1.0⋅105 Pa (right axis).

When the air jet is projected onto a flat target, the air speed becomes
zero only very close to the surface. Large and heavy particles are likely to
continue their path undisturbed. Aerodynamic effects can have a large
influence on the trajectory of small (<10µm) particles [40]. The air
streamlines that flow around the target will interact with these particles
and it can alter the impact angle and location.
Equations have been given to calculate the particle speed from the air
speed [41]. Experiments show that the particle velocity v is proportional
to:

5.0285.0 pdv −∝ , Eq. 2-8

with d the particle diameter and p the air feed pressure [42] (measured
for pressure up to 0.7⋅105 Pa, particle sizes between 70-1000 µm and
cylindrical nozzle. Also see Figure 3.12 page 48.). For nozzle aspect ratios
between about 30 and 130 the particle velocity is hardly effected by the
nozzle length [43].

2.3.3 Particle flux properties
A higher particle flux will increase the total erosion rate. However, flux
effects will at some point decrease the average erosion of a single particle
[8, 44, 45]. Due to the high particle density in the jet, slow particles that
rebound from the target are likely to collide with fast incoming particles.
The particle-particle collisions increase the amount of particle impacts on
the surface, but reduce the impact energy and change the impact angle,
thereby lowering the average erosion rate. This shielding effect decreases
for higher velocities because the slow rebounded particles are removed
more quickly from the impact zone due to a higher air velocity [46].
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Another effect of high particle fluxes is the decrease in particle velocity at
a constant pressure (Figure 2.8). This is because the momentum of the
air jet has to be distributed over all particles, which is also reflected in a
decrease of erosion rate [39].

Figure 2.8 Particle velocity is decreased with flux increase. Same
measurements method as in Figure 2.7

So although a higher particle flux generally decreases the total process
time, it also has to be considered that the powder quantity required to
remove a certain amount of target is much larger.

2.3.4 Powder supply
Powder feeding systems are used to ensure an even supply of powder to
the air jet. Any discontinuity in the feeding will reflect on the erosion
uniformity. Often the powder is supplied by a vibrating feeder, which is
an accurate method [47]. Any water vapour in the system can coagulate
the particles, so the air is dehumidified and the powder is heated up to
120°C to enhance the reliability of powder feeding [39, 50]. Next, there
are two main ways to insert the powder in the high-pressure air stream:

Suction supply [48,49]

The air jet is accelerated by a narrow passage in the tube or nozzle, which
creates an underpressure. Particles are supplied by an exterior tube and
sucked into the nozzle (Venturi effect, Figure 2.9). The system allows an
easy refill during blasting or change of powder size. It can be limited in
particle velocity since the maximum air velocity is attained inside the
nozzle, and not at the exit. However, the air velocity can also increase
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after the narrow passage when using a carefully designed converging-
diverging nozzle (Laval-type).

Figure 2.9 Supplying powder by using the venturi effect.

Closed system supply [39, 54, 50]

This system is also used at the MESA+ institute. The powder is
transported in a closed pressure system to the exit by a vibrating hopping
movement. Powder refill requires decompression and powder changing
requires a total cleaning of the system. However, with this closed system
it is easy to obtain high particle velocities.

2.3.5 Nozzle
In our set-up, a cylindrical nozzle is mainly responsible for the
acceleration of the particles. There can be a large variation in nozzle size
and aspect ratio, but the inside diameter (1.5 mm in our case) is of
course smaller compared to the connection tubes. The nozzle also suffers
from particle impacts even though it is usually made of a hard ceramic
material. This erosion makes the inner nozzle geometry divergent
because the particle velocity is larger towards the nozzle exit [50]. It
leads to a reduction of the particle velocity, and hence the erosion rate.

Nozzle roughness / halo effect

Even with straight nozzles, particles do not leave the nozzle parallel to
the nozzle axis [51]. A turbulent air plume itself has a divergence [52],
which is reflected in the particle jet. In addition to this, interaction of the
particles with the inside nozzle wall can cause particles to leave the core
of the jet and impact outside the main impact site (this is called the halo
effect [51]). Especially if the nozzle wall roughness is large, the
rebounding angle of the impacting particle on the nozzle wall will be
larger. This also reduces the average particle velocity [48].
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Flat Nozzle

Powder blasting with a cylindrical nozzle is like milling the target with a
pointed chisel. Scanning the target results in a series of lines placed
closely next to each other. Together they must form a uniformly eroded
surface. To increase this uniformity, a new flat nozzle type has been
introduced for powder blasting. This letterbox shaped nozzle exit
distributes the particles over a wider area. Together with the scanning
motion it results in overlapping eroded rectangulars, which makes it
easier to achieve a uniform eroded surface. Since the core of the particle
jet is still small in one direction, flux effect is smaller and the mass flux
can be increased more without reducing the erosion rate [53]. The larger
nozzle opening does require a higher pressurised air flow and a larger
scanning motion to get the nozzle out of the working area after one
completed scan.

2.3.6 Velocity measurements
Particle velocity is an important parameter in powder blasting. Although
the velocity can be estimated using the air feed pressure, the exact value
depends on machine set-up and can best be measured regularly. Several
velocity measurement methods have been presented.

High speed photography

The shift of particles on two photographs, which are taken at a timed
interval, indicates the particle speed. Also the length of a particle streak
on a single photograph combined with the shutter time can provide that
information. It works well with large particles, but can be time-
consuming.

Double rotating disks [6, 15, 42, 54, 55, 56, 57]

In the double disk method, two disks are rotated at a high speed (Figure
2.10). The first disk contains a slit, which serves as a shutter for the
particles. The place where the particles hit the second disk and a mark is
created indicates the particle time of flight. Together with the distance
between the disks, the velocity can be calculated. This is a cheap method
of measurement. However, it is an offline and time-consuming method
and has the disadvantage of creating some disturbance in the air flow
pattern which introduces a systematic error which is significant for
particles smaller than 100 µm. The method measures typically with an
error of 10%.
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Figure 2.10 Double Disk method for velocity measurement

Optic gates [42, 48, 58]

The optic gate consists of two light emitters and receivers situated at a
fixed distance from each other at the end of the nozzle. One particle
consecutive passes the first and second receiver. The elapsed time
between these events is measured and the velocity can be calculated. The
minimum particle size that can be detected is approximately 70µm, at a
low particle flux (about 40-60 particles per second).

Laser Doppler Anemometry (LDA) [6, 56, 57, 59]

In LDA, two laser beams cross each other creating interference fringes.
Powder particles that cross this area reflect the pattern to an optical
receiver. The frequency of the optical pulses that are received is a
measure for the particle velocity. LDA is superior because it can measure
the velocity of individual particles in large particle fluxes. It is an online
measurement of the velocity distribution. Unfortunately, the initial
equipment costs are very high.

We developed a “cross correlation method” to measure the particle
velocity, which has lower initial equipment costs (described in
Chapter 3). This CC-method correlates the light scattered from powder
particles that are directed through two parallel laser beams.  It is an
accurate method, and it can be used on small (9-29µm) particles at high
(up to 20 g/min) mass fluxes.
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2.4 Powder blasting in micromachining

2.4.1 Mask materials
The particle jet diameter is equal to or larger than the nozzle diameter
(>1mm). Therefore, mask materials are used to allow machining small
feature sizes (<100 µm). Ductile materials (e.g. metals) and elastomers
[28] require multiple particle impacts to remove a piece of material. This
generally results in a lower erosion rate compared to brittle materials with
a selectivity of about 20 to 80 (depending on process parameters). This
makes them suitable to be used as a mask material.
From the industry of decorative arts, some (liquid) elastic mask materials
are currently available. Due to the development of flat panel displays, for
which powder blasting is an important fabrication step, the commercially
powder blasting mask material BF400 was available from Japan.
Fabricated by Tokyo Ohka Kogyo it comes in “Ordyl BF410” (100 µm
thickness) and “Ordyl BF405” (50 µm thickness) [28, 60]. Although the
erosion of this mask material is not optimal (three times faster compared
to copper), it is user friendly and can be used for small feature sizes
(>50µm). Also, the handling of this mask was easy and comparable to
standard micromachining lithography. Other elastomeric coatings with a
higher erosion resistance are also proposed for powder blasting [28].
Even a simple Scotch tape [61] or a gelatine layer [62] can be used. New
candidates for mask materials should also be tested at oblique angles [28]
because mask edges, were the mask is impacted at lower angles, are the
first to erode during blasting.

Metals are normally used as a powder blasting mask material by means of
a metal plate [63, 64]. By drilling, milling, etching or laser machining a
pattern is created in a plate. The mask can simply be clamped
mechanically or magnetically to the target. However, this will allow the
particles to get between the mask and the target and damage the target.
To prevent this, an intermediate protection/adhesion layer can be applied
[63]. A metal plate mask has the advantages of a long durability (low
erosion rate and large thickness) and its applicability on any kind of
material. However, the disadvantages are the limitations in feature size
(>50 µm [64]) and pattern constraints (ring patterns cannot be used
because the inside should be` supported). Also, a thick metal mask will
influence the particle stream, especially with small features. When the
metal mask is very thin, the large stresses caused by the particle impacts
will cause the mask to buckle if not attached properly to the target.
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In order to combine the low erosion rate of a metal, and the high
resolution and flexibility of a lithographic process, we introduced
electroplated copper as a mask material. It has a very high resistance
against powder blasting and the mask thickness can be tuned as desired.
More details on the use of these masks are given in Chapter 4.

2.4.2 Side wall inclination
A problem is revealed when a part of the target is shielded from the
particle jet: sidewall inclination. A powder blasted channel has slant
sidewalls (Figure 2.11). The typical shapes that are created have been
successfully modelled by Slikkerveer et al. [65]. This effect is responsible
for a decrease in erosion rate as the channel depth increases. So it
restricts the aspect ratio and results in the blast lag (wide channels
become deeper compared to small channels). More details and
discussions on this subject in Chapter 7.

Figure 2.11 Sidewall inclination in patterned powder blasting [66].

2.4.3 Choosing particle size
A smaller feature size requires the use of smaller particle sizes. A general
rule of thumb is a particle size of at most 1/3 of the minimum feature
size [63]. But often a smaller particle size is chosen to get a lower
roughness and smaller edge chipping of the channels. Smaller particles
can also increase the aspect ratio and reduce the blast lag (see
Chapter 7).
There are however several reasons why the average particle size should
not be too small. First, as the particles get smaller, the erosion of a single
particle impact can decrease sharply as we get closer to the ductile-brittle
transition (Table 2-1, see also Chapter 6). This not only increases the
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process time, but also negatively influences the selectivity with the mask.
Second, small particles are more difficult to handle. Their low weight
makes them more susceptible to sticking due to e.g. Van der Waals forces
and humidity. This makes a smooth powder feed more difficult. Last but
not least, as the particles become smaller than 10 µm, it is more
dangerous for operators to accidentally inhale them [67], which has
safety implications.

Table 2-1 Calculated approximate removal rates at standard blast conditions
(Pyrex target, 7x7 cm blasting area, sharp alumina particles, air pressure 4.5 bar and
powder flux 10 g/min).

Particle size
[µm]

Speed
[m/s]

Powder rate
[g/cm2⋅⋅⋅⋅µm]

Removal rate
[µm/min]

3 360 0.155 1.3
5 325 0.0315 6.5

9.0 290 0.0151 13.5
17.1 252 0.0106 19.3
29.2 220 0.00837 24.6

The decrease in erosion rate of small particles can be overcome if we
could increase the kinetic energy of the small particles by accelerated
them to a higher velocity. Unfortunately, our set-up does not allow a
large increase in particle velocity so that the kinetic energy of a particle is
mainly determined by its mass. For example, to get the same kinetic
energy of a 29 µm particle with a speed of 220 m/s, a 9 µm particle would
need to travel with 1275 m/s.
So the choice of particle size will determine the minimum feature size,
the process time and the accuracy of the pattern transfer.

2.4.4 Surface roughness
Powder Blasting results in rough surfaces with an Ra typically up to 2.5
µm. The kinetic energy of powder particles determines the size of the
lateral cracks on impact that are mainly responsible for the roughness. If
the kinetic energy of the particles is low enough to prevent lateral cracks,
the surface roughness is diminished. Unfortunately, in that case powder
blasting does not anymore have the important advantages like a high
removal rate and selectivity. The lateral crack size and hence the
roughness can be predicted by erosion models [6]. Other micromachining
methods (like RIE or HF etching) generally have a much lower
roughness, so the effects on device performance have yet to be studied. It
is clear that glass looses its optical quality after blasting, and that the
roughness creates a higher contact area. In the case of micro fluidic
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devices, preliminary studies show that the dispersion is higher [68] and
the electroosmotic flow is opposite to normal channels [69]. The surface
roughness of glass can be changed after powder blasting to a higher or
lower value, these methods are described in Chapter 5.
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CHAPTER 3

3 Velocity Measurements

This chapter will introduce a velocity
measurement method for small particles in an
air jet, which uses cross-correlation techniques.
Since the particle velocity is an important
process parameter, an accurate velocity
measurement is essential. The method is
compared to the classical double disk system,
which is inaccurate for small particles.

3.1 Introduction
Erosive particle jets are widely used for erosion experiments and also for
powder blasting (Abrasive Jet Machining) as a technique to machine
microstructures [1][2]. Recently, the minimum feature size for powder
blasted structures was decreased to about 30 µm [3]. For this, small
particles (<30 µm) have to be used. The particle kinetic energy is a very
important process parameter in powder blasting; therefore the particle
velocity has to be accurately measured.
Several methods are available to measure particle velocity in an air jet. A
well-known and simple method is the Double Disk system.
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Measurements on small (<100 µm) particles with this DD-method are
inaccurate, as shown in this chapter and by others. Other methods
include several Particle Image Velocimetry techniques, cross-correlation
methods like “Optic Gates” [4] and “laboratory correlator” [5], and the
very capable, but expensive, Laser Doppler Anemometry [6] [7].
In this chapter we first improve the DD-method to attain more accurate
results with small particles. This offline method however remains
inaccurate and laborious. Therefore an improved cross-correlation
method is also presented here. This CC-method requires a rather simple
set-up, can measure (small) particle velocity easily and is suitable for
online measurements on bulk particles.

3.2 Experimental set-up

3.2.1 Double Disk method [4, 7, 8, 9, 10]
The double disk method is widely used as an inexpensive and simple set-
up to measure the time of flight of particles. It consists of two disks
simultaneously rotating at a high frequency (Figure 3.1).

Figure 3.1 Double Disk method for velocity measurement

The first disk contains a slit, which acts like a shutter for the particles.
The second disk is prepared with a thin layer of ordinary sprayed paint.
The powder jet is placed in front of the first disk. As the slit passes the
powder jet, some powder particles travel through the first disk towards
the second disk while the disks continue to rotate. A mark is created by
particle impacts on the second disk. By manually measuring the angle
between this mark and a mark created at zero frequency (Figure 3.2) the
particle velocity can be calculated by using the rotation frequency, and
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the distance between the disks:

,
360

θ
°⋅⋅= df

v Eq. 3-1

with v the particle velocity, f the rotation frequency, d the distance
between the disks and θ the rotated angle. The distance between the two
disks is 2.1 cm. The operation frequency was measured each time using a
Philips PM6667 counter, its value being approximately 500 Hz. The
nozzle was placed at 1 cm from the first disk.
A more accurate but also more laboriously method, is to use a second
disk of glass on which the marks are eroded by the particle impacts. The
distance of these craters can then be measured using an accurate
profilometer [2].

θ =15
θ =23,5o

o

1 cm

Figure 3.2 Photographic image of the
typical marks on the second disk.

The first disk of the system disturbs the airflow pattern, which influences
the velocity measurement, especially for particles smaller than 100 µm
[4,8]. The small momentum of these particles makes their trajectory and
velocity more sensitive for changes in the air jet flow.

Figure 3.3 First disk from DD-method, with small (left)
and long (right) slit.
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To decrease this effect we also used a first disk with a long slit, as shown
in Figure 3.3 (right). In that case the air stream is not immediately cut-of
and it can drive the particles all the way towards the second disk. To
measure the rotated angle, a different strategy is needed. First, the
particle jet creates a long mark on the second disk while rotating them at
the high frequency (analogous to the normal measurement). Now,
manually a mark is created on the second disk (e.g. by using a knife) to
indicate the start and end position of the long slit in the first disk (Figure
3.4).
It is relatively easy to determine the average position of the marks in
Figure 3.2 by eye. In case of the long slit, the beginning and the ending
of the mark have to be determined, which is more difficult due to the
gradual change in eroded paint. To eliminate the error made by the
human judgement, the angle at the begin and at the end are both
measured and averaged (the difference between these two angles was
never more than 6%).

Figure 3.4 How to measure the rotated angle from the long-slit-
mark on the second disk.

3.2.2 Cross-Correlation Method
Our “CC-method” consists of two scattered light signals that are cross-
correlated to calculate the particles time-of-flight.
A 5 mW He-Ne laser and a beam splitter are used to obtain two parallel
laser beams (width at 75% = 485 µm). The powder jet is directed
through these beams to produce two scattered light signals (Figure 3.5).
These signals are focused on two photodiodes (type BPX65). The non-
scattered laser light is blocked at the focal point of the lenses.
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Figure 3.5 Set-up for Cross-Correlation velocity measurement.

Many particles that travel through the first laser beam are also travelling
through the second beam. This means that the scattered light signal that
is received by the first diode is similar to that received by the second
diode, except for a time lag. By calculating the cross-correlation of the
two signals this time lag, which is equal to the particles time of flight, can
be found.
The distance between centre of the two laser beams was approximately
5 mm. The exact value was regularly checked using a scanning knife-edge
(with an accuracy of 0.1%). The powder blast nozzle is placed 1.75 cm
above the first beam to obtain the same average measurement distance as
in the DD-method. When powder blasting, the particle jet is obstructed
by a target, which can have an influence on the air-jet properties. Such an
obstruction is not present at these CC- velocity measurements.

Figure 3.6 A simple one-transistor circuit to amplify the signal
from the photodiode.
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The two signals from the diodes are amplified by a simple one-transistor
circuit (Figure 3.6) and detected by a digital oscilloscope (National
Instruments 5102) for a specific time. The sample frequency was about
5-10 MHz, enough to sample the signal of a single particle travelling
through one laser beam.
A computer program (programmed in Labview 6) collects the signals and
calculates the cross-correlation (a standard function in Labview), the time
of flight and the velocity by using the distance between the laser beams.
Every velocity measurement consists of at least 10 individual
measurements that are averaged.

Calibration

To calibrate the CC-method, a disk with large openings was rotated at a
frequency of 50 Hz to periodically block the laser beams. Placing a small
piece of transparency sheet just after the rotating disk attained the
necessary scattering of the laser light. The velocity at which the disk
interrupts the laser beams depends on the radius of the disk at which the
beams are blocked. This radius was varied to change the velocity between
14-17 m/s. The difference of the velocity calculated from the radius and
the velocity measured with the CC-method was smaller than 1%.

3.3 Results

3.3.1 CC-measurements
Figure 3.7 shows a detail of the cross-correlated signal from a typical
velocity measurement, the total recorded time being 1.2 ms in this case.

Figure 3.7 Detail of a typical single measurement result of the CC-method.

In stead of using the time of flight that corresponds with the position of
the peak, it is also possible to use the average of the time values of the
peak width at 75% amplitude. However, the difference between these
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two results was never larger than 1%. In our case, the peak width
depends mainly on the particle velocity (Figure 3.8). The width of a light
peak that is generated by a single particle through a single laser beam
(the time of flight through one beam) depends on its velocity. When we
assume that the peak is gaussian, it can be calculated that the cross-
correlated peak width is √2 times larger than the original peak width. So
measuring high velocity particles results in a narrow cross-correlation
peak. The solid line in Figure 3.8 indicates the peak width that should be
generated by our laser beam of 485µm (at 75% peak).

Figure 3.8 The cross-correlation peak width depends mainly on the
particle velocity.

As stated, one measurement consists of the average value of several
measurements. The standard deviation was in all cases about 3-7 m/s,
depending on the quality of the signal.
The signal from 9 µm particles was not as good as compared to 29 µm
particles when operating at the same mass flux. The cross-correlated
signal improved when more particles participated in a measurement (so
with increased particle flux or recorded time). A recording time of 3.2 ms.
allowed us to do good measurements, while the computer could still
perform the correlation twice every second.
Figure 3.9 shows that the particle velocity changes with distance from the
nozzle. Therefore, when comparing the DD- and CC-method, it is
important to use the same average measurement distance from the
nozzle.
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Figure 3.9 The change in particle velocity with distance to the
nozzle. Mass flux is 1.4 g/min, pressure is 1.0⋅105 Pa.

3.3.2 Comparing DD- and CC-method
In all cases the DD-method resulted in a smaller velocity measurement.
When using the small slit disk for the DD-method (Figure 3.10), it was
clear that as the velocity of the 9 µm particles decreased, the time to
create a clear mark on the second disk rapidly increased. The last DD
measurement of the 29 µm particle at 4.5 bar deviates very strong from
the rest of the measurements (this was measured several times). The
reason for this is not clear, since the 9 µm particles do not show this
effect. By ignoring this last point, a velocity-velocity plot is drawn to
compare the two methods.

Figure 3.10 Comparison of velocity measurements with DD- and CC-method
using a small slit disk.
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When using the long slit disk for the DD-method, the measurements
were closer to the values obtain with the CC-method (Figure 3.11). Also,
the time to create a mark on the second disk was shorter and similar for
all velocities. Again, a velocity-velocity plot is drawn to compare the two
methods.

Figure 3.11 Comparison of velocity measurements with “long slit” DD- and CC-
method.

3.4 Discussion

3.4.1 CC-method
The CC-method resembles the optic gates system from Stevenson [4],
which could measure the velocities of 70 µm or larger particles in small
mass fluxes at the end of the nozzle. Our CC-method proves to be an
easy way to measure the velocity of bulk small particles at any position in
the particle jet. The feed rate of our set-up was rather high (3-12
grams/min), and it can be calculated that the amount of particles
simultaneously present in one laser beam varies from 2 to several
hundreds (depending on particle size, speed and flux). This means that
the signal consists of a superposition of several individual peaks.
Figure 3.8 shows that the peak width depends mainly on the particle
velocity. So when using a single laser beam, it would be possible to
calculate the particle velocity by using the peak width of the
autocorrelation of the signal. However, the error bars in Figure 3.8 show
that this would not be an accurate method in our set-up. One could
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expect that the particle velocity distribution also influence the peak
width. First of all the powder samples we use have a very narrow size
distribution (sigma=1µm [11]) so the velocity distribution will also be
relatively narrow (also see appendix). So apparently the width of the laser
beam has a much larger influence on the peak width than the relatively
small velocity distribution.

3.4.2 DD- versus CC-method
Other authors have shown that a velocity measurement with the DD-
method results in a 10% lower value compared to more accurate methods
[7]. This is consistent with our measurements on 29 µm particles in
which the DD-method with small slit shows an average deviation of 9%
compared to the CC-method.
When using 9 µm particles, the deviation compared to the CC-method
increases from 8% up to 35% with decreasing velocity. It shows that the
disturbance of the first disk on the air stream has a large influence on the
velocity of small and slow particles.
To decrease this disturbance, we introduced a longer slit in the first disk.
These measurements (Figure 3.11) indeed show a higher velocity
measurement for 9 µm particles. The maximum velocity difference
compared to the CC-method decreased from 35% to 18%. Long slit DD-
measurements on 30 µm particles also improved. For higher velocities,
the measurements even approach the values obtained with the CC-
method.

Since the powder has a particle size distribution, also large and hence
slower particles are present in the jet. Despite the lower velocity, they
have a higher kinetic energy and can dominate in the DD velocity-
measurement. However, in the appendix we calculate that this particle
size distribution effect introduces an error of only 0.8% in this case. So it
cannot be responsible for the large error in DD-velocity measurement
that remains for the 9 µm particles. Still, for smaller particles or wider
size distributions this effect can become very important. Stevenson [4]
observed a higher velocity value of the DD-method compared with an
optic gates method. This however can not be explained by our
calculations, since a higher DD-value is only possible with a positive
velocity-size exponent or an exponent which is lower than –1.5, and both
are not realistic.

So other effects may still be responsible for the DD-method error.
Despite the long slit, the first disk may still influence the particle jet.
Also, the CC-method does not have a plate perpendicular to the particle
jet (like a target or like the second disk in case of the DD-method). If a
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plate would be inserted, the 9 µm particle jet and air flow will be
disturbed, which can result in a lower velocity towards the plate [12].

3.5 Conclusion
Velocity measurements with the conventional DD-method on small
(<100 µm) particles are not accurate or hardly possible. This method can
be improved by replacing the small slit in the first disk with a longer slit.
In this way, the air jet is not immediately cut-off and it will drive the
particles all the way to the second disk. Our experiments show that this
results in a more accurate velocity measurement and also enables us to
measure the velocity of small and slow particles. However, it still has an
unacceptable error in some cases. The particle size distribution effect can
be responsible for large errors in DD velocity measurements, especially
with wide particle distributions in combination with small particles. It
was calculated that this effect couldn’t be responsible for the error in our
case, due to a narrow particle size distribution.
We introduce in this chapter an adapted CC-method for velocity
measurements. The set-up requires ordinary lab equipment and the cross-
correlation provides a robust and powerful measurement method. By
using the scattered light from the particles, this method is capable to
measure the velocity of very small particles (3 µm). There is no apparent
limit to the particle size or speed that can be measured, although the
signal becomes less clear when the particles get smaller or faster. The
speed of the particles can be measured anywhere in the particle jet, only
restricted by the distance between the laser beams (approximately 5 mm
in our case). This online method is suitable when powder blasting is used
as a high-resolution machining-technique with relatively high mass fluxes
and small particles.
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3.7 Appendix: Particle size distribution effect
Even with the long slit DD-method we still encounter an error in velocity
measurement. We will calculate the effect of a particle size distribution
on a DD velocity measurement to see if it can be responsible for this
error. To do so, we make some assumptions:

1. The size distribution of our particles is gaussian:
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with d0 the average particle size and σ the standard deviation.
Specification giving by powder supplier Treibacher [11] shows that
the standard deviation of their powders is 1µm for both 9 and 29
µm particles.

2. As an approximation, we assume that an accumulated amount of
kinetic energy is necessary to remove a piece of paint from the
second disk. In other words, a 29 µm particle accounts for 33
particles of 9 µm at the same speed.

3. The velocity is a function of the particle size (at a constant pressure)
such that:

ndCdv ⋅=)( , Eq. 3-2

with C a constant, n an exponent and d the particle diameter. This
functional dependence was shown by e.g. Stevenson [4].

Figure 3.12 Velocity versus particle diameter, measured with CC-method at a
pressure of 1 bar and a nozzle opening of 1.5 mm.
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We used our CC-method to measure the velocity as a function of particle
size at a pressure of 1 bar (Figure 3.12). It is fitted to a function with C
= 4.58 and n = -0.292. The exponent value is comparable with the value
that was measured by Stevenson [4]: -0.285. It clearly shows that larger
particles are more difficult to accelerate and attain a lower velocity at the
same pressure.
The mass of the particles is calculated assuming a spherical shape as an
approximation. Using Eq. 3-2, the kinetic energy can be calculated:
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with m the particle mass and ρ the specific weight.
To calculate which particle size is mainly responsible (dominant) for the
mark on the second disk, we combine Eq. 3-1 and Eq. 3-3 to calculate
the kinetic energy load.
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The maximum of this function (where the derivative is zero) indicates
the particle size d1 that is dominant in the DD velocity measurement:
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(when σ=0, d1=d0 so the sign before the root is positive.) The relative
shift in a DD velocity measurement can now be calculated:
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By using Eq. 3-6, Figure 3.13 shows the relative velocity shift for particles
sizes with a standard deviation of 1 µm, and a velocity exponent of
-0.292. The shift in a velocity measurement by the DD-method for 9µm
particles is only 0.8%. For smaller particles or larger standard deviations,
this error can increase rapidly.

Figure 3.13 Relative velocity shift in DD-velocity measurement with a given
particle size distribution.
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CHAPTER 4

4 Mask Materials*

Several types of mask materials will be
discussed in this chapter. A small feature size
and an accurate pattern transfer can be
achieved when using a mask for powder
blasting. Electroplated copper is introduced
and studied as a new type of powder blasting
mask.

4.1 Introduction
Sand blasting is an old technique, which is used to remove paint, clean
house facades and decorate glass. Powder blasting, with small (<100 µm)
particles, is used for e.g. device demarking in electronic industry, surface
preparation prior to plating (without mask) but also rapid prototyping
[1] and flat panel display production [2][3] (with mask). In research, it is
widely used to determine the wear rate of industrial materials.

                                                     
* Based on: H.Wensink, H.V.Jansen, J.W.Berenschot, M.C. Elwenspoek, "Mask
materials for powder blasting", J. Micromech. Microeng. 10 (2000) pp.175-180, with
an important addition to the electroplated copper section.
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Powder blasting can also be used for micromachining. Being an IC
technology spin off, micromachining is normally performed on silicon
whereas other materials are less frequently processed. Powder blasting is
suitable for machining a wide class of materials like glass, silicon and
ceramics and the required equipment is relatively cheap. It is a fast
process; the time to erode through a 500 µm thick 3” Pyrex wafer with
one nozzle is approximately 20 min. in our set-up. It also fits very well
between the common micromachining techniques due to its lithographic
masking abilities, process similarities and compatibility. For the
production of flat panel displays, powder blasting was judged to be the
best process to create thousands of holes at once at low cost, high speed
and with a high accuracy [2]. In the field of micromechanics, powder
blasting has already successfully been used e.g. for making an inertial
sensor [4], a selfpriming peristaltic micropump [5] and a miniaturised
capillary electrophoresis chip [6]. There are several advantages in using a
mask with powder blasting. The particle jet (which expands to about one
cm in diameter) can be optimised for machining, while the mask defines
the small and complex structures. It also allows multiple jets to be used
which decreases the process time. Up to now, the minimum feature size
with powder blasting is limited in practice to about 100 µm [7], a major
goal of our project is to decrease it.  For this, two factors are important.
First, it requires the use of an average particle size of at most a third of
the desired channel width (as a rule of thumb). Fortunately, sharp
alumina (Al2O3) particles are available in large quantities with any
average size. Second, it has to be possible to make a mask with small
feature sizes. In this Chapter we look at mask materials for powder
blasting in general, while testing them with 30 µm alumina particles, and
for the possibility of making smaller dimensions in particular.

Figure 4.1 A schematic impression of the powder blast process.
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4.2 Powder Blasting
Powder blasting is a technology in which a particle jet is directed towards
a target for mechanical material removal (Figure 4.1). The particles are
accelerated towards the target with a high-pressure airflow (Figure 4.2).
The airflow is mixed with the particles by a vibrating feeder (HP-2, Texas
Airsonics). The mixture is directed through a circular nozzle (with a
diameter of 1.5 mm) at the end of the tube. The particles hit the target
with a speed up to 200 m/s (depending on the air pressure) in a separate
box. This box is ventilated by a cyclone, which removes the particles from
the airflow.

Cyclone
Ventilation

<6 bar

Powder

Nozzle

X-Y movement

Air feed
Box

Substrate

Figure 4.2 Powder blasting equipment.

A lateral movement of the target ensures an evenly powder blasted
surface while a mask, which contains the design, covers the target. Figure
4.3 shows a typical result of powder blasting in Pyrex glass.

Figure 4.3 Perspective view of a typical result of
powder blasting in Pyrex glass (400 µm deep).
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The erosion process is usually described as the sum of many single
particle impacts. There are roughly three classes of materials to be
considered in powder blasting; ductile materials (like metals), elastomers
(like rubbers) and brittle materials (like glass, silicon and ceramics).
Ductile materials erode by cutting and ploughing, elastomers by fatigue
mechanisms and brittle materials by crack growth.

Figure 4.4 Erosion mechanism of a single particle impact.

When a brittle material is impacted by a hard sharp particle, the contact
volume is plastically deformed due to the resulting high compressive and
shear stresses. It leads to large tensile stresses after the impact
(relaxation) at the boundary between the plastically and elastically
deformed indentation. This results in lateral cracks causing the material
removal (Figure 4.4) and a roughness of 0.7-2.5 µm Ra (depending on the
kinetic energy of the particles [8]). The erosion mechanism of a single
particle impact is more thoroughly described in erosion related papers
[8][9]. Ductile materials, and also elastomers [11], have a low erosion
rate (compared to brittle materials) with a local minimum at 90° impact
angle (Figure 4.5).
Since the particle jet is directed perpendicular towards the target during
blasting for maximum brittle erosion, ductile materials and elastomers
can be suitable to be used as a mask.
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Figure 4.5 Two basic erosion characteristics in powder blasting (90° is
perpendicular impact) After [10].

10

4.3 Mask Materials
The main qualification for a good mask material is a low erosion rate. We
also look for the capability of an accurate and easy pattern transfer, and
the possibility to create small feature sizes.
We first test two polymers that can be lithographically structured, and
second we examined two metal masks.

4.3.1 Powder blasting foil
Ordyl BF400 is an elastic negative resist foil fabricated by Tokyo Ohka
Kogyo (Japan), and specially developed for powder blasting [3][11]. There
are two types: 50 µm (BF405) and 100 µm (BF410) thick, we tested the
first one. The foil is applied to the target on a hot-plate (105°C). After
exposure (150 mJ/cm2), it is spray-developed with 0.2% Na2Co3. The
resulting layer was found to be 43 µm thick. After blasting, the foil can be
removed by hand, with a 10% KOH solution at room temperature or e.g.
with an HNO3 solution.
In Figure 4.6 the decrease in thickness of BF405 is shown when eroded by
alumina particles with an average size of 30 µm and a speed of 180 m/s.
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Figure 4.6 Erosion of BF405 foil.

Thickness was measured with a Dektak profiler (Sloan DEKTAK II), after
blowing away the remaining particles with dry nitrogen. In the beginning
of the erosion, the thickness of BF405 does not seem to decrease at all
(even a small increase is observed). The foil is first degraded by the
particle impacts creating subsurface cracks without actually being
removed. After this incubation time, the damage becomes so severe that
further blasting does decrease the resist thickness. The steady state erosion
is reached, and the thickness decreases linearly. This effect is well-known
and also observed by others [12, 13].
The erosion was monitored until it had a thickness of about 17 µm. Now
the particles were able to penetrate the resist and damage the target. From
this point on, both the target and resist are rapidly removed. This restricts
the maximum powder blasted depth with this foil and these conditions to
about 350 µm in Pyrex glass. Already before this breakdown, some
particles are able to penetrate the foil deep enough to hit the target at
undesired spots. Figure 4.7 shows such a damage.

Target

BF405

Figure 4.7 Damage underneath the BF405 foil. Remaining
thickness appr. 17 µm, blasting conditions as in Figure 4.6
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When powder blasting channels, another important effect occurs. The
resist edges that define the channel are more vulnerable to the particle
impacts and are readily withdrawing. Therefore, the top width of a
channel increases during blasting, as shown in Figure 4.8. These effects are
reduced to some extent when applying a postbake of 150°C or by using
the thicker BF410.
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Figure 4.8 The channel width increases during blasting.

4.3.2 Polyimide
Polyimide is a negative liquid resist that is very well known for its high
strength, we tested Durimide 7510 (Arch Chemicals). A thick layer was
applied by spinning at 660 rpm. After exposure (300 mJ/cm2),
development and a one hour anneal in an N2-envoriment at 350°C, the
thickness was 35 µm. The erosion rate was tested by blasting the sample
with alumina particles with an average size of 30 µm at a speed of
180 m/s. The decrease in thickness was measured using a Dektak surface
profiler.
The polyimide clearly showed higher steady state erosion compared to
BF405, approximately by a factor of 2. It also had a shorter incubation
time before the steady state erosion was reached, which indicates a more
brittle behaviour [14]. This high erosion rate makes polyimide less
suitable for a mask material in deep and accurate powder blasting.

4.3.3 Metal plate masks
Metals are normally used as a powder blasting mask material by means of
a metal plate (e.g. stainless steel) [2][4]. By drilling, milling, etching or
laser machining a pattern is created in this mask. The mask can simply be
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clamped directly together with the target. However, since a plate is never
completely flat, there will be voids underneath the mask (Figure 4.9). This
will allow the particles to get into the voids and damage the target. Also,
the impact of particles on the top surface of the plate will induce great
stresses, which can result in buckling of the mask (especially with very
thin plates). To prevent this, the mask can be clamped magnetically to the
target or an intermediate protection/adhesion layer can be applied [2].
When, in the latter case, this extra layer also covers the blast area, it
should easily be removed by powder blasting.

Figure 4.9 A metal plate mask clamped to the target introduces voids.

Wax seal (W100, Agar Scientific Ltd, Stansted, UK) meets the
requirements to be an intermediate protection/adhesion layer. It is a
brittle material, which becomes viscous at higher temperatures. At a
temperature of 150°C the wax can be spread on the (also heated) mask.
The target is placed on the mask and the stack is cooled down to room
temperature. This results in a very tight and strong connection. Since the
wax is brittle, it is very easily removed by powder blasting and it has
practically no influence on uniformity (Figure 4.10).

Figure 4.10 Metal mask on a target with adhesion/protection layer.
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After blasting, reheating separates the mask from the target and both can
be cleaned with chloroform. The positive effect of an intermediate layer
is clearly seen in Figure 4.11. A relatively thick metal layer lasts for a long
time, so a mask can be used on several targets.

Figure 4.11 Powder blasting a 1 mm hole using a 1 mm metal mask. Resulting
top view when blasted with (left) and without an adhesion/protection layer.

4.3.4 Copper
In order to combine the low erosion rate of a metal, and the high
resolution of a lithographic process, a metal mask was applied on the
target by electroplating. Copper was chosen as the metal, because of its
wide use in electroplating and its high wear resistance against powder
blasting [9].

Removal rate

The removal rate of Pyrex and copper is measured to determine the
erosion resistance of the electroplated mask and the selectivity with
Pyrex. Measurements are carried out at a constant pressure (4.5 bar)
using 29 µm and 9 µm alumina particles. The particle velocity is
measured separately at these conditions before the measurements. A
silicon reference sample was simultaneously eroded in the experiments to
determine the amount of powder that has been used during a
measurement (see Appendix for more details). The erosion rate of silicon
was available from previous experiments for a range of alumina particle
kinetic energies (see Chapter 6). In this way, the relative removal rate of
the different samples can be determined very accurately. The absolute
removal rate will be less accurately determined, but this is also of less
importance for micromachining.
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Figure 4.12 The erosion rate for Pyrex (left) and electroplated
copper (right) using 29 µm Al2O3 particles at 270 m/s.

Figure 4.12 shows the erosion rate for Pyrex and electroplated copper
measured in [mg/g] for 29 µm particles. The erosion rate of copper shows
a characteristic start-up effect. Particles or particle fragments get stuck in
the ductile layer, which conceals the initial erosion rate. In certain cases,
even an initial weight increase is observed for metals [15]. The copper
deformation and particle penetration results in compressive stress in the
mask layer, which makes a good adhesion between the copper and the
substrate quite critical.
Steady state removal rates are converted to [µm/min] for all
measurements in Table 4-1.

Table 4-1 Steady state removal rates for several materials
(for an area of 7x7 cm2 and a powder feed of 10 g/min).

Particle type
Particle
Velocity

[m/s]

Removal
rate

Copper
[µµµµm/min]

Removal
rate

Pyrex
[µµµµm/min]

Selectivity
Pyrex/copper

29 µm Al2O3 230 ± 7 0.35 25 71
9 µm Al2O3 270 ± 6 0.34 13.5 40

SU-8 electroplating mould

The quality of the non-conductive resist mould that is required for
electroplating has a large influence on the quality of the electroplated
powder blasting mask. The mould should be thick (up to 50 µm), have
straight walls for a good definition of the copper mask and be resistant
against the electroplating bath. EPON SU-8 (mr-L 6100exp) meets these
requirements but has the disadvantage of long process times and, more
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importantly, a relatively bad adhesion
to the thin copper seed layer
(compared to the adhesion on bare
silicon).
The consequence is that small SU-8
mould structures are flushed away
during development, especially at
shorter exposure times. Longer
exposure times do improve the
adhesion during development.
However, in that case the SU-8 line-
width broadens and the SU-8 mould
is released from the substrate after
insertion in the electroplating bath.
We think that an increase in internal
stress due to the longer exposure
times causes these structures to peel
of in the acidic environment. An
exposure time of 60 s (a dose of 540
mJ/cm2) was found to be optimal for
the SU-8 layer. To further reduce
internal stresses, baking procedures
during the SU-8 process (on a
programmable hotplate) included a
slow ramping down to room
temperature to reduce temperature
shock effects (Figure 4.13).

An RIE-N2 plasma was used to
roughen the copper surface before
spinning to increase the adhesion of
the SU-8 to copper. However, the
larger contact area did not noticeable
improve the adhesion. The SU-8
adhesion is much better when using a
nickel seed layer in which case a good
pattern transfer can be achieved.
Unfortunately, the adhesion between
the nickel and the electroplated
copper is not good enough for powder
blasting. The electroplated mask layer
is delaminating from the nickel seed
layer during powder blasting.
The channel layout and typical

Dehydration bake:
- 120°C, 10 min

Spin coat: mr-L 6100
exp
 3000 rpm, 30 s
(acceleration 1000
rpm/s)
(layer thickness ≈ 50µm)

Relaxation: 10 min

Prebake:
-10 min at 70°C
-ramp to 95°C (7-8
K/min)
-90 min at 95°C
-ramp to 120°C (7-8
K/min)
-60 min at 120°C
-cool down to 25°C

Exposure:
-proximity mode
-60 s illumination

Post exposure bake:
-10 min at 60°C
-ramp to 95°C (7-8
K/min)
-60 min at 95°C
-cool down to 25°C

Development:
-mr-Dev 600, ≥5 min
-rinse with isopropanol
-spin drying

Figure 4.13 Lithography
steps for SU-8
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electroplating result is shown in Figure 4.14. The minimum channel
width for these structures that could be electroplated is 25 µm. This is
sufficient for powder blasting since the minimum feature size is also
restricted by the particles sizes used for blasting.

Figure 4.14 Electroplated copper masks,
25µm wide channel on silicon.

Electroplating

An intermediate titanium layer is used for a good adhesion of the copper
mask with the target. Additionally, the target is cleaned with an oxygen
plasma before sputtering the metal layers. It was observed that without
these precautions, the copper mask buckles and releases from the Pyrex
glass target during powder blasting.

Figure 4.15 Schematic process of applying an electroplated copper mask.

Figure 4.15 shows the schematic process scheme of applying an
electroplated copper mask. Substrates are first covered with a sputtered
titanium layer (50 nm) and a copper seed layer (300 nm). A 50 µm thick
SU-8 layer is applied on the seed layer. After exposure and development
the copper is electroplated around the mould. Finally the SU-8 mould is
stripped in NMP (N-methyl-2-pyrrolidinone) for 2 hours in an ultrasonic
bath at 70°C. The substrate is now ready for blasting
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The thin seed layer beneath the resist mould is generally not removed
separately, but is easily machined during the blasting. After blasting, the
remaining copper can be removed with a copper etch or a strong acid like
HNO3.

Powder Blasting

The edges of an electroplated copper mask show a very characteristic
behaviour during powder blasting. The channel width during blasting as
defined by the top view of the copper mask is shown in Figure 4.16.

 
Figure 4.16 Left: Top channel width during powder blasting (mask thickness is 35

µm). Right: schematic impression of the copper mask during blasting.

It shows that during powder blasting the channel width initially decreases
before it slowly increases. The edges of the copper mask are deformed
due to the particle impacts, and the copper smears out over the channels
decreasing the width. This effect prevents the mask opening to become
wider than the original width for a long blasting time. The disadvantage
is that it contributes to the blast lag (see Chapter 7). For thicker masks,
the edges can even roof over the channel and close it temporarily for
particles.

4.4 Discussion
The powder blasting foil Ordyl BF405 (50 µm thick) has a reasonable
low erosion rate, is easy to use and very suitable for standard blasting
applications with complex designs. With lithography, trenches of 70 µm
wide or more can be achieved with the 50 µm thick BF405 due to the
thickness and properties of the resist. An important disadvantage is that
the mask edges calve of during powder blasting. This mask-widening rate
is relatively high and results in a bad pattern transfer. Using the 100 µm
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thick BF410 reduces these effects, but also increases the minimum
attainable feature size.
When using polyimide, the mask thickness can be adjusted so a very
small feature size can be obtained. However, although polyimide is
known for its strength, it is more brittle compared to BF405. This results
in a higher erosion rate, which makes it unsuitable to be a mask material
for deep and accurate powder blasting.
A metal plate mask has the advantages of a low erosion rate and its
applicability on any kind of material. However, the disadvantages are the
limitations in feature size and pattern constraints (ring patterns cannot
be used because the inside should be supported).
By creating a mask with electroplating, we can combine the low erosion
rate of metals with the high resolution of a lithographic process. This also
allows adjusting the desired thickness of the mask, which can depend on
process requirements.

 
Figure 4.17 The influence of the mask on the channel profile. Left with a BF405
mask and 30 µm particles. Right with a 50 µm thick electroplated copper mask

and 9µm particles. The masks were removed for both pictures.

The selectivity between copper and Pyrex is about 70 and, more
importantly, the channel widening rate is much lower compared to
BF405 (Figure 4.8 and Figure 4.16). This results in a more accurate
pattern transfer. The difference in channel profile when powder blasting
with BF405 or electroplated copper is clearly seen in Figure 4.17.
Although these profiles are in this case blasted with different particle
sizes, it gives a valid general idea of the accurate pattern transfer of an
electroplated copper mask.

Figure 4.16 makes clear that the minimum required mask thickness is not
directly determined by the selectivity between the mask and the target,
since the mask edges will calve off long before the total mask is removed.
The erosion rate and selectivity (at 90° and smaller impact angles) give a
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good indication for the quality of mask materials, but the channel
widening rate shows directly the effect of the mask material on the
quality of the pattern transfer.

4.5 Conclusions
Powder blasting is a fast, cheap and accurate directional machining
technique for brittle materials like glass, silicon and ceramics. It was
shown that there are many possibilities with pattern transfer in powder
blasting, which gives this micro technology the perspective to become a
new standard tool in micromachining. The accuracy of the process
depends also on the type of mask that is used. In this chapter, several
mask types have been tested for this application.
The negative resist foil BF405 has a reasonable low erosion rate, is easy
to use and very suitable for standard blasting applications with complex
designs. The minimum feature size of this foil using lithography is
restricted by its properties and standard thickness of 50 µm to about
70 µm.
With polyimide, the minimum feature size can be smaller, but the
erosion rate of this negative resist is higher. A metal plate mask has a low
erosion rate, but is limited in feature size and it has pattern constraints.
Electroplated copper was introduced as a new mask material for powder
blasting which combines the low erosion rate of a metal with the high
resolution capabilities of a lithographic process. The mask widening rate
of copper, an important parameter for the comparison of mask materials,
is much lower compared to the negative resist foil BF405. Electroplated
copper can be used for deep and accurate powder blasting, and is a
suitable mask for powder blasting feature sizes of less than 50 µm.
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CHAPTER 5

5Fine Tuning the Surface Roughness*

Powder blasting results in a surface roughness
that is much higher compared to general
micromachining techniques. This chapter
shows how the roughness of a powder blasted
surface can be controlled by process
parameters or changed with post treatments,
both quantitatively and qualitatively.

5.1 Introduction
Powder blasting is a fast and inexpensive directional machining technique
for brittle materials like glass, silicon and ceramics. However,
unfamiliarity with this technique sometimes causes a hesitation to use it,
especially due to the uncertainty about the effect of the rough surface on
the device performance [1]. It is e.g. supposed that the roughness

                                                     
* Based on: H.Wensink, S.Schlautmann, M.H. Goedbloed, M.C.Elwenspoek,
"Fine Tuning the Surface Roughness of Powder Blasted Glass Surfaces" Proc.
Sensor Technology Conference 2001, Enschede, The Netherlands, may 14-15,
pp.101-106
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increases the electro-osmotic flow, fluidic mixing and hence the
dispersion. Therefore it is important to be able to manipulate the
roughness and study its effect on device performance.
Powder blasted surfaces are rough due to the nature of the erosion
process. The erosion process is usually described as the sum of many
single particle impacts. When a brittle material is impacted by a hard
sharp particle, the contact area is deformed due to the high compressive
and shear stresses.
The deformation leads to large tensile stresses after the impact
(relaxation) that result in one or more lateral cracks originating from the
plastic zone (Figure 5.1). If they are large enough they will extend to the
surface removing a large heap of material and creating the rough surface.
Pyrex is an “open-structure” glass, which means that the glass is
deformed by compaction of the glass, making it denser. (This is in
contrast to e.g. soda-lime glass where the larger content of non-silica
components results in a more plastic deformation process along slip lines
[2].) Next to the lateral and radial cracks, compaction can even result in
cone cracks, which are normally observed with spherical indentors and
particles [3].
The erosion mechanism of a single particle impact or indentation is more
thoroughly described in erosion-related papers [4, 5, 6, 7, 8, 9].

Figure 5.1 The erosion mechanism of a sharp particle.

Previous work on roughness

Models that explain the effect of a single particle impact have been used
to predict the roughness created by powder blasting. Buijs [10] calculated
the depth of damage due to a particle impact and related it to the
roughness. Later, Slikkerveer [4] predicted the roughness by calculating
the Ra of a single particle impact. His results showed good agreement and
indicated that the roughness solely depends on the kinetic energy of the
particle. Lateral crack size and depth decreases with decreasing kinetic
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energy so also the surface roughness decreases. At some point the kinetic
energy becomes low enough to prevent lateral cracks to initiate. The
absence of lateral cracks results in a much lower roughness [10].

5.2 Experiments

5.2.1 Initial roughness
Figure 5.2 shows the surface roughness for different particle kinetic
energies. The samples for this particular figure were taken from the
experiments in Chapter 6, the roughness measurement is explained in the
next section. The solid line represents the trend line (76.9*Ukin

0.272) and
the dotted line gives the theoretical curve [4]:

3/1

6/5

2/1

123101 kina U
H

E
R ⋅= [µm],

Eq. 5-1

with Ra the surface roughness, E the young’s modulus (68.5 ± 1 GPa), H
the hardness (5.7 ± 0.3 GPa), and Ukin the particle kinetic energy.

Figure 5.2 Surface roughness versus particle kinetic energy for Pyrex.

These are about the same values as measured and calculated by
Slikkerveer. The first data point was omitted from the trend line because
of the low kinetic energy. In this region, lateral cracking hardly occurs
and the model is not valid.

5.2.2 Post-processes
To examine the post-processes, Pyrex glass wafers were blasted uniformly
without structures using two alumina powder sizes: 29 µm and 9 µm with
a velocity of respectively 220 m/s and 290 m/s. Samples were taken from
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Figure 5.3 SEM pictures of the surface of original and post-
processes samples (top view).
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this wafer to perform one post-process. The surface roughness was
determined by calculating the average Ra of 5 scans (by using the Ra

function on the Sloan Dektak II surface profiler). Scan length was 1 mm,
stylus tip was 2.5 µm. The Ra was chosen as a first indicator for the
surface roughness, and all values are listed in Table 5-1 (the error being
the standard deviation of the 5 Ra values). Additional SEM-pictures have
been made to observe the roughness quality (Figure 5.3).

Table 5-1. Roughness measurements

Particle size / speed [µm]/[m/s] 9 / 290 29 / 220
Ra after blasting [µm] 1.2 ± 0.2 2.5 ± 0.6

Ra after finishing with 9 µm particles [µm] - 2.0 ± 0.3
Ra after finishing with 3 µm particles [µm] 0.9 ± 0.2 1.8 ± 0.5

Ra after 1 hour at 5% HF [µm] 1.7 ± 0.1 3.2 ± 0.2
Ra after 3 hour at 5% HF [µm] 2.2 ± 0.1 3.9 ± 0.5

Ra after 1 hour at 700°C [µm] 1.1 ± 0.1 2.6 ± 0.5
Ra after 1 hour at 750°C [µm] 0.58 ± 0.1 1.8 ± 0.4
Ra after 1 hour at 800°C [µm] 0.091 ± 0.02 0.49 ± 0.3

Post blast

The original blasted surfaces were finished with a smaller particle size,
removing approximately an additional 10 µm. As Table 5-1 shows this
reduces the surface roughness of the sample.

Post HF-etch

A post HF-etch increases the surface roughness quantitatively (Table
5-1). However, the pictures in Figure 5.3 C. t/m F. show that the
roughness quality has also considerably changed.

Post anneal

An anneal step at a temperature ≥750°C decreases the roughness. At
800°C the original surface morphology is almost completely destroyed
(Figure 5.3 I. and J.).
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5.3 Discussion

5.3.1 Post blast
Table 5-1 shows that finishing the sample with a smaller particle size can
reduce the surface roughness. This is not trivial since the erosion process
is not isotropic. An explanation would be that when impacting on an
elevation, lateral cracks could more easily escape to the surface due to the
vicinity of a slope. This can locally enhance the erosion rate, reducing the
average roughness.

5.3.2 Post HF-etch
The increase of Ra after a post-HF etch can be explained in two ways.
The powder blast process introduces many micro radial cracks (Figure
5.1). After particle impact, these cracks are closed and not detectable by
the Dektak. HF-etching however reveals these cracks and widens them
which makes the surface becomes rougher. Second, HF etching on a
smooth wafer also increases the surface roughness. Next to silica, Pyrex
also contains other metal oxides (e.g. aluminumoxide) which have a
different etch rate in HF. Grains of this material will be revealed when
the surrounding glass is etched away and act as a micro mask so the
surface will be unevenly etched [11].

Figure 5.3 C. shows many elliptical ditches. We believe that these
originate from the radial cracks that are formed during particle impact.
Note that Figure 5.1 only shows the cross section of the radial crack. The
actual crack is halfpenny shaped and perpendicular to the cross section.
The widths of the ellipses are rather uniform and about 12 µm wide. This
consists with the etch rate of 5% HF, which is 6 µm/hour. Vickers
indentations, which are often used to predict the effect of single particle
impacts, result in two radial cracks perpendicular to each other. However
when using irregular shaped particles, there can be a preferable growth
direction for a radial crack, resulting in one dominant radial crack. Figure
5.4 shows a single particle impact site with clearly two lateral cracks and
one (dominant) radial crack in between.
The ellipse effect is less clear in Figure 5.3 D. because the radial cracks
are not as deep when the surface is eroded with 9µm particles. So the
elliptical ditches already have become more irregularly shaped. This is
also the case for Figure 5.3 E and F.
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Figure 5.4 A single particle impact site on Pyrex.

5.3.3 Post anneal step
Table 5-1 shows that annealing at 700°C does not effect the surface. A
temperature of 750°C does decrease the roughness and Figure 5.3 G. and
H. show a smooth surface with some random irregularities. It was found
that a temperature of 750°C was still low enough to keep the integrity of
a 2-mm wide and 17 µm deep channel. At a temperature of 800°C, the
surface becomes very smooth. However, this temperature is so high that
any structures in the glass are ruined. Figure 5.3 I. and J. show that the
original surface morphology is completely destroyed. In spite of the very
slow temperature ramp down, these pictures show small cracks. Note that
the softening point of Pyrex is 821°C [12].

5.3.4 Bonding
When making e.g. µfluidic devices, several process steps are involved such
as wafer to wafer bonding. It is important to perform the tuning of the
surface roughness at the correct fabrication stage, to ensure that bonding
is still possible. A post-blasting naturally does not give any problems. The
post-HF etch makes the bonding surface rough which can cause problems
with direct bonding. Additional bonding surface protection might be
necessary. In the case of post annealing, we recommend its use after
bonding so that it can enhance the bond strength.

5.4 Conclusion
The surface roughness of powder blasted surfaces was successfully
changed both quantitatively (Table 5-1) and qualitative (Figure 5.3) The
surface roughness decreases rapidly at very low particle kinetic energies
when lateral cracking hardly occurs anymore. Unfortunately, at this point



CHAPTER 578

the powder blast removal rate becomes very low. To decrease the surface
roughness and preserve the high removal rate, which is one of the main
advantages of powder blasting, the surface can also be finished with a
smaller particle size after the fast bulk machining. Post HF-etching
increases the surface roughness, mainly due to micro crack widening.
These cracks are also responsible for the unusual surface morphology
(Figure 5.3 C. t/m F.).
A post-anneal can decrease the roughness. Especially at 800°C the surface
becomes relatively smooth. However, at that temperature the macro
shape of the glass also changes. An anneal step at 750°C decreases the
surface roughness, and at this temperature a 2 mm wide and 17µm
shallow channel still keeps its integrity.
Now that we are able to manipulate the surface roughness of a powder
blasted channel, further research will be directed to the effects of the
roughness on device performance.
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CHAPTER 6

6 The Ductile-Brittle Transition

When particle impacts become less powerful,
at some point material removal in powder
blasting is not achieved by cracking (brittle
erosion) but by cutting and ploughing (ductile
erosion). This transition, which causes a
decrease in removal rate, is closely studied in
this chapter for Pyrex, sodalime glass and
silicon.

6.1 Introduction
Information on the solid particle erosion of materials has been available
for many years now [1]. Two erosion modes are often distinguished in
the literature: brittle and ductile erosion. Brittle erosion deals with
material removal due to crack formation, while ductile erosion deals with
material removal due to cutting and ploughing. The difference manifests
itself in the impact angle dependent erosion rate. (Figure 6.1).
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Figure 6.1 Ductile and brittle angle dependent erosion rate [7].

When a brittle material is impacted by a hard sharp particle, the contact
area is plastically deformed due to the high compressive and shear
stresses and a radial crack is formed. After the impact, the plastic
deformation leads to large tensile stresses that result in lateral cracks
causing the material removal.
Figure 6.2 gives a very simplified impression of such an event but in
reality more than one lateral and redial/median cracks can be present.
The exact crack mechanism is also different for “open-structured” glasses
(such as fused silica and Pyrex). In that case the glass is plastically
deformed by compaction of the glass, making it denser [2]. This makes
the indentation more “blunt”, and such an indentation can even result in
cone cracks, which are normally observed for spherical particles. In the
case of sodalime glass, more network modifiers are present in the glass
structure and the plastic deformation process takes place along slip lines
[3].

Figure 6.2 Simplified schematic drawing of crack formation from a
single particle impact.
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The knowledge on erosion has recently been used for the development of
a new micromachining tool: Powder Blasting (or Abrasive Jet Machining).
This is a fast and low cost directional machining technique for brittle
materials like glass, silicon and ceramics with applications in e.g. flat
panel displays [4] and µfluidics [5]. This patterned erosion creates typical
V-shaped channels and this shape is maintained by the brittle erosion
mode [6] (Figure 6.3). Small particles (3-30 µm) are used in powder
blasting to obtain a small feature size and a low roughness.

When particle speed and size is decreased, eventually the particles are
not able to initiate cracking and will only plastically deform the target.
This change in erosion mode is called the ductile-brittle transition [7].
Powder blasting process conditions can get very close to this transition.
The change in impact angle dependent erosion rate that accompanies
ductile erosion will have an influence on the shape of powder blasted
channels. Also, the erosion rate drops sharply and the selectivity with
mask materials (used to pattern the target) becomes much smaller.
Therefore, in this chapter we studied the erosion rate and impact angle
dependent erosion rate during this transition in detail for Pyrex,
Sodalime glass and <100> Silicon.

Figure 6.3 Typical channel shape obtained by
powder blasting in glass.

6.2 Previous work
Sheldon and Finnie first described the ductile-brittle transition for a
brittle target [7]. They demonstrated ductile erosion of “plate glass”
using 9 µm SiC particles at 152 m/s and explained this ductile erosion
with flaw theory. Cracking only occurs when a flaw is present in the glass.
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When the size and speed of the particles is reduced, the stressed area on
impact becomes very small. The chance of encountering or completely
covering [8] a flaw and initiating a crack decreases. Static indentations
are often used to predict the behaviour of a particle impact. For blunt
indenters these flaw effects can be predicted using Hertzian models from
indentation theories. It shows that the critical load for crack initiation
depends on the flaw population of the surface [9].
However, for sharp indenters the critical load is insensitive to the surface
state. There is a critical load for radial cracking, but this load is
independent of the flaw population. This implies that sharp indenters
can create their own flaws [9, 10]. If we can compare the sharp indentor
with our sharp particles, than the ductile-brittle transition can not be
explained by flaw theory.
Marshall et al. developed a model for lateral cracking due to sharp
indentation [11]. This model comprises an “apparent threshold” for
lateral cracking. Although this apparent threshold is not based on
physical observations of crack initiation, they claim that the dependence
on material properties is the same. Erosion is often regarded as many
quasi-static single impacts. So the model can be used to extract a
threshold in solid particle erosion below which lateral cracking does not
occur. Hutchings derived the dependence of the apparent threshold on
material properties [12]. Slikkerveer quantified the relation and
calculated a value for threshold [13]. The apparent threshold refers to the
minimum kinetic energy of a powder particle (Uth) at which cracking still
occurs:

,23225
2/13

62/3

H

KE
U Ic

th ⋅= Eq. 6-1

where E is the Young’s modulus, KIc the fracture toughness and H the
hardness of the target (the particle mass which is used to determine the
kinetic energy will be calculated assuming a spherical shape).
Although the first ductile glass erosion graph was already published in
1966, we found only a few additional measurements of this effect in the
literature. These results will be compared with our results in the
discussion.

6.3 Experimental procedure
The experiments are carried out in the erosion rig at the Cavendish
laboratory in Cambridge. The rig consists of a 1 cm diameter barrel (4 m
long) and is capable of air velocities up to 200 m/s (see [14, 15] for more
details). The particle velocities were previously measured by others (as
described in [15]) and small particles (<100 µm) all attain the air
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velocity in this barrel. The velocity was set by controlling the airflow. The
chuck that holds the samples can rotate to change the impact angle. The
barrel has a suction feed powder supply. The powder was supplied
through a syringe that was attached to a vibrator. An exact amount of
powder is used for each measurement. As the syringe is emptied, the
mass flux drops slightly. Therefore, the flux was kept low enough to avoid
any flux effects [16]. Glass samples were taped to the chuck, leaving a
square area of approximately 1.3x1.3 cm2. The exact area was measured
every time. Before starting the actual measurement, the sample was pre-
eroded to avoid any start-up effects. Sharp Al2O3 particles of 3, 5 [17]
and 9.0, 12.8, 17.1, 22.6, 29.2 µm [18] were used. After erosion, the
sample was rinsed and cleaned with ethanol before measuring the weight.
Five measurements were taken to obtain the average erosion rate. An
example of such a measurement is shown in Figure 6.4.
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Figure 6.4 Typical erosion rate measurement. Pyrex
sample, 3 µm powder, 150 m/s, 90° impact angle.

The exact amount of powder hitting a sample depends on the impact
angle because the projected rectangular area is smaller and the particle
density is lower outside the core of the jet (diameter ≈ 1cm). The erosion
rate at 90° impact and 150 m/s of several rectangular areas were
compared with the erosion rate of an un-masked glass plate to calculate
the percentage of powder hitting a specific area. Others have shown that
the powder distribution is constant for all velocities and particle sizes
used in this article [19].

To observe ductile erosion, normally an erosion rate versus impact angle
plot is created like in Figure 6.5. In that case, each kinetic energy setting
would require many measurements. To do a more practical measurement,
we defined the Erosion Classification Value (Ecv); the ratio of the erosion
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rate at 45° and 90°. In the case of brittle materials this value is about
0.45 (Figure 6.5A), depending on the velocity exponent:
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Eq. 6-2

with E the erosion rate, θ the impact angle, v the particle velocity and k
the velocity exponent which is usually about 2.3. Normal ductile
materials (for which this equation does not hold) have an ECV of above 1
(Figure 6.5B).

Figure 6.5 Relative erosion versus impact angle for sodalime glass,
brittle (A) and ductile (B) erosion.

Since the amount of erosion only depends on the kinetic energy of the
particle [13], we measure the ECV and the erosion rate as a function of
the kinetic energy. This allows us to use different particles sizes and
velocities to measure the kinetic energy exponent (although mainly the
particle size is changed). The erosion rate at 90° impact was fitted to the
following relation:

,p
kinp UE ∝ Eq. 6-3

with Ep the erosion of one particle impact, Ukin the particle kinetic energy
and p the kinetic energy exponent. This is an approximation for small
energy ranges because in theory the relationship is not purely exponential
[13]. The velocity exponent k is now twice the kinetic energy exponent p.

6.4 Results
Figure 6.6, Figure 6.7 and Figure 6.8 show the ECV and the erosion rate
versus the particle kinetic energy for respectively Pyrex, silicon and
sodalime glass.
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Figure 6.6 ECV and erosion rate versus particle kinetic energy for Pyrex.

Figure 6.7 ECV and erosion rate versus particle kinetic energy for Silicon.
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Figure 6.8 ECV and erosion rate versus particle kinetic energy for Sodalime glass.

Note that the ECV
 scale is different for each figure. Two regimes in erosion

rate are clearly visible in Figure 6.6-2. The point where the two regimes
meet is taken to be the start of the ductile brittle transition. This start
and the erosion rate exponents are summarised in Table 6-1 for the three
materials. Kinetic energy exponent pt refers to the low energy regime,
whereas pb refers to the high-energy regime. The influence of the two
regimes on the ECV will be discussed in the next section. Figure 6.9 -
Figure 6.11 show SEM pictures of selected experiments of Figure 6.6 -
Figure 6.8.

Table 6-1 Several erosion parameters

Material pb pt Start transition
[nJ]

Pyrex 1.42 2.35 17.3
Silicon 1.53 2.35 21.0
Sodalime 1.38 3.20 24.0
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Figure 6.9 SEM pictures of eroded Pyrex, A. t/m D. refers to Figure 4

 

 
Figure 6.10 SEM pictures of eroded Sodalime glass, A. t/m D. refers to Figure 6.
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Figure 6.11 SEM pictures of eroded Silicon, A. t/m D. refers to Figure 5

6.5 Discussion

6.5.1 Kinetic energy exponent, two regimes
When the particle kinetic energy is decreased, first the erosion decreases
according to a power law with exponent 1.42 for Pyrex (Figure 6.6-1 and
Table 6-1). This exponent is higher compared to the one found by
Slikkerveer (1.23), which was determined with energies between 1⋅10-8

and 1⋅10-4 J. However, we feel that those results also indicate a higher
kinetic energy exponent for erosion below 1⋅10-6 J. According to the
theory of Slikkerveer et al., the exponent is independent of material
properties for normal brittle erosion [13]. Table 6-1 lists the similar
exponent values of silicon and sodalime glass. A higher velocity exponent
(which we take to be twice the kinetic energy exponent) was already
observed by others for smaller Al2O3 particles on <111> silicon [20] and
mulite [21].
Below approximately 1⋅10-8 J. there is a second regime which exhibits a
significantly higher energy exponent. Both the first and the second
regime are indicated by a trendline. The intersection of these trendlines
indicates the start of the transition from only brittle erosion to only
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ductile erosion (going from a high to a lower kinetic energy). In the
second regime, this transition slowly takes place. This progressive
transition is a result of the many unequal impact events in erosion.
Particle shapes, size, velocities and impact orientations are not
completely identical so each impact has a different degree of
effectiveness. The lower the kinetic energy, the less the chance a positive
result (= lateral crack initiation) results from a single impact. The kinetic
energy exponent of silicon and sodalime even seems to restore itself to a
lower value at very low energies. At this point, almost every impact event
is ductile and the energy exponent should return to normal (normal
erosion on ductile materials usually exhibits a velocity exponent between
2.2 and 2.4 [1])
The effect of these two regimes on the ECV will now be discussed.

6.5.2 ECV, three stages
The ECV shows typical behaviour during the transition for all three
materials investigated in this paper which we will discuss on the basis of
Figure 6.6, the erosion of Pyrex.
Figure 6.6-1 can be divided into three stages. Going from high to low
energy, first the ECV rises to a maximum at approximately 4⋅10-8 J. The
erosion velocity exponent in this stage (twice the energy exponent) is
2.84, which according to Eq 2. should result in an ECV of 0.37. The actual
value lies between 0.41 - 0.56. Ballout [22] showed that for sharp
particles (>63 µm), the lateral crack propagation is enhanced by
tangential forces. This can explain the higher than expected erosion rate
at 45°. The initial rise of ECV could indicate a relative enhancement of
this tangential effect at lower kinetic energies.
In the second stage the ECV decreases to a minimum at approximately
5⋅10-9 J. The change in the ECV slope around 4⋅10-8 J. occurs because of
the change of kinetic energy exponent at 1.7⋅10-8 J. as shown in Figure
6.6B. The fact that the local ECV maximum lies at a higher energy
compared to the exponent change is because the amount of energy that is
transferred to the target by particles impacting at 45° will sooner be
below the threshold.
Finally in the third stage, ductile impact events at 90° become more and
more important, which increases the ECV eventually to a value >1. The
other two materials (Figure 6.7 for silicon and Figure 6.8 for sodalime
glass) show the same qualitative behaviour, although the transitions take
place at a different kinetic energy. Sodalime glass shows the most
pronounced ductile behaviour at the highest energies, followed by silicon
and Pyrex.
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Theoretical threshold

We can calculate the apparent lateral threshold energy when using the
material properties listed in Table 6-2. These values are from several
literature sources and own measurements, so they can only be used as an
indication of the actual value.

Table 6-2 Material propertiesselected from several literature sources

Material E
[GPa]

KIc

[MPa m1/2 ]
H
[GPa]

Pyrex 64 [23] 0.77 [23] 5.7±0.3 [24]
Si 130 - 187 [25] 0.9 - 1.3 [26, 27] 9.3 - 10 [28, 29]
Sodalime 86.1±0.1 [24] 0.74±0.05 [24] 5.7±0.2 [24]

In Table 6-3 we now compare the apparent lateral threshold energy
(Eq. 6-1) with the start of the ductile-brittle transition found in this
paper

Table 6-3 Calculated apparent lateral threshold

Material Uth

[nJ]

Start transition
(this paper)

[nJ]

Pyrex 30 17
Si 32 21
Sodalime 37 24

The Uth values are close to the start of the transitions as measured in this
paper and the order in which the materials erode ductile is the same.
However, because of the large exponents used in Eq. 6-1, a small error in
material properties leads to a large error in threshold energy. The energy
values are too close together to do a valid statement on the theories with
these material property values.

Sodalime versus Pyrex

Although sodalime and the more open structured Pyrex behave quite
different on indentation, their Ecv graphs are qualitatively very similar.
This difference in structure will have an additional influence on the
ductile-brittle threshold. Note that Eq. 6-1 does not make a difference
between normal glasses, and open-structure glasses like Pyrex. Cone
cracks might play a role in Pyrex erosion and their initiation can depend
differently on parameters.
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6.5.3 SEM study
Figure 6.10 show the surfaces of the eroded sodalime glass samples for
low kinetic energies. At the highest energy, overall lateral cracking still
occurs. As the energy is lowered, less lateral cracks can be observed and
the erosion gets more ductile. At the lowest energy, lateral cracks were
rare and never smooth (like you see when a new lateral crack removes a
chip). They are already ductile eroded by many other particles, indicating
that lateral cracking occurs in only a fraction of the particle impact
events.
The silicon and Pyrex samples in Figure 6.11 and Figure 6.9 show similar
behaviour, although lateral cracking still occurs quite often for Pyrex at
the lowest energy compared to sodalime. This fits with the fact that the
ECV at that energy is much larger for sodalime glass (2.3) than for Pyrex
(0.85).

6.5.4 Flaw theory
Although flaw-theory was not used to explain the ductile-brittle
transition, flaws still have a certain effect. If pre-existing flaws are
available, lateral cracking still may occur below the energy threshold. In
Figure 6.12 for sodalime glass, there are still some (old) lateral cracks
visible even for ECV >1. In the case of silicon in Figure 6.13, which can be
expected to have fewer flaws, the surface appears more uniformly
damaged. So flaws play a role in the surface morphology rather than in
the position of the threshold of the ductile brittle transition.

Figure 6.12 Ductile eroded sodalime glass Figure 6.13 Ductile eroded silicon

6.5.5 Other work
Although the detailed look at the ductile-brittle transition as presented in
this work is unprecedented, there are some reports on single ductile
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erosion measurements on normally brittle materials. The particle size,
speed, kinetic energy and Ecv are shown for each measurement in Table
6-4 if available. The values of the measurements from this paper are
taken at the point were Ecv=1.

Table 6-4 Ductile erosion experiments compared

Material Particle
diameter
[µm]

Speed
[m/s]

Ukin

[nJ]
Ecv Reference

Pyrex   - (Al2O3) - ± 0.3 1.0 This paper
Silicon   5 (Al2O3) 150 2.9 1.0 This paper
Sodalime glass   9 (Al2O3) 100 7.4 1.0 This paper
Pyrex   9 (SiC) 152 14 1.7 [1]
Plate glass   9 (SiC) 152 14 1.7 [7]
Wisdom tooth   9 (SiC) 244 36 - [1]

All other experiments show erosion energies at which ductile erosion
occurs that are larger than the ones found in this paper. Different target
material properties, which were not given, as well as errors in the particle
size or speed can be responsible for this.

6.6 Conclusions
In this paper, for the first time a detailed picture of the ductile-brittle
transition was given. It was studied using sharp Al2O3 particles for
different sizes and velocities (size 3-29 µm, velocity 75-200 m/s) on three
materials: sodalime glass, Pyrex and silicon.
The transition does not occur suddenly, but extends over at least one
decade of kinetic energy. During this transition, the kinetic energy
exponent becomes much larger.

To investigate the impact angle dependent erosion rate, we introduced
the Erosion Classification Value (ECV) which is the ratio of the erosion at
45° over the erosion at 90° impact angle. Brittle erosion has an ECV of
about 0.45, whereas the ECV  of ductile erosion is larger than 1. It can
give a quick indication of the erosion mechanism.
The large kinetic energy exponent during the transition has two effects
on the ECV. First, due to the higher energy exponent, the ECV slightly
decreases. Second, when kinetic energy is further reduced the ductile
erosion mechanism becomes more and more important and the ECV can
eventually increase to a ductile value. This progressive transition is a
result of the many unequal impact events in erosion. Particle shapes, size,
velocities and impact orientations are not identical so each impact has a
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different degree of effectiveness. The chance a lateral crack is initiated
from a particle impact becomes smaller as the kinetic energy decreases.
The three materials that were investigated all showed this qualitatively
behaviour. There was however a difference in energy transition values.
Sodalime glass was the first to erode in a ductile manner and achieved
the largest ECV, followed by silicon and Pyrex. This order in ductility
agrees with the theoretical threshold energies. However, those equations
deal with large exponents, making the results very sensitive to a small
deviation in material properties. The equation also does not take into
account the import fact that Pyrex is an open structure glass which
compacts (densifies) on impact while sodalime glass deforms due to the
shear stresses along slip lines [3]. This results in different crack
initiations, which can have a large impact on the ductile-brittle
transition. More research is required to determine exact consequences of
this effect for the transition.
In the case of powder blasting, a 25-50% higher ECV around a particle
kinetic energy of 4⋅10-8 J. can result in steeper sidewalls, although the
effect is probably small. The fast decrease in erosion rate below
approximately 2⋅10-8 J. is the beginning of the end of fast glass
machining and practical powder blasting. As the glass erosion becomes
ductile, the selectivity with mask materials (used to pattern the target)
will drop, which makes this erosion mode less suitable for glass
machining.
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CHAPTER 7

7 Blast Lag

Powder blasted structures have inclined
sidewalls, which has an influence on the
channel depth and aspect ratio. The effect of
powder particle size and particle jet impact
angle on the wall inclination is calculated and
measured in this chapter.

7.1 Introduction
A mask is applied on the target surface to be able to create complex
structures with powder blasting. This partial protection has an influence
on the cross-sectional shape of the blasted holes and channels.
The sidewalls of a powder blasted structure are not perfectly straight but
they have a certain inclination. The origin of this inclination lies
probably in the inability for particles to impact infinitely close to the
mask border [1]. When a particle approaches the target to impact at a
distance from the mask border which is smaller than the average particle
size, it is likely that the particle will be obstructed or decelerated by the
mask border. This will result in a gradual removal rate decrease towards
the mask border. This removal rate gradient creates the beginning of the
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slant sidewall. Once this initial inclination is created, it is maintained by
the brittle erosion characteristic (Figure 7.1). Particle impact at an
impact angle ϕ = 90° (in the middle of the channel) results in a higher
removal rate compared to an impact at a lower angle (on the sidewalls).

Figure 7.1 Removal rate dependence on
impact angle for Pyrex.

The sidewall inclination starts at the edge and becomes larger during
blasting. Three stages in the shape of the structure (a channel or hole),
can be distinguished (Figure 7.2). First a flat centre section with a slant
wall on each side creates a bowl shape. These sidewalls grow towards each
other to create the second stage: a rounded V-shape. Continues blasting
will lead to the third convex-concave shape, which arises due to second
order particles impacts [2].

Figure 7.2 Three stages in the
channel shape.
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Two main problems are associated with the side wall inclination. The
three stages are the same for any hole or channel, but the timing of the
transition between the stages depends on the dimensions of the mask
opening. A small mask opening will sooner result in a V-shaped channel.
From that time on, every particle will impact on a sidewall with a small
impact angle and the removal rate will decrease. A large mask opening
will reach this point at a later time and at a greater depth. So side wall
inclination results in what we call the blast lag: wide channels become
deeper compared to smaller channels.
The decrease of removal rate in stage two makes it also more difficult to
obtain high aspect ratios. Although high aspect ratios are possible since
the removal rate does not vanish, the continuous decrease in removal rate
in stage two puts a disproportionate strain on the mask material. The
quality of the mask material therefore limits the maximum attainable
channel depth. In this chapter we will discuss and show two basic
methods to decrease the blast lag.

7.2 Decreasing Blast Lag
The blast lag occurs when the cross-section of one or more channels has
reached a stage two shape (Figure 7.2). We will concentrate in this
chapter on comparing channels that are all in stage two.

7.2.1 Smaller particles
A decrease in blast lag when using smaller particles can be expected for
several reasons. The size of the area near the mask border that is not fully
attacked by the powder particles (the flux boundary layer [1]) depends
on the particle size. Smaller particles result in a smaller boundary layer,
and consequently, the effective channel width is larger. For wider
channels it takes a longer time for the two sidewalls to meet and hence
the blast lag is reduced. The increase in effective channel width is
relatively larger for smaller channels. Second, smaller particles can access
small and narrow spots more easily and create a sharper and hence
deeper V-shape cross-section, which will also decrease the blast lag. The
magnitude of these two effects can easily be calculated for the simplified
channel cross-section in Figure 7.3:
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with d the actual depth, d0 the depth when using particles with a
negligible size, r the average radius of the particles and α the side wall
inclination angle. The tan-term represents the size-effect on the channel
edge, and the sin-term represents the size-effect in the channel bottom.
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Figure 7.3. The effect of particle size on
blast lag for a simplified stage two shape

This equation shows that the particle size effect increases for larger
particles and for a larger α (deeper channels). Figure 7.4 shows d versus d0

for a 100 µm wide channel and 9 and 29.2 µm particles. Note that this is
only valid for channels from which the cross-section is in a stage-two
shape.

Figure 7.4. Calculated influence of particle size on
blast lag for a 100µm wide channel (Eq. 7-1).

A simulation of Slikkerveer et al. indicates a possible third positive effect
of small particles on the blast lag [1]. It shows that by using smaller
particles (analogue to a smaller delta in that simulation) a different
initiation of the sidewall may be expected. Since the flux boundary layer
is smaller, the initial inclination after a certain time becomes steeper
which also results in steeper sidewalls during blasting.
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7.2.2 Oblique Blasting
An intuitive method to produce steeper sidewalls is by changing the jet
impact angle. This will decrease the removal rate at the flat bottom of the
structure, while the sidewall removal rate increases, because of the larger
effective impact angle. Oblique blasting has already been studied to
accurately predict the shape of powder blasted structures [3, 4]. Blasting
from two sides with a lower impact angle can result in a U-shaped
channel, rather than the usual V-shape [2].
The effect of a lower impact angle will be investigated using an adapted
impact angle dependent removal rate graph. In such a graph, the removal
rate of the sidewall (normal to the surface) relative to the removal rate of
the flat bottom is shown. The removal rate is usually approximated by
the following equation:

( )kE ϕsin∝ , Eq. 7-2

with E the removal rate, ϕ the impact angle and k equal to 2.8 for the
parameters used in this chapter (see Chapter 6). In Two-sided Oblique
Blasting (TOB), two particles jets are symmetrically placed at a lower
impact angle ϕ. The resulting sidewall removal rate perpendicular to the
original flat surface is (see Figure 7.5):
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with α the wall inclination angle.

Figure 7.5 Indication of the parameters
used in the equations.
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The removal rate on the flat bottom decreases according to:

( ) 1sin += k
bE ϕ . Eq. 7-4

Blasting from two fixed angles can be used to create specific parallel
shapes. However, it cannot be used as a general method for complex
designs. Therefore we introduce Radial Oblique Blasting (ROB, Figure
7.6).

Figure 7.6 Principle of Radial Oblique Blasting.

Again, the particle jet is placed at a lower angle with respect to the flat
surface. But now the target is rotated so that the particle jet impacts at a
lower angle on the target from all directions. It can be calculated that the
Ew changes during a rotation according to:
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Eq. 7-5

with the rotation angle γ between 0-360°. Integrating Ew over γ and
dividing by 2π results in the average Ew. This has been done numerically
for ϕ = 60° and a varying α. Figure 7.7 shows the removal rate of the
sidewall relative to the removal rate of a flat bottom as a function of the
wall inclination angle.
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Figure 7.7 Calculated modified impact angle dependent removal rate.

Both removal rates are perpendicular to the flat surface. The curve “Two-
sided oblique blasting” refers to Eq. 7-3 (two symmetrically placed
particle jets) and the curve “Radial oblique blasting” refers to Eq. 7-5
(particle jet from all directions). The solid line indicates the lower bound
when ϕ = 90° for which both methods coincide. The equations are
calculated for 90° > α > 90°-ϕ. For an even lower α the sidewall will
partly shield the bottom from the particle jet which is an undesirable
situation in this case. To examine the effect of ROB for different ϕ’s, we
define the Erosion Classification Value (Ecv); the ratio of the erosion rate
at 45° and 90°. A higher Ecv indicates a higher side wall removal rate and
hence steeper sidewalls. Figure 7.8 shows the Ecv as a function of ϕ. As
can be expected, the lower impact angle enhances the relative removal
rate on the walls. TOB has a stronger effect on the relative removal rate
compared to ROB.

Figure 7.8 Calculated ECV for oblique blasting.



CHAPTER 7106

7.3 Experiments
Sidewalls in powder blasting are not as well defined, as Figure 7.3
suggests. The actual slope is rounded and can therefore not be defined by
one specific angle (Figure 7.2). However, straighter walls will
automatically decrease the blast lag, which is also the ultimate goal of
this exercise. Therefore the blast lag is measured to compare the different
process settings. Channels with a width of 500, 300, 200 and 100 µm are
blasted in Pyrex glass until the reference area (a unmasked part of the
target) reached a depth of about 200 µm. At that time, all channels are
(almost) in stage two. The depth of the channels relative to this reference
depth is defined to be the blast lag. The blasting pressure was set to be
4.5 bar which results in velocities between 230-270 m/s depending on the
particle size.

7.3.1 Smaller particles
Average powder sizes of 9.0, 12.8, 17.1, 22.8, and 29.2 µm [5] were used
for blasting. Electroplated copper with a thickness between 14 – 16 µm
was used as the mask material. The channel width increases during
blasting due to the erosion of the mask edges. The rate of channel
widening depends on the mask thickness and particle size. The widening
did not correlate with the lag decrease and we assume that the effect on
the blast lag can be ignored in this case.
The blast lag for these settings is shown in Figure 7.9.

Figure 7.9 A decreasing blast lag with decreasing particle size.
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7.3.2 Oblique blasting
The rotation of the target in combination with the x-y scanning
movement of the nozzle can produce Lisajous patterns, which would
result in an unevenly powder blasted surface. To avoid this, the rotation
speed is made relatively high (210 rpm) compared to the scanning
motion (1.1 by 34 strokes per minute). Average powder sizes of 9.0 and
29.2 µm were used for blasting. Electroplated copper with a thickness of
about 10 or 20 µm was used as the mask material on Pyrex. The smaller
impact angle will increase the erosion of copper (due to the ductile
erosion characteristic), which results in faster widening rate of the mask
edges. The consequences of this effect on the blast lag cannot be ignored
anymore. Therefore, oblique blasting was performed on samples with a
thicker mask so that the final mask widening for all samples is
approximately 15 µm.
Figure 7.10 shows the effect of ROB on the blast lag. The blast lag for
normal impact, which is shown as a reference, was also measured with a
rotating target.

Figure 7.10 A decreasing blast lag with Radial Oblique Blasting.

7.4 Discussion

7.4.1 Smaller particles
Figure 7.9 clearly shows that the blast lag is decreased when the particle
size is smaller. The depth increase can be as large as 36% when using 9
µm particles in stead of 29.2 µm particles.
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Figure 7.11 All values of do calculated from Eq. 7-1 and Figure 7.9.

Although the amount of blast lag can not be predicted from Eq. 7-1, the
validity of this equation can be checked. For a fixed channel width, do is
independent of particle size. Using the measurements of Figure 7.9, the
values of do for each channel width can be calculated (Figure 7.11, α is
approximated by using the channel width minus the particle size, and the
measured channel depth).

All points are very close to each other which shows that Eq. 7-1 is a good
approximation to calculate the effect of particle size on the blast lag for
rounded V-shaped channels.
Smaller particles decrease the blast lag, but the disadvantage is that the
selectivity of the target with the mask material and the absolute target
removal rate also decreases (in case of Pyrex/copper the selectivity is 71
for 29.2 µm particles and 40 for 9 µm particles, see Chapter 4). The
removal rate can partially be restored by increasing the particle speed.
The erosion velocity exponent is approximately 2.8, 2.3 and 3.0 for
respectively Pyrex (Chapter 6), metals [6] and the powder blasting resist
foil BF410 [7]. This means that a higher particle velocity will increase the
selectivity when using a metal mask, and decrease when using BF410. At
very high velocities the selectivity can decrease due to the particle
defragmentation which negatively influences the target removal rate.

7.4.2 Oblique blasting
Figure 7.10 shows that Radial Oblique Blasting (ROB) decreases the blast
lag for both 9 and 29.2 µm particles. However the change in lag is only a
few percent. The predicted effects of oblique blasting (Figure 7.7) cannot
be used directly to calculate the absolute effect on the blast lag.  A
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blasting simulation that uses the modified impact angle dependent
removal rate would be required to predict the channel profile and blast
lag for oblique blasting.
A number of disadvantages are associated with ROB. The decrease of
particle impact angle will increase the mask erosion rate and decrease the
target removal rate, which decreases the selectivity. Also, if the channel
aspect ratio becomes very large, the sidewalls shield (part of) the channel
bottom from the particle jet, which is unwanted in our case. The process
time after which shielding starts depends on the impact angle and the
particle size. Shielding already occurs in the beginning of the process at
the thick mask edges. Edge shielding decreases the effective channel
width with an amount that depends on the mask thickness, impact angle
and particle size. Calculations have shown that Two-sided Oblique
Blasting will result in a larger decrease of the blast lag (Figure 7.7), but
this technique can only be used in a very limited amount of channel
designs.

7.5 Conclusions
The inclination of channel sidewalls that are formed during powder
blasting results in what we call the blast lag (wide channels become
deeper compared to smaller channels). This effect e.g. limits the
maximum attainable aspect ratio. The inclination is caused by the
relatively large size (9-29 µm) of the powder particles that are used for
powder blasting.
The blast lag is reduced when the sidewall removal rate relative to the flat
bottom removal rate is increased. This can be accomplished by blasting at
a lower impact angle, which is confirmed by calculations. Rotating the
target during blasting ensures uniform blasting. Experiments show that
the steeper sidewalls that are created by this Radial Oblique Blasting
result in a decreased blast lag. However, the effect is small and the
application is limited due to a lower selectivity between the target and
the mask material and shielding of the particle jet by the sidewalls at high
aspect ratios.
A better way to decrease the blast lag is to use smaller powder particles.
These can impact on the target closer to the mask edge and deeper in the
bottom tip of the channel. This results in a depth increase as large as
36% when using 9 µm particles in stead of 29.2 µm particles. One
disadvantage of using smaller particles is the decrease in selectivity, but
that effect is much smaller compared to Radial Oblique Blasting.
Using smaller particles results in steeper sidewalls and less blast lag.
However, larger particles are favourable when blasting through holes. In
that case, the depth is not limited by the mask opening and blasting time
but by the target thickness. The higher selectivity which accompanies



CHAPTER 7110

large particles allows prolonged blasting (even while the hole is already
through), which will decrease the sidewall inclination.
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CHAPTER 8

8 Application

This chapter reviews most of the devices that
have been fabricated at the University of
Twente using powder blasting. It gives a
general idea of how powder blasting is
currently used in micromachining.

8.1 Introduction
The development of powder blasting described in this thesis has been
used by others to fabricate microstructures. This chapter reviews some of
the devices that were made using powder blasting at the University of
Twente. For each application the advantages and disadvantages of this
technique will be discussed and compared to alternative techniques.
Unless mentioned otherwise, all applications used Ordyl BF410 as the
mask material for blasting.

8.2 Through holes
One of the most competitive applications of powder blasting is the ability
of making holes easily through glass and silicon wafers. Besides the
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applications that will be mentioned later in this chapter, through holes
have also been blasted for the realisation of a detection cell, a reaction
chamber [1], a micropipette [2], a viscosity detector [3], a centrifugal
mixer [4], a gas sampling device [5] and a Modular Assembly for Total
Analysis Systems (MATAS) [6]. All these applications needed through
holes to access closed channels or to be able to make electrical
connections after wafer to wafer bonding.

Single holes through glass or silicon can easily be blasted with a static
nozzle within a few seconds. When multiple holes are required, it is
easier to simultaneously blast all holes using a x-y scanning motion. The
through hole shapes will be more identical in the latter case, since the
amount of powder that is used for each hole (which influences the hole-
shape) is more easily controlled. The top-hole diameter is generally made
equal to the target thickness (Figure 8.1). The width of the bottom exit
hole depends mainly on the top width but can be tuned by varying the
blast time. The bottom width is always smaller than the top width, due
to the slant sidewalls that are created by powder blasting. Although it
limits the aspect ratio of the holes, this shape can also be beneficial for
supporting and gluing capillaries. Holes with a higher aspect ratio can be
blasted when using double sided masking [7] or by using a more erosion
resistant mask material that allows a prolonged blasting time (see
Chapter 4).

Figure 8.1 A through hole in Pyrex. Top diameter and
target thickness: 500 µm, bottom diameter: 200 µm.

When the backside of the wafer has to be bonded to another wafer, it is
important to protect it with a foil during blasting. If this is omitted, the
heavily damaged zone around the holes makes the bonding contact area
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very small. So although general bonding is still possible, the local area
around the holes will not be bonded.

Alternative techniques that are capable to machining through holes such
as (ultrasonic) drilling, lasermachining or RIE etching are less competitive
in terms of machining time, equipment costs and reproducibility. This
was already recognised by Philips [8] where powder blasting is now used
to machine thousands of through holes simultaneously at a high
accuracy.

8.3 Glass chips
There is a growing need to manage fluids on the microscale for chemical
reactions and analyses. Microfluidics have the advantages of e.g. small
sample volume, good temperature control and analysis equipment
downscaling. In the case of microfluidic chips, often high voltages are
required for fluid manipulation (Electro Osmotic Flow) or detection
(conductivity sensors). This requires the fabrication of channels in
insulating materials such as glass. Glass also has the advantage of being
transparent and chemically inert.

Figure 8.2 Several glass chips, which are blasted at the
MESA+ research institute.

A large amount of glass chips have already been fabricated using powder
blasting (Figure 8.2, [9, 10, 11, 12]). Channels and through holes are
blasted in one substrate which is bonded (after a thorough cleaning step)
to a second substrate to close the channels. This simple procedure results
in robust glass chips. The fabrication can be carried out in a single day so
it also allows for fast prototyping.
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The channels can also be made by wet chemical HF etching which results
in smooth and round channels. But due to the isotropic process, the
aspect ratio is low and extra care and time has to be taken for the mask
material in the case of deep channels (>1 µm).
As already explained in Chapter 5, the channel roughness can have an
influence on the performance of the device and this subject still needs
some research. One might expect some problems regarding residual
particles that could prevent bonding or block channels, but non of these
effects have been observed.

8.4 A Peristaltic MicroPump
A simple peristaltic micropump has been fabricated by T.T.Veenstra et
al. [13] (Figure 8.3). The pump is self-priming, bubble-tolerant and it
delivers a maximum flow rate of 9 ml/min.

Powder blasting was used for the connection channels (200µm wide and
180 µm deep) and the through holes (top width 850µm, bottom width
about 400 µm) in the silicon bottom wafer. Together with selective
anodic bonding [14], the fabrication process is extremely simple and
robust and needs in principle only a single lithographic step.

Figure 8.3 Side- and topview of the design of the peristaltic
micropump..

KOH or RIE etching could have been used to make channels and inlets,
but this was not necessary since the dimensions were not critical. Powder
blasting was easier, faster and cheaper compared to these techniques.
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8.5 Evaporator
For the realisation of a miniature fuel processor, an evaporator has been
fabricated [15]. The goal is to evaporate a mixture of water and methanol
at a gas rate of 3 l/min. While the mixture flows through long channels, it
is heated up just above the critical evaporation temperature. The channel
size is chosen such that bubble initiation will not occur and the mixture
will evaporate at the channel exit.

The evaporator consist of 234 channels with a length of 6 cm and a
width and depth of 70 µm placed closely together separated by 100 µm
wide silicon (Figure 8.4). To blast these 70 µm narrow channels, the 50
µm thick negative resist foil BF405 was used as the mask material. The
channels are closed by annodically bonding a Pyrex wafer to the silicon.
Through holes in this Pyrex wafer were also made by powder blasting.

Figure 8.4 An array of 70µm wide channels in silicon
for the evaporation of fluids.

Powder blasting was the most straightforward technique to fabricate
these channels compared to alternative techniques like KOH or RIE
etching. The channel roughness that results from the powder blasting
enlarges the contact area of the fluid with the silicon causing a more
efficient heat transfer.

8.6 An optical scan device
Lüttge designed a Microoptical Scan Device [16]. For this a quartz or
Pyrex cantilever structure (top width 210 µm, thickness 200 – 500 µm)
was fabricated using powder blasting (Figure 8.5). A wave-guide will be
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placed on top of the cantilever. The beam is driven at resonance
frequency to be able to scan e.g. a bar code.

Figure 8.5 Powder blasted glass beam.

The physical forces of the air/particle jet are large enough to break the
fragile cantilever when the wafer is blasted through. To support the
cantilever during blasting, the substrates were either directly bonded to
silicon or glued to a support wafer using ordinary resist. This also
provided the necessary backside protection. The erosion rate of both
fused and single crystalline quartz is smaller compared to glass
(approximately two times), but the resist foil BF410 is thick enough to
be able to machine through a 500 µm thick wafer.

The original design consisted of a HF- etched quartz wafer so that the
piezoelectric properties of quartz can be used to drive the beam into
resonance. However, it proved to be difficult to obtain a mask that could
sustain such a long HF etch (over three hours). The slant side walls that
result from the powder blasting causes the beam to have a trapezoidal
cross-section, which decreases the maximal deflection during resonance.
This effect can be decreased by oblique or prolonged blasting.

8.7 Stress release ring
M.T. Blom et al. presented local anodic bonding of a common Kovar
alloy to Pyrex [17]. It is suitable for temperature-, solvent- and pressure-
resistant micro fluidic connections. The different thermal expansion
coefficients of Kovar and Pyrex caused some stress problems after
bonding at temperatures between 200-400 °C. A stress release ring was
added by powder blasting in order to release the thermal stresses induced
during bonding (Figure 8.6).
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Stress
release
ring

Figure 8.6 Local anodic bonding of Kovar on a bonded
Pyrex–Si fluidic structure.

Together with the through holes, which were also in the design, powder
blasting was done in two steps. Initially, all structures are powder blasted
until the required depth for the rings is reached. Subsequently, a metal
shadow mask is used to complete the through holes while protecting the
rings. A ring depth of 170 µm in a 500 µm thick wafer was sufficient for
a good stress release.
Powder blasting was chosen for it’s ease and because the ring could be
simultaneously machined with the through holes. The microflaws that
are created by powder blasting did not initiate a crack due to the tensile
stress that arises from the mismatch in thermal expansion coefficients.

8.8 Discussion
In the aforementioned applications, often the reason to use powder
blasting is because the technique as well as the accompanying
lithographics is easy, simple and fast. Even for silicon, where there are a
lot of well-known machining techniques available, powder blasting was
used exactly for these reasons. In the case of glass micromachining, the
main alternative would be wet-chemical HF-etching. The two main
disadvantages of this technique are that it etches isotropically (so aspect
ratios are approximately 0.5) and to etch for a prolonged time requires
extensive mask preparations. So in that case powder blasting is often the
only option, especially in the case of machining through holes.
In these applications the minimum feature size is 70 µm and the
maximum aspect ratio is 1. Although powder blasting is now capable of
higher aspect ratios (2.5) at smaller feature sizes (30 µm) this would
require an electroplated copper mask. This more laboriously process will
only be used when it is really necessary.
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The fabrication of glass chips shows that powder blasting does not
directly affect the capability of wafer direct bonding. The substrate can
easily be cleaned from the mask material (with e.g. acetone, KOH, HNO3

or NaOH) and rinsing or an ultrasonic bath removes residual particles.
After these cleaning steps, the substrate is again compatible with any
micromachining technique.

8.9 Conclusion
Powder blasting is being used for machining glass in process steps that
were previously impossible or avoided. It is also used for e.g. silicon
machining in cases where the structure would previously have been
fabricated using machines that are specialised for more specific and
accurate tasks, (which is like using a pen to paint a wall). So powder
blasting simplifies process steps in miromachining but also gives new
opportunities.
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CHAPTER 9

9 Final remarks

At the end of this thesis, it will be discussed to
what extend the initial goals such as a smaller
feature size and a larger aspect ratio, have been
reached.

9.1 Feature Size
A main goal of this project when it started in 1997 was to decrease the
minimum feature size to 10 µm. The first obstacle to accomplish this was
to find a suitable resist material that was able to define such a feature
size. Electroplated copper can not only be used for any feature size, it
also proved to have an excellent erosion resistance. Second, to be able to
blast a 10 µm channel, 3 µm particles should be used. However, using
these particles results in a ductile erosion mechanism on the target due to
the low kinetic energy (Chapter 6). This leads to a very bad selectivity
between the mask material and the target, which makes it difficult to
blast deep channels (Figure 9.1).
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Figure 9.1 A 10 µm wide channel blasted in glass using 3 µm particles.

The particle kinetic energy at which the transition to the ductile erosion
mechanism starts is 17 nJ for Pyrex.  We can take this energy to be the
minimum kinetic energy that is suitable for powder blasting. Table 9-1
shows some particle properties that are necessary to attain such an
energy.

Table 9-1 Particle properties for a particle kinetic energy of 17 nJ.

Particle type Density
[g/cm3]

Speed
[m/s]

Remarks

5 µm Alumina (Al2O3) 3.9 365
3 µm Alumina (Al2O3) 3.9 785 Speed not attainable
3 µm Tungsten Carbide (WC) 15.7 390 Particles not widely

available

On the other hand, there is also a limit in the minimum crack length.
According to Slikkerveer et al. [1], the minimum crater width (twice the
minimum crack length) after impact is 12.4 µm for Pyrex and 13.1 µm
for Silicon. These observations lead to a practical limit of about 30 µm
wide channels (Figure 9.2).
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Figure 9.2 A 35 µm wide channel blasted in glass using 9 µm particles.

9.2 Aspect Ratio
Another goal of this project was increasing the aspect ratio to about 5 to
be able to compete with established micromachining. The main
restriction to powder blast high aspect ratios is the decrease in removal
rate when the aspect ratios become larger than approximately one. The
quality of the mask material now determines the blast time and hence
the aspect ratio. The use of smaller particles results in steeper sidewalls,
which is beneficial for the aspect ratio. Using electroplated copper, the
aspect ratio could be increased to about 2.5 for channels smaller than
100 µm.

9.3 Reproducibility and predictability
Powder blasting can be regarded as a reproducible machining technique
as long as the basic demands like an evenly powder flux, smooth x-y
movement, constant pressure, unworn nozzle, constant particle size etc.
are satisfied. In that case, depth tolerances of a magnitude close to the
surface roughness can be obtained. However, the edge of the mask
material will eventually calve off which strongly influences the shape of
the sidewalls. The rate of mask deterioration is not a constant but
depends on blasting conditions, type of mask, mask material age, mask
thickness, mask treatment etc. The depth of a V-shaped channel, which
is also dependent on the mask opening, is strongly influenced by these
sometimes unpredictable effects. This makes the amount of blast lag very
dependent on the mask quality. Electroplated copper is again the best



CHAPTER 9124

mask material to be used for reproducibility since it does not suffer from
ageing and the erosion resistance is high.
To predict the shape of sidewalls is difficult even with a perfect mask
material. Slikkerveer et al. succeeded to qualitatively predict the two-
dimensional shapes that result from powder blasting [2]. However, the
extensive simulations that were required obstruct a practical usage for
device designing.

9.4 Outlook
Powder blasting will continue to play a role in micromachining because it
simplifies existing process steps in miromachining but also gives new
opportunities for glass micromachining. One reason why powder blasting
would not soon be widely used by other research groups and companies
is the fact that a small-scale powder blaster is not commercially available
yet. This means that the equipment has to be partially home build and
that there is no professional technical support.
Further research can be directed to measuring the average crack length
for actual particle impacts and to adapt the existing erosion models (e.g.
using two lateral cracks in stead of four, Figure 5.4 Chapter 5). Cross
sections of the crack patterns (like in [3]) for the low kinetic energy
particles as used in this thesis would give more information on the exact
erosion mechanism. This would also clarify the differences between open-
structured and normal glasses.
Using small Tungsten Carbide particles with a larger mass could be
beneficial for the blast lag while the high removal rate is maintained. The
consequence for the selectivity has to be investigated. A large
improvement of the powder blast characteristics can be expected when
there are even better resist materials available. In general, a higher
erosion resistant mask material would allow a higher aspect ratio and
more capabilities of blasting ceramics. It would also allow the use of
smaller particles, which results in less blast lag and a lower surface
roughness. A better metal mask material would be electroplated nickel,
which is expected to have a 25% lower erosion rate compared to copper
[4]. Improvement in the minimum feature size and erosion resistance of
commercial powder blasting resist foils can be expected from the
continuing growing flat panel display industry.
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APPENDIX

AA Ceramic Powder Blasting

A.1 Introduction
Powder blasting is a directional machining technique for brittle materials
like glass, silicon and ceramics. Properties of ceramic materials such as
wear resistance, chemical inertness and high melting temperatures are
attractive for micromechanical systems in harsh environments. Some
ceramic micromachining methods like laser machining [1], ultrasonic
drilling [2], and isotropic etching [3] are already available. The advantage
of powder blasting is that it is suitable for different brittle materials, the
design can be defined by lithography and there are no large residual
thermal stresses like in laser machining (although there are small
localised residual stresses due to the particle impacts [4]). To investigate
the possibilities of powder blasting as a ceramic micromachining
technique, channels are powder blasted in an Alumina (Al2O3) substrate
as a case study.

Alumina substrates can be obtained in a much larger variety compared to
silicon or glass. There is not only a difference in surface roughness and
thickness but also in e.g. grain size, density and alumina content.
Properties are more standard when acquiring single crystalline alumina
(sapphire), but the costs are much higher in that case. Some properties of
the polycrystalline alumina that is used for this study are listed in Table
A-1.
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Table A-1 Alumina properties [5]

Material Alumina A-476
Thickness 500 µm
Alumina content 96%
Density 3.7 g/cm2

Grain size ≈ 2 µm

Surface roughness Ra = 0.2-0.8 µm

Vickers hardness 13.7 Gpa

Young’s modulus 330 Gpa

In this appendix we will first determine the erosion rate of the mask
material and alumina target after which channels will be blasted in
alumina.

A.2 Mask Material
Several types of mask materials can be used for powder blasting. An
electroplated copper mask is used in this case of ceramic powder blasting
because it has a very low erosion rate (see Chapter 4).
The channel layout and electroplating results are shown in Figure A.1.
The minimum channel width for these structures that could be
electroplated is 100 µm for alumina. SU-8 channel moulds on alumina
that are smaller than 100 µm are flushed away during development. The
adhesion of SU-8 to the copper seed layer is worse when using alumina as
a substrate compared to a silicon substrate. A possible explanation for
this is that the irregular bottom surface of the SU-8 moulds (as a result of
the rough alumina surface) has a bad influence on the SU-8 adhesion.

Figure A.1 Electroplated copper masks,
100 µm wide channel on Alumina.



Ceramic Powder Blasting 129

A.3 Blasting Experiments

A.3.1 Erosion rate
The erosion rate is measured at a constant pressure using 9 and 29 µm
particles of alumina and SiC, with a hardness of 17 GPa and 25 GPa and
a density of 3.9 g/cm3 and 3.2 g/cm3 respectively. The particle velocity is
measured separately at these conditions before the measurements.
Erosion rates are usually measured by exposing a piece of target to a fixed
amount of powder at constant blasting conditions. The amount of
powder that is used during blasting is measured with an accuracy of 0.5
grams in our case. To perform an accurate erosion measurement with
such a large absolute error in powder weight would require relatively large
and many pieces of target which were not available to us. Therefore we
choose to use a silicon reference sample to determine the amount of
powder that has been used during a measurement. The erosion rate of
silicon was available from previous experiments for a range of alumina
particle sizes (Chapter 5). We assume that the silicon erosion rate
depends on the particle kinetic energy and not on the particle material.
In this way, the relative removal rate of the different samples can be
determined very accurately. The absolute erosion rate will be less
accurately determined, but this is also of less importance for
micromachining.

Figure A.2 The erosion rate for Alumina and electroplated copper.

Up to five samples were placed in line, all leaving the same area exposed
to the particle jet. The jet is scanned over the samples in one direction
and the weight loss is measured at intervals and compared to the silicon
weight loss. The removal rate is subsequently calculated from these
measurements. Figure A.2 shows the erosion rate for alumina and
electroplated copper measured in [mg/g.] Removal rates are converted to
[µm/min] for all measurements in Table A-2. The surface roughness was
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determined by calculating the average Ra of 5 Dektak scans with a length
of 1 mm. These results are also listed in Table A-2 (the error being the
standard deviation of the 5 Ra values). The data for Pyrex is shown for
comparison.

Table A-2 Surface roughness Ra and steady state removal rates for several
materials (for an area of 7x7 cm2 and a powder feed of 10 g/min).

29 µm SiC 29 µm Al2O3 9 µm SiC 9µm Al2O3

Particle velocity
[m/s]

254 ± 6 230 ± 7 267 ± 10 270 ± 6

Removal rate
Al2O3 [µm/min]

4.3 1.7 1.3 0.72

Removal rate
Cu [µm/min]

0.40 0.35 0.26 0.34

Selectivity
Al2O3/Cu

10.8 4.9 5.0 2.1

Ra   Al2O3

[µm]
1.23 ± 0.09 0.97 ± 0.09 1.10 ± 0.12 0.98 ± 0.13

Removal rate
Pyrex [µm/min]

- 25 - 13.5

Ra   Pyrex
[µm]

-
2.5 ± 0.6

-
1.2 ± 0.2

A.3.2 Channels
Square samples of Alumina (6x6 cm2) were prepared with a 35 µm thick
electroplated copper mask. The 29 µm SiC particles are used for powder
blasting since they are small enough to machine the 100 µm channels
and ensure a high selectivity between alumina and copper (Table A-2).
Figure A.3 shows the results of powder blasting with the remaining
copper mask still on. The depth in the channels is approximately 80 µm.
A separate metal plate mask containing 1 mm holes is manually aligned
and clamped to the substrate for the blasting of the 1 mm holes. Blasting
is carried out at a fixed nozzle position above a single hole for about 90 s
to machine through the 500 µm thick alumina.



Ceramic Powder Blasting 131

 
Figure A.3 Powder blasted ceramic structures. Left: 100 µm wide

and 80 µm deep powder blasted channels. Right: through hole.

The powder blasted depth was monitored during the process
 (Figure A.4).

Figure A.4 Channel depth during powder blasting.

A.4 Discussion

The powder particle size and hardness has a strong influence on the
alumina erosion rate, while the copper erosion rate does not change very
much (Table A-2). The hardness of the SiC particles is higher compared
to the alumina substrate, which results in a higher removal rate [6]. So
the selectivity between copper and alumina depends mainly on the
erosion rate of alumina. As a rule of thumb, the particle size is taken to
be at most a third of the minimum channel width. Often a smaller size is
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chosen to achieve a smoother finish, but in this case the largest possible
particle size is chosen to obtain a high selectivity.

The surface roughness of the alumina samples is between 1 - 1.2 µm
(Table A-2). Normally, when a homogeneous brittle material (glass or
silicon) is blasted at comparable conditions the surface roughness varies
between 1.2 and 2.5 µm. The dependence of the roughness on the
particle kinetic energy in that case can be attributed to the erosion
mechanism which is defined by the lateral crack system (see Chapter 5).
The small variation in roughness for alumina implies that the lateral
crack system is not the (only) erosion mechanism for alumina. The
erosion mechanism will be influenced by the microstructure of
polycrystalline alumina, which contains numerous grain boundaries.
These boundaries are relatively weak which makes it easier to eject grains
from the target [see e.g. 7].

Figure A.3 shows that the resulting powder blasted channels are well
defined. Figure A.4 shows that the removal rate of a 100 µm wide
channel is slower compared to wider channels. This is called the blast lag
and is a normal phenomenon in powder blasting (Chapter 7). However,
the lag is enhanced by the fact that the copper mask opening temporarily
becomes narrower during powder blasting. The absolute erosion rate of
alumina if determined from this graph (the 500 µm channel depth) is
35% lower compared to the erosion rate measurements. This is probably
due to the inaccurate determination of absolute erosion rate by using a
silicon reference sample

A.5 Conclusion
The erosion rate of Alumina depends mainly on the powder particle size
(or kinetic energy) and the particle hardness as expected. The best
selectivity is attained for particles that are harder than the target material
and with the largest size that is allowed by the minimum feature size.
The surface roughness that results from the powder blasting is between
1-1.2 µm. The small variation in roughness at different blasting
conditions indicates that the erosion mechanisms is not (only) defined by
the lateral crack mechanism.
The adhesion of the SU-8 mould to the copper seed layer is even worse
when using a rough alumina substrate. This limits the minimum feature
size to about 100 µm channels in case of an SU-8 thickness of 50 µm.
Channels with a width of 100 µm and a depth of 80 µm have been
powder blasted in Alumina. Through holes of 1 mm have been fabricated
using a separate metal shadow mask.
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As with isotropic etching and laser machining, powder blasting is capable
of machining complex designs in ceramic. It has the advantage of being a
directional and cold process, which avoids thermal stresses. However, the
selectivity with mask materials is low which limits the application of
ceramic powder blasting.
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1 Summary

This thesis deals with the use of powder blasting as a micromachining
technique to create micro systems. Powder blasting is a technology in
which small particles, accelerated by an air jet, are directed towards a
brittle target for mechanical material removal. It is especially useful for
glass machining due to the limitations of other glass micromachining
techniques.
Particle jets have been used for many years to test the wear resistance of
materials. Chapter 2 gives a literature overview of this research field.
Only recently have particle jets been used as a machining technique.
An important parameter for powder blasting is the average particle
velocity. In Chapter 3 a method is presented that is able to measure the
velocity of small particles in an air jet (< 30 µm) that are used to
machine very small structures (< 100 µm).
By partially shielding the target from the particle jet using a mask, small
and complex structures can be fabricated. Three types of mask materials
are discussed in Chapter 4; a pre-machined metal plate, commercially
available thick negative resist foil and electroplated copper.
The surface roughness of powder blasted structures is much higher
compared to other micromachining techniques. Chapter 5 shows how the
roughness depends on the powder blasting parameters, and how it can be
manipulated afterwards.
Powder blasting smaller structures requires the use of smaller powder
particles. As the particle size is decreased, the erosion mechanisms will
change (the ductile-brittle transition) and the removal rate and selectivity
with mask materials will drop sharply. This transition is studied in detail
for silicon, Pyrex and sodalime glass in Chapter 6.
The sidewall of a powder blasted channel is not straight but has a certain
inclination. This inclination restricts the maximum aspect ratio of the
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channel, and it results in the blast lag: wider channels become deeper
compared to smaller channels. Chapter 7 shows how blasting with a
smaller impact angle and by using smaller particles can reduce this blast
lag.
Chapter 8 shows some of the micro systems that have been fabricated
with the help of powder blasting, and it discusses why powder blasting
was chosen in those cases.
Chapter 9 gives some final remarks on the limitations of powder blasting
as a micromachining technique.



2 Samenvatting

Dit proefschrift gaat over het gebruik van poederstralen als een
micro-bewerkingstechniek voor de fabricage van microsystemen.
Poederstralen is een techniek waarbij kleine deeltjes, versneld door een
luchtstroom, worden gericht op een bros werkstuk om mechanisch
materiaal te verwijderen. Het is in het bijzonder geschikt om glas mee te
bewerken, vanwege de beperkingen van alternatieve
bewerkingstechnieken voor glas.
Het stralen met deeltjes is jarenlang gebruikt om de slijtage van
materialen te testen. Hoofdstuk 2 bevat een literatuuroverzicht van dit
onderzoeksveld.
Een belangrijke parameter voor poederstralen is de gemiddelde
deeltjessnelheid. In hoofdstuk 3 wordt een methode gepresenteerd
waarmee de snelheid gemeten kan worden van kleine deeltjes in een
luchtstroom (<30 µm) die worden gebruikt om zeer kleine structuren te
fabriceren (<100 µm).
Door het werkstuk gedeeltelijk af te schermen met een masker kunnen
kleine en complexe structuren gemaakt worden. Drie soorten maskers
worden besproken in hoofdstuk 4; een voorbewerkte metalen plaat, een
commercieel verkrijgbare dikke fotogevoelige folie en elektrodepositie van
koper op het werkstuk.
De oppervlakteruwheid van gepoederstraalde structuren is groter in
vergelijking met andere micro-bewerkingstechnieken. Hoofdstuk 5 laat
zien hoe de ruwheid afhangt van de poederstraal parameters, en hoe deze
na het poederstraal proces kan worden veranderd.
Om zeer kleine structuren te fabriceren zijn zeer kleine deeltjes nodig. Als
de deeltjes kleiner worden, verandert het erosiemechanisme (de “bros
naar week” overgang) waardoor de graafsnelheid sterk afneemt (zowel
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absoluut als in vergelijking met het masker). Deze overgang wordt in
hoofdstuk 6 nauwkeurig bestudeerd voor sodalime glas, Pyrex glas en
silicium.
De wanden van een gepoederstraald kanaal zijn niet loodrecht, maar
hebben een zekere helling. Deze helling beperkt de maximale
breedte-diepte verhouding van de kanalen en resulteert ook in de
“graafvertraging”: brede kanalen worden onder dezelfde omstandigheden
dieper dan smallere kanalen. Hoofdstuk 7 laat zien hoe de
graafvertraging verminderd kan worden door het gebruik van kleinere
deeltjes of door de invalshoek van de poederstraal te verminderen.
In hoofdstuk 8 worden enkele microsystemen getoond die gefabriceerd
zijn met behulp van poederstralen, en er wordt uitgelegd waarom
poederstralen daarvoor als fabricagetechniek werd gekozen.
Hoofdstuk 9 geeft enkele laatste opmerkingen met betrekking tot de
beperkingen van poederstralen als een micro-bewerkingstechniek.
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