Microscale Transport Phenomena
in Materials Processing

Microscale transport mechanisms play a critical role in the thermal processing of mate-
rials because changes in the structure and characteristics of the material largely occur at
these or smaller length scales. The heat transfer and fluid flow considerations determine
the properties of the final product, such as in a crystal drawn from silicon melt or a gel
Jfrom the chemical conversion of a biopolymer. Also, a wide variety of material fabrica-
tion processes, such as the manufacture of optical glass fiber for telecommunications,
Jabrication of thin films by chemical vapor deposition, and surface coating, involve
microscale length scales due to the requirements on the devices and applications for
which they are intended. For example, hollow fibers, which are used for sensors and
power delivery, typically need fairly precise microscale wall thicknesses and hole diam-
eters for satisfactory operation. The basic transport mechanisms underlying these pro-
cesses are discussed in this review paper. The importance of material characterization in
accurate modeling and experimentation is brought out, along with the coupling between
the process and the resulting properties such as uniformity, concentricity, and diameter.
Of particular interest are thermally induced defects and other imperfections that may
arise due to the transport phenomena involved at these microscale levels. Additional
aspects such as surface tension, stability, and free surface characteristics that affect the
material processing at microscale dimensions are also discussed. Some of the important
methods to treat these problems and challenges are presented. Characteristic numerical
and experimental results are discussed for a few important areas. The implications of
such results in improving practical systems and processes, including enhanced process
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feasibility and product quality, are also discussed. [DOL: 10.1115/1.3056576]

1 Introduction

Microscale thermal transport processes are particularly impor-
tant in materials processing, which is presently one of the most
active areas of research in heat transfer. We have seen substantial
growth and development of new advanced materials and process-
ing methods to meet the critical demand for special material prop-
erties in a variety of new and emerging applications that arise in
energy, bioengineering, transportation, communications, comput-
ers, and other fields. Many of the relevant devices and systems are
in the microscale range due to the dimensions involved. Also, the
quality and characteristics of the final product resulting from ma-
terials processing are strongly dependent on the transport pro-
cesses that arise at microscale, or nanoscale, levels. Due to grow-
ing international competition and stringent demands placed on
devices, sensors, and equipment, it is has become critical to im-
prove the quality and characteristics of the product, while optimiz-
ing the processing techniques and the manufacturing systems in-
volved.

Fluid flow and the associated heat and mass transfer are ex-
tremely important in the thermal processing of materials, which
refers to manufacturing and material fabrication techniques that
are strongly dependent on the thermal transport mechanisms. With
the growing interest in new and advanced materials such as com-
posites, ceramics, polymers, glass, coatings, specialized alloys,
and semiconductor materials, thermal processing has become par-
ticularly important since the properties and characteristics of the
product can be largely controlled by thermal transport mecha-
nisms, as discussed by Jaluria [1,2]. Besides the traditional pro-
cesses, such as welding, metal forming, polymer extrusion, cast-
ing, heat treatment, and drying, thermal processing includes new
and emerging methods, such as crystal growing, chemical vapor
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deposition, thermal sprays, fabrication of composite materials,
processing of nanopowders to fabricate system components, opti-
cal fiber drawing and coating, microgravity materials processing,
laser machining, and reactive extrusion.

A few of these processes, in which microscale transport phe-
nomena are of particular importance in determining the quality
and characteristics of the device or item being fabricated, are
shown in Fig. 1. These include thin film fabrication by chemical
vapor deposition (CVD), the optical glass fiber drawing process in
which a specially fabricated glass preform is heated, drawn,
cooled, and coated into a fiber, and Czochralski crystal growing in
which molten material such as silicon is allowed to solidify across
an interface as a seed of pure crystal is withdrawn. In all these
processes, the quality and characteristics of the final product and
the rate of fabrication are strong functions of the underlying mi-
croscale thermal transport processes; see, for instance, Refs.
[3-6]. For example, the flows that arise in the molten material in
crystal growing due to temperature and concentration differences
affect the quality of the crystal and, thus, of the semiconductors
fabricated from the crystal. Also, the microstructure of the crystal
is determined by the micro- and nanoscale processes occurring at
the solid-liquid interface. It is important to understand these flows
and develop methods to minimize or control their effects. Simi-
larly, the profile of the neck-down region in an optical fiber draw-
ing process is governed by the viscous flow of molten glass,
which is in turn determined by the thermal field in the glass.
Thermally induced defects arise due to the breaking of the Si—O
bonds, microcracks result from the tension, and other defects are
caused by local instabilities. Microscale transport of dopants
added to the material in order to enhance or modify the optical
behavior of the fiber is also important in the determination of the
characteristics of the fiber obtained. The buoyancy-driven flows
generated in the liquid melt in casting processes strongly influence
the microstructure of the casting and the shape, movement, and
other characteristics of the solid-liquid interface. In chemical va-
por deposition, the heat and mass transfer processes occurring at
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micro- and nanometer dimensions determine the deposition rate,
uniformity, and the overall quality of the thin film produced.

Another important aspect is the link between the microscale
transport and the materials processing systems, which involve
macroscale or commercial scale considerations. An understanding
of the microscale mechanisms that determine material character-
istics is important, but these must be linked with the boundary
conditions that are usually imposed at the macroscale level in the
thermal materials processing system, as is evident from the sys-
tems shown in Fig. 1.

This review paper is directed at these important issues, focusing
on microscale transport in thermal processing of materials and
linking these with the characteristics of the product and with the
system. A range of processes is considered in order to discuss the
important basic considerations that arise in microscale devices,
experimental and analytical/numerical approaches to deal with the
microscale transport mechanisms, and their effect on the pro-
cessed material. As mentioned above, the two main aspects that
are considered in this paper are as follows:

033111-2 / Vol. 131, MARCH 2009

1. applications and devices at microscale dimensions
2. microscale mechanisms that determine material characteris-
tics during processing

Thus, the paper first focuses on microscale devices and dis-
cusses the major basic concerns and challenges that arise at these
dimensions, which typically range from a few microns to around
200 um. These include, for instance, numerical modeling with
very fine grids, strong viscous dissipation effects, high pressures
needed for the flow, experimentation over micrometer scales, ap-
plicability of traditional analyses, and mechanisms, such as sur-
face tension, that could increase in significance as the dimensions
are reduced. The paper next discusses the considerations related to
underlying microscale mechanisms in materials processing and
their effects on the quality of the device or product being fabri-
cated. Examples include thermally induced defects, material con-
version due to shear and temperature, chemical reactions leading
to deposition, and microstructure changes as the material under-
goes processing. The link between these aspects and the quality
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Fig. 2 (a) Structure of a typical optical fiber;

and characteristics of the product, rate of production, cost, process
feasibility, and process optimization are also discussed.

2 Applications and Devices at Microscale Dimensions

As mentioned earlier, the flow and heat transfer at micrometer
dimensions are of interest in many thermal materials processing
applications. Because of the small dimensions, the major concerns
that arise are high-pressure differences, significant viscous dissi-
pation, difficulty in measurements, particularly near the surfaces,
and analytical/numerical modeling. However, if the problem in-
volves dimensions that are much larger than the mean free path of
the molecules, no-slip conditions at the walls and continuity can
be assumed, resulting in modeling, which is similar to modeling at
the macroscale.

For telecommunication purposes, the optical fiber usually con-
sists of three components, core, cladding, and coating, as shown in
Fig. 2(a) for the so-called “weakly guiding fiber.” In this multi-
layered structure, the light-guiding central portion, or core, is cov-
ered by a dielectric layer, or cladding, which generally has a re-
fractive index lower than that of the core to obtain total internal
reflection in the core. In practice, core sizes vary from 8.3 um to
62.5 pm. Radiation heat transfer is the dominant mode of trans-
port in the heating process and the viscosity of the glass, which is
a subcooled liquid, affects the flow and the draw tension, which in
turn affects the transmission properties and also results in strength
degradation [7]. Coating of the fiber with a jacketing material is
carried out for protection against abrasion and for increased
strength. Again, the coating thickness is in microns and defects in
the coating are important for the quality of the final optical prop-
erties of the fiber. Interest in hollow or microstructure fibers,
which form an important class of optical fibers, has grown re-
cently since these fibers have many advantages over the conven-
tional solid-core optical fibers. These include high laser power
thresholds, low insertion loss, no end reflection, ruggedness, and
small beam divergence. Due to the presence of the air core, mi-
crostructure fibers can achieve a low attenuation through struc-
tural design rather than high-transparency material selection and
can be used to provide infrared laser beam and the high-power
delivery [8]. Microstructure optical fibers are widely used for
medical applications, sensor technology, diagnostics, and CO, and
laser delivery, besides traditional telecommunications [9]. Figure
2(b) shows a sketch of a microstructured fiber, with several mi-
crochannels that contain air or inert gases and that are typically
10-20 wm in diameter. The typical dimensions that are of inter-
est in these and other such applications are given in Table 1.
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(b) sketch of a microstructured optical fiber

2.1 Furnace Drawing of Optical Fibers. The manufacture of
an optical fiber typically begins with a silica preform, which gen-
erally consists of two concentric cylinders called the core and the
cladding and which may be doped with various elements or
chemicals to achieve desired optical properties. In a draw tower,
the preform is traversed vertically through a high-temperature cy-
lindrical furnace. The glass is heated beyond its softening point
T of about 1900 K for silica and is drawn into a fiber of
diameter around 125 um by applying axial tension. Studies on
pure, single-layer, solid, silica optical fiber drawing have been
carried out by a number of researchers. Paek and Runk [10] stud-
ied the neck-down profile and temperature distribution within the
neck-down region using a one-dimensional analysis. Myers [11]
developed a one-dimensional model for unsteady glass flow. More
comprehensive models have been developed by Jaluria and co-
workers [12-15]. They investigated the flow and the thermal
transport in detail, including the convective and radiative heat
transfer in the axisymmetric configuration of the glass preform
and the inert gas flow. An analytical/numerical method was devel-
oped to generate the neck-down profile. The effects of fiber draw
speed, inert gas velocity, furnace dimensions and furnace tempera-
ture distribution on the flow, temperature distribution, tension, and
neck-down shape were obtained and discussed. Initially, the pre-
form was assumed to be optically thick, which is not valid in the

Table 1 Typical dimensions of some microscale devices and
applications

Solid optical fibers
Single mode: 5—10 um
Multimode: 10-50 um

Coatings
Primary coating: 30—50 um
Secondary coating: 50-100 um

Hollow fibers
Hole diameter: 10-50 um
Multistructured: Hole diameter 5-10 um

Chemical vapor deposition
Coatings: 1-10 um
Films: 10-50 um

Chemical conversion, defect generation
Submicron scale (micro- and nanoscale)
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lower neck-down region and which was later modeled with the
zonal method. High-speed optical fiber drawing, up to 20 m/s,
with preform diameters of 5-10 cm was investigated. More re-
cently, Wei et al. [16] used the discrete ordinate method to solve
the radiative transfer equation and numerical results for higher-
speed (25 m/s) drawing were obtained. However, the major con-
straint has been the availability of accurate radiative property data.

The flow of the glass and of the aiding purge gas in a cylindri-
cal furnace is assumed to be axisymmentric. The governing equa-
tions for the glass and the gas are given as

dv  1d(ru
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where @ is the viscous dissipation term and S, is the radiation
source term. The other variables are defined in the Nomenclature.

For glass, the material properties are strong functions of the
temperature 7. They also vary with composition and changes in
the microstructure, the main effect being on the radiation proper-
ties and on the refractive index. The variation in the viscosity is
the most critical one for the flow, since it varies quite dramatically
with temperature. An equation based on the curve fit of available
data for kinematic viscosity v is written for silica, in SI units, as

_ Tmell
v=4545.45 exp| 32{ 7 - 1 (5)

indicating the strong exponential variation of v with temperature.
Variations in all the other relevant properties of glass need to be
considered as well, even though the variation with 7 is not as
strong as that of viscosity. The properties of the purge gas in the
furnace may be considered to be constant since their variations are
small over the temperature ranges encountered. The radiative
source term S, in Eq. (4) is nonzero for the glass preform/fiber
because glass emits and absorbs energy. The variation of the ab-
sorption coefficient with wavelength A can often be approximated
in terms of bands with constant absorption over each band. A two-
or three-band absorption coefficient distribution has been effec-
tively used. One of the methods that have been used successfully
to model the radiative transport is the zonal model. Figure 3
shows the typical finite volume zones used for radiative transfer.
Because of the small fiber diameter, being around 125 um, there
is a temptation to assume uniform temperature across the fiber.
However, because of the high-temperature dependence of the vis-
cosity, this assumption does not yield accurate results and a large
number of grid points, typically around 50, are needed across the
fiber radius of around 62.5 wm to capture changes in temperature
and the consequent effects on properties, viscous dissipation, ther-
mally induced defects, and dopant movement.

Figures 4 and 5 show some typical results obtained from the
numerical simulation. The fiber drawing process involves model-
ing the free surface flow of glass. A solution of the transport
equations, along with a surface force balance, is needed for the
determination of the neck-down profile. The normal force balance
and the vertical momentum equations are used to obtain a correc-
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tion scheme for the neck-down profile and the iterative process is
continued until the neck-down shape does not change from one
iteration to the next. It was found that viscous and gravitational
forces are dominant in the determination of the profile. Surface
tension effects are small, despite the small dimensions involved.
For convergent cases, perturbations to the initial profile and dif-
ferent starting shapes lead to the converged neck-down profile,
indicating the robustness of the scheme and the stability of the
drawing process, as seen in Fig. 4(a). The force balance conditions
are also closely satisfied if the iterations converge [14]. However,
as expected, it is not possible to draw the fiber under all imposed
conditions. If the furnace temperature is not high enough, it is
found that the fiber breaks due to lack of material flow, a phenom-
enon that is known as viscous rupture. This is first indicated by the
divergence of the numerical correction scheme for the profile and
is then confirmed by excessive tension in the fiber. Similarly, it is
determined that, for a given furnace temperature, there is a limit
on the draw speed beyond which drawing is not possible, as this
leads to rupture. A region in which drawing is feasible can be
identified, as shown in Fig. 4(b). Beyond the boundaries of this
region, drawing is not possible. Similarly, different combinations
of other physical and process variables, such as the inert gas flow
velocity, flow configuration, furnace wall temperature distribution,
furnace length and diameter, and preform and fiber diameters,
may be considered to determine the feasibility of the process [17].

Typical computed results in the neck-down region are shown in
Fig. 5 in terms of the temperature distribution and the viscous
dissipation. The flow was found to be smooth and well layered
because of the high viscosity. Typical temperature differences of
50-100°C arise across the fiber. Viscous dissipation, though rela-
tively small compared with the total energy transport, is mainly
concentrated near the end of the neck-down, in the microscale
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drawing is not possible due to viscous rupture resulting from excessive draw tension.

region, and plays an important role in maintaining the tempera-
tures above the softening point. Figure 6 shows a comparison with
experimental results on the neck-down profile and thus lends sup-
port to the modeling of the process. However, experiments are
considerably complicated due to the small dimensions of the fiber,
high temperatures in the draw furnace, and large draw speeds.
Such experimental results are fairly difficult and are obtained on
the draw tower by stopping the draw process and studying the
drawdown shape of the preform [18].

2.2 Multilayer and Hollow Fibers. As mentioned earlier, for
telecommunication purposes, the optical fiber usually consists of
the core and the cladding, with standard core sizes in use today
being 8.3 um, 50 wm, and 62.5 um, and the diameter of the
cladding surrounding each of these cores being around 125 um
[10,18]. The core-cladding structure may be treated as different
fluids with different properties. Separate body-fitted grids are ap-
plied to the different layers and to the inert gas. Each separate
layer in the glass is assumed to have a uniform refractive index,
bounded by diffuse surfaces. The zonal method is applied to cal-
culate the radiation transfer inside the three enclosures, as devel-
oped by Chen and Jaluria [19]. The two-band model presented by
Moyers [11] for the absorption coefficient a of pure silica was used.
This is given by the equations

a=0 for N<3.0 um (6)

a=400.0 m™' for 3.0 um=\<4.8 um (7

a=15000 m™" for 48 um=\<80 um (8)

Figure 7(a) shows a typical mesh for the two-layer optical fiber
drawing process. The preform typically goes from a diameter of
around 10 cm to the fiber diameter of 125 wm in a distance of
around 0.3 m. Thus, extra care has to be exercised near the bottom
of the region to avoid highly distorted grids due to the small
diameter of the fiber. The optimal grid can be obtained by numeri-
cal experimentation. The core is shown as half in diameter as the
cladding. However, it can be much smaller in diameter for single-
mode telecommunication applications, being as small as around
8 um. Again, it is not accurate to assume uniform temperature
and velocity in the core, despite the small dimension, because of
the large changes in viscosity due to temperature differences. The
boundary conditions of shear, pressure, velocity, and temperature
continuity have to be satisfied at the interface between the two
layers. A typical example of the numerically calculated neck-
down profile for a two-layer optical fiber is shown in Fig. 7(b).
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The force balance conditions are checked at all the interfaces and
the radiation calculations are much more involved than for a
single-layer fiber discussed earlier.

When the core and the cladding are doped with various dop-
ants, the refractive index and absorption coefficients are affected
[20]. Since radiation heat transfer is the dominant mode of trans-
port in the heating process, a nonuniform distribution of radiation
properties in the preform due to this microscale doping will cause
significant local effects and will thus affect the draw process. As-
sumed magnitudes of change in the refractive index and absorp-
tion coefficients were used by Chen [21] to capture the generic
effects of variation in these two properties. The core is taken as
pure fused silica and the cladding is doped.

GeO, is mainly used as a dopant for the core to increase the
refractive index, which will also increase the ultraviolet radiation
absorption and lower the viscosity. In this study, the core is doped
with 5.5 mol %, 11.1 mol %, and 16.6 mol % GeO,, respec-
tively, to obtain relative refractive index differences of 0.5%,
1.0%, and 1.5% in the fiber. In Fig. 8(a), the isotherms for various
GeO, concentrations are shown with a reference profile to dem-
onstrate the variations in temperature levels in the axial direction.
It is seen that, when the core is doped with GeO,, the core is
heated up to the same temperature level in a shorter distance than
the cladding. The distance to reach a certain temperature level for
the whole preform decreases with increasing GeO, concentration.
The reason is that, since GeO,-doped silica core has a larger ra-
diation coefficient in the ultraviolet region and the transmissivity
of pure silica cladding is very high in this region, the GeO,-doped
silica core absorbs more energy by radiation than pure silica core.
Figure 8(b) shows the temperature of the preform along the cen-
terline for pure silica and GeO,-doped silica core with a pure
silica cladding, for various GeO, concentrations. As expected, a
significant increase in the centerline temperature is observed in
the upper neck-down region with greater GeO, doping. Beyond
that, the fiber with a higher GeO, concentration maintains a
slightly higher temperature along the centerline. Several other re-
sults are given by Chen [21].

Similar considerations arise for the drawing of a hollow fiber,
where the hollow core is a microchannel of diameter 40—80 wm.
Some characteristic results are given here. The furnace diameter is
taken as 7 cm and its length is 30 cm. The inner and outer diam-
eters of the preform are 2.5 cm and 5 cm, respectively. The fur-
nace temperature is assumed to be a parabolic profile with a maxi-
mum of 2500 K in the middle and a minimum of 2000 K at the
two ends. The fiber drawing speed is 10 m/s. The velocity of the
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purge gas at the inlet is 0.1 m/s. Pressurization of the gas in the
core is neglected. The results in terms of streamlines and iso-
therms are shown in Fig. 9. The thicker black lines indicate the
two neck-down profiles. The isotherms are in terms of the nondi-
mensional temperature, with the softening temperature as the
characteristic temperature. It is clear that the flow and temperature
distributions in the fiber and in the external gas in hollow fiber
drawing are similar to those in the solid-core fiber drawing. Be-
cause of the thinness of the central core, the air in the core is
dragged by the moving fiber. A slug flow approximation is made
for the airflow to simplify the analysis. The magnitude of the
velocity of the natural convection flow is so small that thermal
diffusion dominates in the central cavity.

A collapse ratio C is defined to describe the collapse process of
the central microchannel as

033111-6 / Vol. 131, MARCH 2009

C(z) =1 = (Ry(2)/Ry(2))/(R1¢/Ra) )

Thus, C=0 when the radius ratio of the final fiber equals the initial
radius ratio, and C=1 when the central cavity is closed. The ef-
fects of the perform feeding and fiber drawing speeds and the
furnace temperature on collapse ratio are studied. The variation of
the collapse ratio with the axial distance for different feeding and
drawing speeds and for different furnace temperatures is shown in
Fig. 10(a). It is seen that the collapse ratio increases along the axis
and increases with a decrease in drawing speed or a decrease in
feeding speed. The effect of preform feed rate on the collapse ratio
is much larger than that of the fiber drawing speed. The collapse
ratio increases at larger furnace temperature. All these trends are
similar to the results from Chakravarthy and Chiu [22]. These
phenomena can be explained by using the “collapse time” of
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temperature distribution at a drawing speed of 10 m/s

preform/fiber in the drawing furnace. When the drawing or feed-
ing speed decreases, the total time of preform/fiber in the furnace
increases. The total time of preform/fiber in the furnace is com-
prised of the time to heat the preform up to the softening tempera-
ture and the time for the preform/fiber to collapse. The collapse
time increases since the time to heat the preform is nearly the
same for different drawing or feeding speeds. Therefore, the col-
lapse ratio increases due to an increase in the collapse time when
the drawing or feeding speed decreases. Since the drawing speed
is much higher than the feeding speed, the collapse time is more
sensitive to the feeding speed than the drawing speed. Also the
time to heat the preform is shorter at higher furnace temperature,
which implies the collapse time increases at given feeding and
drawing speeds. Hence, the collapse ratio increases at higher fur-
nace temperature, as seen in Fig. 10(b). In order to avoid the
collapse of the central cavity, we can increase the drawing and
feeding speeds, decrease the furnace temperature, or increase the
preform radius ratio. The collapse ratio is also influenced by the

0.4+ ——— Pressure Difference = 10 Pa B
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03- —— — — Pressure Difference = -10 Pa b
—— — Pressure Difference = -50 Pa

Collapse Ratio
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pressure difference between the purge gas and the central cavity. It
was shown that the collapse ratio decreases with a decrease in the
pressure difference. This is because higher pressure in the central
cavity tends to prevent collapse of the central cavity [23]. It was
also seen that high negative pressure difference may cause the
central cavity to enlarge during the drawing process. This is called
“explosion” in the drawing process. Because of the size of the
core, surface tension is an important parameter and plays a very
significant role in the collapse.

The hollow fiber cannot be drawn at any arbitrary combination
of critical drawing parameters, as seen earlier for solid-core fibers.
Figure 11(a) shows an infeasible case, which arises due to the lack
of material flow. It is seen that the neck-down profiles become
quite flat after 12 iterations. This phenomenon is similar to that
seen in the solid-core fiber drawing process [14]. Figure 11(b)
illustrates the feasible domain in terms of drawing temperature
and drawing speed. Drawing speed is in the range 1-20 m/s. It
shows that drawing process is possible only in the region between
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©
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Fig. 10 (a) Variation of collapse ratio along the axis with different pressurizations in the core and (b) with the drawing

temperature for different drawing speeds
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Fig. 11 (a) Neck-down profile corrections for an infeasible drawing case; (b) feasible domain for hollow fiber drawing in

terms of the drawing speed and the drawing temperature

two dashed lines. The left boundary exists because the continuous
drawing process may fail due to the lack of material flow at low
furnace temperature or high drawing speeds, which is initially
indicated by the divergence of the numerical correction scheme
for the profiles. The right boundary exists only for hollow optical
fiber because high furnace temperature or low drawing speeds
may cause the central air core to collapse completely. At the right
side of this boundary line, the central air core is closed during the
drawing process. Therefore, there are two thresholds for the draw-
ing temperature at the same drawing speed. These two boundary
lines are nearly vertical since the effect of the drawing speed is
relatively weak, which has been indicated by the earlier parameter
study [23].

2.3 Fiber Coating. Optical fibers are coated with a jacketing
material for protection against abrasion, to increase strength, and
to reduce stress-induced microbending losses. Typical coating
thicknesses are of the order of 40-50 um and are applied to the
uncoated fiber or as secondary coating to a coated fiber. The basic
coating process involves drawing the fiber of diameter around
125 um through a reservoir of coating fluid, with inlet and outlet
dies. This is immediately followed by a curing process of the
polymer coating material around the fiber. Figure 12(a) shows a
schematic of a typical coating applicator and die system. Though
the chamber is 1-2 cm in diameter, the entrance and exit dies are
channels with diameters to yield gap thickness between the mov-
ing fiber and the die wall of 50—100 wm. Viscous shear due to

“53' free surface
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the moving fiber results in a circulatory fluid motion within the
fluid. A balance between surface tension, viscous, gravitational,
and pressure forces results in an upstream meniscus at the cup
entrance, as shown in Fig. 12(b). A downstream meniscus at the
die exit results again from a balance of viscous, gravitational, and
inertia forces, along with the surface tension forces. Centering
forces within the tapered die contribute to the positioning of the
fiber at the die exit center. Successful coatings are concentric, of
uniform thickness, and free of particle inclusions or bubbles [24].

Under ideal operating conditions, at the entrance die, the coat-
ing liquid in the vicinity of a dynamic contact surface, which
forms an upstream meniscus between the air, the liquid, and the
moving fiber, replaces the air entrained with the moving fiber.
However, at high speeds, the meniscus breaks down, with “saw-
tooth” instability, as shown in Fig. 12(b), and air entrained into the
coating. The use of high draw rates requires consideration of al-
ternate pressurized applicator designs, where pressure induced
motion of the coating material is used to reduce the shear at the
fiber surface and helps in the establishment of a stable free surface
flow. An additional benefit resulting with such pressurized dies
has been the incorporation of gas bubble reducing, or bubble strip-
ping, designs, which have resulted in minimizing gas bubbles en-
trained at the coating cup entrance and then trapped within the
coating layer.

At the die exit, the coating material is drawn out with the fiber,
forming a downstream meniscus, whose shape is primarily deter-

Fiber -

~_Sawteeth

Fig. 12 (a) A typical optical fiber coating applicator; (b) instability and breakdown of the
entrance meniscus in the microchannel inlet at high speeds
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Fig. 13 Entrance flow in the microchannel inlet of annular gap
thickness 103 um at different pressures and draw speeds

mined by a balance between viscous, gravitational, and inertia
forces. The control of the coating characteristics is of major con-
cern in the industry. These considerations have become particu-
larly important as the coating speeds have been increased to val-
ues beyond 20 m/s to enhance productivity and as the interest in
specialty fibers and fibers of different materials, including poly-
mer fibers, has grown. The physical properties of the polymer
coating materials, particularly the viscosity, and their dependence
on temperature are of primary importance in the coating process.
Surface tension has a significant effect on the flow near the free

Fiber diameter : 254 um
Tube ID: 460 um
Glycerine: 0.88 N sec/m?
Fiber speed: 40 m/min

Fig. 14 Meniscus for different imposed pressures, showing
breakdown at low pressure
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surface, which represents the interface between liquid and gas in
many cases, and on the shape, stability, and other characteristics
of the interface. Surface tension affects the force balance on a free
surface and affects the equilibrium shape of the interface. For
typical optical fiber dimensions, the diameter being of order
125 um, surface tension effects are often very large and gravita-
tional effects are often small. However, for larger dimensions,
particularly for plates and cylinders of diameter in centimeters,
gravity could dominate over surface tension and over several
other forces.

A few typical results from these studies are discussed here. The
experimental work has been carried out on a fiber coating facility
to study the upstream and downstream menisci, with glycerin/
water solutions as test fluids. Glycerin is convenient for such stud-
ies because its viscosity at 20°C is in the range 1 N s/m?, which
is similar to that used in coating applications. The microchannels
that form the inlet and exit dies can be changed so that different
geometries and diameters can be investigated [25].

Figures 13 and 14 show images of the meniscus formed with
the fiber moving through the micropipette inlet tube into the ap-
plicator. The fiber speed ranges from 3 m/min to 200 m/min.
Different diameters and imposed pressures are employed. Figure
14(c) clearly shows the breakdown of the meniscus into sawtooth
patterns and tip streaming as previously mentioned. On the other
hand, at higher imposed pressures, the meniscus image appears to
be smooth, suggesting suppression of large-scale breakdown at the
same fiber speed. The unpressurized meniscus generates a large
number of relatively large air bubbles compared with the pressur-
ized meniscus. A comparison of the shape of the menisci in the
figures shows that the effect of the imposed pressure is to flatten
the meniscus and to increase the slope of the liquid-air interface
near the fiber compared with that for an unpressurized meniscus.
This results in a smaller air volume available for entrainment,
accounting for the difference between the figures. The effect of
the imposed pressure on the meniscus shape for a fiber moving in
a tube is also seen, indicating the flattening of the profile as well
as an upward movement of the meniscus as the pressure increases.
These results are summarized in Fig. 15. The first part gives the
fiber speed for breakdown as a function of the applicator pressure,
indicating higher speeds before breakdown occurs at larger pres-
sure. Figure 15(b) shows the dependence of the location of the
meniscus in the microchannel, which forms the inlet die, on the
imposed pressure for a given fiber speed. Clearly, the pressure
flattens and moves the meniscus upward, imparting greater stabil-
ity to it and reducing the chances of a breakdown [25].

The flow and heat transfer in the coating applicator and die
have also been investigated numerically. The shape of the menis-
cus was prescribed on the basis of experimental data and axisym-
metric transport was assumed. The typical height of the meniscus
was found to vary from around 10 um to 100 um. Typical

HIR;

AR = R-Rt

Pi=APPLICATOR PRESSURE

(10)

T
(10) 0 10 20 30 40

(VAR/o)"1-149 (PaR/0)2%  (h/AR)O2058(Ry/AR) 184

Fig. 15 (a) Dependence of fiber speed, for breakdown for a fiber entering a microchannel inlet, on the imposed
pressure; (b) location of the meniscus in the microchannel as function of the pressure
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Fig. 16 Calculated flow field in the applicator and exit microchannel, with a prescribed menis-
cus of height around 100 um obtained experimentally

numerical results are shown here from Yoo and Jaluria [26] and
Ravinutala et al. [27]. Figure 16 shows the computed velocity
field in the applicator, with a prescribed upper meniscus. Thus,
experimental inputs on the microscale phenomena underlying the
meniscus are used to allow simulation of the macroscale flows.
Even though the flow near the meniscus changed substantially
with a change in the meniscus, the flow far away remained largely
unaffected. A nanosecond double pulse laser source was used to
map and probe the flow field in the applicator, particularly in the
vicinity of the moving 125 um fiber, using particle image veloci-
metry. Figure 17 shows a typical comparison between the two in
terms of the velocity profiles. Several other such measurements
and computations were carried out. The agreement between the
two provided strong support to the modeling effort.

As mentioned earlier, the exit die consists of a microchannel of
varying cross section. In most cases, it is a converging channel to
the desired final diameter of the coating, though different geom-
etries are used for stability and better control over coating char-
acteristics. Figure 18 shows typical results obtained in terms of

the pressure distribution in the applicator and the exit die for
isothermal conditions. It is seen that a maximum arises some-
where near the midsection of the die. This pressure was found to
be quite large due to the small diameter of the microchannel and
to be much larger than the typical pressure imposed at the fluid
inlet to the applicator. Thus, the exit conditions are largely domi-
nated by the die shape and fiber speed, rather than the pressure in
the applicator chamber. A properly designed die can help in con-
trolling the thickness and quality of the coating. Thermal effects
can also have a strong effect on the flow due to the dependence of
fluid properties on temperature. The corresponding pressure dis-
tribution when thermal effects due to heat transfer from the fiber,
viscous dissipation, and heat loss to the surroundings are included
is shown in Fig. 18(b). The pressures were found to decrease as
the temperatures increase due to the reduction in fluid viscosity.
The flow was also found to be more stable, leading to greater
uniformity of the coating, as the temperatures were increased.
Thus, the thermal conditions at the boundaries can be used to
affect the coating characteristics.
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Fig. 17 Calculated and measured velocity distributions near the moving optical fiber
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Fig. 18 Pressure distribution in the chamber and the exit die, which consists of a converging micro-
channel, for polymer coating of a moving fiber (a) under isothermal conditions and (b) when thermal

effects are included for a fiber speed of 11 m/s

2.4 Chemical Vapor Deposition. Chemical vapor deposition
involves the deposition of thin films from a gas phase on to a solid
substrate by means of a chemical reaction that takes place during
the deposition process. The activation energy needed for the
chemical reactions is provided by an external heat source; see Fig.
19(a). The products of the reactions form a solid crystalline or an
amorphous layer on the substrate. After material deposition on the
surface, the byproducts of the reactions are removed by carrier
gases, as reviewed by Mahajan [28]. Film thicknesses range from
a few nanometers to tens of microns. The quality of the film
deposited is characterized in terms of its purity, composition,
thickness, adhesion, surface morphology, and crystalline structure.
The level of quality needed depends on the intended application,
with electronic and optical materials imposing the most stringent
demands. This technique has become quite important in materials
processing and is used in a wide range of applications, such as
those in the fabrication of microelectronic circuits, optical and
magnetic devices, high performance cutting and grinding tools,
and solar cells. Much of the initial effort on this problem was
directed at silicon deposition because of its importance in the
semiconductor industry. However, recent efforts have been di-
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rected at the deposition of materials such as titanium nitride, sili-
con carbide, diamond, and metals such as titanium, tungsten, alu-
minum, and copper.

Many different types of CVD reactors have been developed and
applied for different applications. The quality, uniformity, and rate
of deposition are dependent on the heat and mass transfer, and on
the chemical reactions that are themselves strongly influenced by
temperature and concentration levels. The flow, heat transfer, and
chemical reactions in CVD reactors have been investigated by
several researchers [29-31]. Some typical results obtained for sili-
con deposition are shown in Fig. 19(b), indicating a comparison
between numerical and experimental results from Ref. [29]. A
fairly good agreement is observed, given the uncertainty with ma-
terial property data and with the chemical kinetics. The two results
from Ref. [32] are labeled as present and refer to two different
values of the diffusion coefficient; the one labeled as the reference
case employs the same values as those in Ref. [30].

2.5 Summary. Several important and interesting aspects, as
well as challenges, have been brought out in the preceding discus-
sion. Because of the need to determine temperature and flow dif-
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Fig. 19 (a) A sketch of an impingement type CVD reactor; (b) comparison between numerical predictions and experiments
for chemical vapor deposition of silicon in a horizontal reactor
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ferentials over very short distances, it is often not possible to treat
the microscale region as uniform or lumped, making it necessary
to place a substantial number of grid points over microscale di-
mension for an accurate and realistic numerical simulation. Vis-
cous dissipation effects are large locally due to the small length
scales. Similarly, large pressure differences arise in flows through
microchannels. Large changes in length scale are often encoun-
tered in materials processing, going from several centimeters to
micrometers in a short physical distance, as seen in optical fiber
drawing. The traditional analysis, with no-slip conditions, is valid
in many cases, particularly with liquids over lengths scales rang-
ing down to a few microns. The experiments are usually much
more involved than in commercial scales due to the device size
and positioning of the probe. Validation of the models similarly
becomes complicated because of the complexity of the experi-
ments and because many experimental data are available at the
macroscale or system level. A coupling between the different
scales, therefore, becomes critical.

3 Underlying Processes That Occur
at Micro/Nanoscale

3.1 Nano-, Micro-, and Macroscale Coupling. The charac-
teristics and quality of the material being processed are generally
determined by the transport processes that occur at the micro- or
nanometer scale in the material, for instance, at the solid-liquid
interface in casting or crystal growing, over molecules involved in
a chemical reaction in chemical vapor deposition and reactive
extrusion, or at sites where defects are formed in an optical fiber.
However, engineering aspects are generally concerned with the
commercial or macroscale, involving practical dimensions, sys-
tems, and appropriate boundaries. Therefore, it is crucial to link
the two approaches so that the appropriate boundary conditions
for a desired micro- or nanostructure can be imposed in a physi-
cally realistic system. A considerable interest exists today in this
aspect of materials processing. For instance, interest lies in under-
standing microscopic phenomena associated with solidification,
and intense research work has been directed at this problem. The
solidification front can be divided into various morphological
forms such as planar, cellular, and dendritic. Various models have
been proposed and experiments carried out to characterize such
structures and growth [33]. This includes, for instance, equiaxed
and columnar dendritic crystals. Averaging volumes and dendrite
envelopes that may be used for modeling of the microscopic phe-
nomena are developed.

The properties of the material undergoing thermal processing
must be known and appropriately modeled to accurately predict
the resulting flow and transport, as well as the characteristics of
the final product. However, there is an acute lack of data and the
accuracy of the numerical simulation is often constrained due to
the unavailability of material properties. Numerical modeling
yields the prediction of the thermal history of the material as it
undergoes a given thermal process. Similarly, the pressure, stress,
mass transfer, and chemical reactions can be determined. The next
step is to determine the changes in the structure or composition of
the material as it goes through the system. But this requires de-
tailed information on material behavior and how structural or
chemical changes occur in the material as a consequence of the
temperature, pressure, and other conditions to which it is sub-
jected. A few examples that involve these considerations are out-
lined here.

3.2 Chemical Conversion in Biopolymers. In reactive ther-
mal processing, such as food and reactive polymer extrusion, the
microscopic changes in the material are linked with the operating
conditions that are imposed on the system. A simple approach to
model the chemical conversion process in reactive materials, such
as food, is based on the governing equation for chemical conver-
sion, given as [34]
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Fig. 20 A schematic indicating the mechanisms underlying
starch conversion

d
“1-X]=-K(1-X)" (10)
t
where X is the degree of conversion, defined as
M,-M
X=——"" (11)

Here M; is the initial amount of unconverted material, taken as
starch here, M is the final amount of unconverted starch, and M,
is the amount of unconverted starch at time ¢. The order of the
reaction is m and K is the reaction rate, these generally being
determined experimentally using a digital scanning calorimeter.
The order of the reaction m in Eq. (10) has been shown to be zero
for starches and the rate of the reaction K given as a combination
of thermal (7) and shear (S) driven conversion as

K=KT+KS (12)

where K; =Ky, exp(— E;/RT), Kg=Kj, exp(— Eg/77)

(13)

Here, 7 is the shear stress, and 7 is a constant, which is obtained
experimentally for the material, along with other constants in the
equation. Figure 20 shows these mechanisms qualitatively in the
form of a schematic. A simple approximation may be applied to
model the degree of conversion defined in Eq. (11), as given by
[35]

w— =K
dz
Here, w is the velocity in the down-channel direction z in an
extruder. Thus, numerical results on conversion in the channel are
obtained by integrating this equation.

Using the microscale conversion mechanisms given above, the
flow, heat transfer, and conversion in a screw extruder can be
obtained. The viscosity is a function of the conversion and this
complicates the physical process, as well as the simulation. Figure
21 shows some typical results obtained from such a simulation
[36]. Figure 21(a) shows the temperature field and the conversion
in a tapered single-screw extruder. As expected, conversion in-
creases as the flow goes from the inlet to the outlet at the die.
Figure 21(b) shows the feasible domain for a twin-screw extruder
with Amioca, or pure starch, as the extruded material. The feasi-
bility of the process is determined largely by the flow and the
pressure and temperature rise in the extruder. An upper limit is

(14)
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Fig. 21 (a) Conversion of starch in a tapered screw extruder channel; (b) feasible domain for twin-screw extrusion of
starch

obtained for the mass flow rate, beyond which it is necessary to
impose a favorable pressure gradient to push the material down
the channel. Therefore, a negative pressure gradient along the
axial direction will occur in the channel and that is not physically
acceptable for an extruder. A lower limit on mass flow rate is also
obtained because of recirculation of the flow, which makes the
process unstable and leads to high pressures and material degra-
dation. Thus, a fairly narrow range of mass flow rates yields a
feasible extrusion process.

3.3 Thermally Induced Defects. Another area in which the
changes at the molecular level are considered is that of generation
of thermally induced defects in optical fiber drawing. The differ-
ential equation for the time dependence of the E’ defect concen-
tration was formulated by Hanafusa et al. [37] based on the theory
of the thermodynamics of lattice vacancies in crystals. The E’
defect is a point defect, which is generated at high temperature
during the drawing process and which causes transmission loss
and mechanical strength degradation in the fiber. It was assumed
that the E’ defects are generated through breaking of the Si—O
band, and, at the same time, part of the defects recombine to form
Si—O again. The net concentration of the E’ defects is the differ-
ence between the generation and the recombination. The equation
for E' defect concentration is given as [37]

di E E E
vdizd =n,(0)v exp(— E’j{) - n,,v[exp(— ;71") + exp(— K_;’)]
(15)

where n, and E,; represent the concentration and activation energy
of the £’ defect, and n,, and E,, represent those of the precursors.

033111-14 / Vol. 131, MARCH 2009

The initial values and constants are defined as [37] ny(0)=0,
n,(0)=7x10% g7, E,=6.4087X 107" J, E;=0.3204 X 107" J,
v=8x107s7!, and K=1.380658 X 107 J/K.

Figure 22(a) shows the dependence of the average concentra-
tion of E’ defects on the drawing temperature, indicating an in-
crease with temperature as expected from the higher breakage of
the Si—O bond. Figure 22(b) shows the final concentration of the
defects as obtained from the luminescence of the fibers. If the
fiber is rapidly cooled slowly after the draw furnace, the defects
are reduced due to the annealing of the fiber resulting in recom-
bination of the broken bonds. If they are cooled very fast by
forced convection, the defects are frozen and yield a higher con-
centration. Again, these effects arise due to the microscopic
mechanisms operating at the level of the defects. Figure 23 shows
the neck-down profile and the defects for a doped fiber. As ex-
pected, the concentration of E’ defects is found to be larger in the
double-layer preform due to higher temperatures, as seen earlier.
It is indicated that the fiber quality is degraded with an increase in
refractive index difference between the core and the cladding in
terms of E’ defects.

3.4 CVD Thin Film Deposition. Similarly, chemical kinetics
plays a critical role in the deposition of material from the gas
phase in chemical vapor deposition systems [28]. The concentra-
tions of the chemical species in the reactor affect the chemical
kinetics, which in turn affect the deposition. In many cases, the
process is chemical kinetics limited, implying that the transport
processes are quite vigorous and the deposition is restricted
largely by the kinetics. The chemical kinetics for several materials
is available in literature. For instance, the chemical kinetics for the
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Fig. 22 (a) Dependence of average concentration of E' defects on furnace wall temperature; (b) luminescence versus
wavelength of fibers drawn at 2050°C and 80 m/min, indicating concentration of E’ defects

deposition of silicon from silane (SiH,) with hydrogen as the
carrier gas in a CVD reactor is given by the expression [29]

Kopsin,
K: -
1+ K\py, + Kypsin,

where the surface reaction rate K is in mole of Si/m’s, K,
=A exp(-E/RT), E being the activation energy, and A, K|, and K,
are constants that are obtained experimentally. The ps are the
partial pressures of the two species in the reactor.

Figure 24 shows the deposition characteristics for silicon at
various susceptor temperatures and inlet velocities. At high tem-
peratures, the surface reactions are fast and all the reactants reach-
ing the surface get consumed by the surface reactions. The diffu-
sion or transport of the reactant species to the substrate then
becomes the limiting step. At low flow velocities, the gas stream
has sufficient residence time to equilibrate with the substrate sur-
face. The deposition rate then increases with flow rate. At high
flow velocities, the surface concentrations cannot quickly adapt to
the flow of products in the deposition zone and diffusion becomes
the controlling factor. At sufficiently high flow velocities, the de-
composition becomes kinetically controlled and is independent of
the total flow rate. The variation of deposition uniformity with the
susceptor temperature for various inlet velocities is also shown.
The lower the value of the logarithm of the uniformity parameter
U,, the better the uniformity of the film thickness. Thus, the pro-
cess can be optimized to obtain high uniformity and high deposi-
tion rates.

(16)
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3.5 Summary. It is seen that transport processes occurring at
micro- or nanometer scale determine the resulting characteristics
of the material undergoing thermal processing. However, the op-
erating conditions are generally imposed at macroscale, or at the
system level. Therefore, it is important to study the processes at
the microscale level and link these with the conditions at the mac-
roscale. From the few examples discussed, it is seen that experi-
mental results at microscale, or smaller dimensions, can often be
employed, along with numerical modeling at larger scales. Analy-
sis can also be used at the molecular level, as done for thermally
induced defects, to obtain the inputs for the overall model.

4 Conclusions and Future Research Needs

This paper presents a review on microscale transport involved
with thermal processing of materials. It focuses on two major
aspects. The first concerns devices and applications that occur in
the microscale range. The second deals with underlying micro-
scale mechanisms that affect the characteristics of the material
undergoing processing. Important challenges that arise when deal-
ing with microscale devices are discussed. These include model-
ing and numerical simulation, which are similar to those at mac-
roscale if the dimensions are typically much larger than the mean
free path of the energy carriers in the fluid, the extensive care
needed to obtain accurate experimental results at these small
scales, the special instrumentation frequently needed to study ba-
sic processes, and validation of the models since imposed bound-
ary conditions are largely at macroscale. Important considerations
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Fig. 23 (a) Neck-down profiles for various GeO, concentrations; (b) concentration of E' defects along the centerline for

various GeO, concentrations
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that are of particular significance at these dimensions, such as
surface tension effects, high viscous dissipation, and high pres-
sures needed for flow in microchannels, are discussed, in terms of
several examples of thermal materials processing. Since processes
at micro- and nanoscale strongly affect product quality, the review
next discusses experiments often needed to characterize material
changes, thermally induced defects generated, local stresses, and
other imperfections. The effects on material and product charac-
teristics are outlined, along with the link between micro- or nano-
scale processes and operating conditions imposed at macroscale.
Again, several examples from processes such as optical fiber
drawing, thin film deposition, and reactive extrusion are taken to
present the basic approach and typical results. The further work
needed on process simulation, feasibility, control, design and op-
timization, material characterization, and experimentation for vali-
dation and insight at microscale is briefly discussed in terms of the
thermal processing of advanced materials and devices.
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u = radial velocity
v = axial velocity
z = axial coordinate distance

Greek Symbols

= emissivity

wavelength

dynamic viscosity

= kinematic viscosity
viscous dissipation term
density, reflectivity

shear stress, transmissivity
shear rate
Stefan—Boltzmann constant
= surface tension

~AR 9D OeR >0
Il

Subscripts

= fiber
furnace
preform inlet
= centerline

O o M~
Il

Superscripts

(1) =

2
3)

core, inner surface
cladding, outer surface
gas

Nomenclature
a = absorption coefficient
C = collapse ratio in hollow fiber drawing
¢, = specific heat at constant pressure
H = height
J = radiosity
K = thermal conductivity
L = preform length
n = refractive index, power-law index
p = pressure
q = heat flux
r = radial coordinate distance
R = radius
S, = radiation source term
t = time
T = temperature
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