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The present paper describes the effect of the rolling direction on the quality of microchannels manufactured using photochemical
machining (PCM) of Monel 400. Experiments were carried out to fabricate microchannels along and across the rolling direction
to investigate the effect of the grain orientation on microchannel etching. The input parameters considered were channel width
and rolling direction, whereas the depth of etch was the response parameters. Different channels of widths of 60, 100, 150, 200,
and 250 𝜇m were etched. The effects of the etching time and temperature of the etchant solution on the undercut and depth of
the microchannels were studied. For good quality microchannels, the effects of spinning time, spinning speed, exposure time, and
photoresist film strength were also taken into consideration. Optimized values of the above were used for the experimentation.
The results show that the depth of etch of the microchannel increases more along the rolling direction than across the rolling
direction. The channel width and depth are significantly affected by the etching time and temperature. The proposed study reports
an improvement in the quality of microchannels produced using PCM.

1. Introduction

In recent years, microprecisionmachining has receivedmuch
attention because of the demands of miniaturization in the
manufacturing and process industries for technological
applications such as medical devices, biotechnology, micro-
reactors, labs-on-a-chip, electronic components, optical devi-
ces, communication technologies, and precision engineering
[1–4]. When employing conventional machining techniques,
inherent problems of tool wear, heat generation at the chip-
tool contact, and the relative difficulty of machining three-
dimensional microparts have to be factored in. The machin-
ing process increases the product cost because of the involve-
ment of the tooling cost, maintenance cost, and running cost.
In comparison, chemical machining is low cost and causes no
chemical or thermal stresses [5].

Photochemical machining is one of the most important
lithographic techniques. Complex parts can bemanufactured
using accurate deposition and exposure of a photoresist
pattern followed by etching. Photochemical machining has

matured rapidly, and its ability to resolve ever-smaller fea-
tures is constantly improving. For microfabrication, this
continued improvement in the photochemical machining
resolution has impeded the adaptation of alternative, higher-
resolution lithographic techniques, such as X-ray lithography.
Research during the past 10 years on the demands of micro-
fabrication has increased drastically. The manufacturing of
miniaturized high-aspect ratio components is a need of
today’s era.

Generally, micromachining, laser machining, dry machi-
ning, and electrochemical machining have been used for the
fabrication of microchannels [6]. He et al. fabricated cross-
connectedmicrochannels usingmulticuttermilling [7]. PCM
is a good alternative for high-cost nonconventional machin-
ing processes. PCM does not need high investment and is
a cheaper process for micromachining operations. Being a
chemical etching process, it damages metal but can be an effi-
cient method for converting metal into useful products [8].
To accomplish all of the above needs, studying the effect of
the rolling direction on the miniaturized features plays a vital
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role in the PCM process. From the literature, it is clear that
no research has reported on the effect of the rolling direction
in the PCM of microfeature components.

The rolling direction greatly affects the quality of the
product. In this work, the fabrication of microchannels is
carried out. During the testing and analysis, it was found
that there is a considerable effect of the rolling direction
on microchannel accuracy. Numerous works have already
been carried out in this area, but in the field of photo-
chemical machining, the rolling direction effect has yet to
be studied. Ha and Park [9] studied the effect of the rolling
direction on the development of the microstructure, texture,
and mechanical properties of AZ31B alloys. Topic et al.
observed the influence of the rolling direction on the strength
and ductility of aluminium and aluminium alloys produced
by accumulative roll bonding [10]. The relationship of the
microstructure and texture with the rolling direction in cold-
rolled metastable austenitic steel was investigated by Park et
al. [11]. It was shown that under unidirectional rolling the
laths of 𝛼 martensite that were produced were uniformly
thinner, with an increasing thickness reduction. On the
other hand, under the cross-rolling condition, the resulting
martensite laths varied in width and exhibited irregular
bends. Kogut [12] investigated the effect of the direction of
rolling on the crack resistance of bridge steels. It was noted
that among the investigated steels the highest resistance to
brittle fracture was shown by 15G2AFDps steel when the
crack is parallel to the direction of rolling.

Monel 400 was chosen as a specimen for the present
study. Monel 400 has superior mechanical and thermal
stability and can withstand a wide variety of severe operating
conditions, such as corrosive environments and high stress
[13]. Monel 400 also exhibits resistance to cavitation erosion.
It can work in all types of atmospheres, including nuclear fuel
reprocessing reactors. Monel 400 works excellently where
reboiling conditions exist and is best suited for heat exchanger
applications [14, 15]. Monel 400 has less than one-half the
erosion rate of nickel in industrial atmospheres and has found
extensive commercial use [16].

Thephotoresist coating thickness also affects the accuracy
of the component. The photoresist temperature and the
spinning rate are the most significant factors in the pho-
toresist coating process [17]. The substrate can be coated by
using either the spin coating or deep coatingmethod.Obtain-
ing a uniform photoresist coating depends on using a high
spin rate and the viscosity of the photoresist [18]. SU-8
photoresist is extensively used in the manufacture of micro-
electromechanical devices [19, 20], but the cost of SU-8
photoresist is higher than that of LPR 1020 photoresist.

2. Experimental Details

The film strip phototool that was used in the experimental
study had five different slot widths, as shown in Figure 1: 250,
200, 150, 100, and 60𝜇m. A 4800 dpi offset printer was used
to print the phototool. The specimens were cut to the size of
30mm × 30mm on a sheet of thickness 0.1mm. The initial
roughness (𝑅

𝑎
) of the substrate was 183 nm, as measured with

Table 1: Composition of Monel 400.

Element C Fe Mg Ni S Si Cu
% wt 0.3 2.5 2.0 63 0.024 0.5 32

(a) (b) (c) (d) (e)

Figure 1: Phototool of different slot widths: (a) 250 𝜇m; (b) 200 𝜇m;
(c) 150 𝜇m; (d) 100𝜇m; and (e) 60𝜇m.

a Taylor Hobson roughness tester.The composition of Monel
400 is shown in Table 1.

Before coating with photoresist, all specimens were
cleaned using an ultrasonic cleaner. Cleaning was carried out
at 80∘C for 50min. After the ultrasonic cleaning, all of the
specimens were rinsed using dry air. Then, the specimens
were coated with LPR 1020 liquid film photoresist (negative
type) using a spin coater (Spectron-India). Specimens were
coated at different spinning speeds to achieve specific coating
thicknesses. The coating thickness was measured using a
contact-type thickness gauge (Mextech CM 8823). Soft bak-
ing was carried out on the coated photoresist in a furnace at
100∘C for 10min. Soft baking helps to adhere the photoresist
on the substrate. Ultraviolet (UV) exposure was carried out
using UV tubes of 365 nm wavelength on an exposure unit
(Phonix make). Postexposure baking was used to completely
dry the photoresist film.The temperature and baking time of
the photoresist filmwere 100∘C and 10min, respectively. Hard
baking is performed after the development of the substrate
to minimize outgassing [21] and improves the thermal and
physical stability. Hard baking was performed at 120∘C for
10min.

Experiments were conducted to find the correct exposure
time and exposure dose. The exposure dose (𝑐) is calculated
by the equation 𝐼 × 𝑡 = 𝑐, where 𝐼 is the intensity of the
light source and 𝑡 is the time of exposure [22]. Overexposure
and underexposure can cause different line widths [23]. The
exposure time for the proper polymerization of the photore-
sist depends on the thickness of the resist, the coating type,
and the light source intensity.The light intensity was constant
at 4866 lux. Seven levels of exposure time, namely, 30, 60, 90,
120, 150, 180, and 210 s, were used. The correct exposure time
and exposure dose were established by measuring the line
width under a Nikon microscope. A scratch tester (Ducom
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Figure 2: Experimental setup for Monel 400 etching.

India) was used to check the peel-off resistance of the photo-
resist.

The exposed specimens were developed for 40 to 70 s and
subsequently rinsed with clean water. The unexposed area
of the photoresist was dissolved in the developer. After the
development of the photoresist, the filmwas washedwith dis-
tilled water to wash out residual developer solution and dried
using filter paper. The process from the photoresist coating
to washing out the developer is called the microlithography
process [21].

Experiments were conducted using one factor at a time,
using 500 g/L concentrations of etchant, at a constant temper-
ature of 50∘C, and 5min etching time as fixed parameters for
evaluating the effect of the rolling direction. Experiments on
the effect of the etching time and temperature of the etchant
solution on the width and depth of the microchannels were
also studied. The temperature levels were 50, 55, 60, 65, and
75∘C, and the etching time levels were 3, 4, 5, 6, and 7min.
The experimental setup for Monel 400 etching is shown in
Figure 2.

3. Results and Discussion

Monel 400 is an alloy that contains approximately 63%
nickel and 32% copper. The addition of copper enhances the
resistance of nickel to nonoxidizing acids [24].

Thematerial removal in this process is due to the chemical
reaction of nickel and copper with FeCl

3
. The basic chem-

istry (mechanism) behind the material removal is explained
below:

FeCl
3
+ Cu → FeCl

2
+ CuCl

FeCl
3
+ CuCl → FeCl

2
+ CuCl

2

(1)

Copper has an electronic configuration (Ar) 3d10, 4s1. Here,
copper has the “1s” orbital electron on top filled.The “d” shell
electrons are characterized by high ductility and electrical
conductivity. The filled outermost “d” shell does not con-
tribute to interatomic interactions, which is dominated by “s”
shell electrons throughmetallic bonding. Iron and copper are
two dissimilarmetals with incomplete “d” shells.Themetallic

bond in copper is lacking in covalent character and is
relatively weak. Therefore, sharing of the electrons becomes
easy. Chloride also gives off heat in an exothermic reaction,
which increases the rate of reaction.Here, chloride undergoes
a hydrolysis reaction.

Ni has an electronic configuration (Ar) 4s2, 3d8. Ni has a
“2s” orbital that is completely filled.The completely filled “d”
shell element does not contribute to interatomic interactions,
which is dominated by “s” shell and “d” shell electrons.
Covalent bonds form easily due to the filled “s” orbital and
“d” orbital and also due to the lesser sharing of electrons. Due
to the above reasons, the rate of reaction increases in Ni, but
it is less than that of copper. The corresponding reaction is
given below:

FeCl
3
+Ni → NiCl

3
+ Fe (2)

A comparison of the relative oxidizing and reducing capabil-
ities is explained below:

FeCl
3
→ Fe3+ + 3e−

Cu2+ + 2e− → Cu

Ni2+ + 2e− → Ni

(3)

Copper and nickel have oxidizing power, that is, the capacity
to lose electrons, and Fe has reducing power, that is, to gain
electrons. Therefore, the reaction of Cu and Ni with Fe takes
place easily. The greater the reduction potential, the easier
the reduction of ions. Therefore, the oxidation and reduction
processes become faster and help increase the reaction rate.

The following reactions show that Cu and Ni have greater
reduction potentials than Fe:

Cu2+ + 2e− → Cu = 0.16 volt potential

Ni2+ + 2e− → Ni = −0.23 volt potential

Fe2+ + 2e− → Fe = −0.41 volt potential

(4)

The greater the oxidation potential of a metal, the stronger its
capacity to lose electrons and the greater its electronmobility
and reactivity, which makes the rate of reaction faster.

4. Effect of Spinning Speed and Spinning Time
on Photoresist Film Thickness

Figure 3(a) shows the effect of the photoresist film thickness
on the spinning speed where the photoresist patterns have
been developed completely. It has been observed that an
increase in spinning speed causes the film thickness of the
photoresist to decrease because of centrifugal force. Usually,
the pattern resolution of the photoresist film depends on the
film thickness [23].The pattern resolution is improved with a
thin photoresist film, but the etching ability will be affected,
as shown in Figure 3(b).

Figure 3(c) shows the effect of the spinning time on
the photoresist film thickness. When the spinning time
increases, the photoresist thickness decreases due to the
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Figure 3: (a) Effect of spinning speed on photoresist film thickness for a spinning time of 50 s. (b) Effect of photoresist coating on etching of
micro channels. (i) Substrate with photoresist film thickness of 9.20 𝜇m; (ii) substrate with photoresist film thickness of 15.16 𝜇m. (c) Effect
of spinning time on photoresist film thickness for a spinning speed of 5000 rpm.

evaporation of solvent, causing more time to be required
to spread out the photoresist in the radial direction of the
substrate. Figure 3(c) shows that a 30 s spinning time achieves
a 16.01 𝜇m photoresist thickness, and it decreases to 15.12,
14.86, 13.3, and 12.89 𝜇m for time intervals of 40, 50, 60, and
70 s, respectively.The peeling off of the photoresist took place
during the etching for the lower photoresist thickness.

5. Effect of Exposure Time on Image Width
and Photoresist Strength

Figure 4 and Table 2 show the effect of the exposure time
on the line width and strength of the photoresist. With
the increase in the exposure time, the width of the pattern
initially decreases at a faster rate because of the scattering and
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Table 2: Channel width and strength of photoresist obtained by
different exposure times.

Experiment
number

Exposure
time (s)

Image width
(𝜇m)

Photoresist
strength (N)

1 30 120.3 18.8

2 60 116.7 19.3

3 90 108.0 19.7

4 120 99.7 20.0

5 150 98.2 20.1

6 180 97.6 20.7

7 210 96.3 21.0

diffraction effect of light. The negative photoresist contains
cross-linkers that are activated during exposure. As the
exposure time increases, the degree of cross-linking also
increases. While developing the substrate, in the case of
a lower exposure time, the erosion of photoresist occurs,
resulting in a larger pattern width. As the cross-linking of
negative photoresist increases with the exposure time, the
peel-off resistance of the photoresist also increases. As shown
in Figure 4, an exposure time of 120 s results in a line width of
99.42𝜇m(the desired linewidth is 100 𝜇m). Figure 4 indicates
that a 120 s exposure time is enough. When the exposure
time is less, the photomask pattern does not absorb sufficient
UV energy. To estimate the photoresist strength, a scratch
test is conducted in which a diamond stylus with a 200 𝜇m
tip radius is drawn over the sample surface until the coating
detaches. As the exposure time increases, the photoresist film
becomes harder, so a greater strength is needed to scratch
the photoresist further, as shown in Figure 4. The increased
exposure time causes an increase in temperature, so the
photoresist becomes harder. The effect of the exposure dose
is not taken into account because the exposure is performed
at a constant light intensity.

6. Effect of Rolling Direction on Depth of Etch

Figure 5 shows the effect of the rolling direction on the depth
of the etch. From the graph, it is clear that the depth of the etch
is increased along the rolling direction and decreases across
the rolling direction. This is because of the larger residual
stresses present along the rolling direction, as measured on
a Bruker EDAx machine. The value of the average residual
stress present along the rolling direction is 269.112Mpa,
while for across the rolling direction, it is 247.123MPa. If
the material is stressed, it will corrode more rapidly, so the
etching rate is faster along the rolling direction, leading to a
greater depth of etch. A 49.2 𝜇m depth is obtained along the
rolling direction, while a 42.19𝜇m depth is produced across
the rolling direction, as shown in Figures 5 and 6.The rolling
direction [001] plane contains more atomic boundaries. As
the number of boundaries increases, the chemical attack
on the material increases, leading to faster etching and
an increased depth of etch. The anisotropic etching also
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Figure 4: Effect of exposure time on image width and photoresist
film strength.

improves the channel accuracy. Figure 5 shows that the finish
and edge accuracy of the microchannel is better than across
the rolling direction.

7. Effect of Temperature on Depth of
Etch and Undercut

The effect of temperature on the depth of the etch is seen
in Figure 7. The measurement of the depth and width
after etching is carried out using a white light interferom-
etry instrument (Veeco). It shows that the depth of etch
significantly increases with the etching temperature. Upon
increasing the temperature from 50∘C to 70∘C for a 250𝜇m
channel, the depth of etch is approximately 4 and 16.5 𝜇m,
respectively, whereas for a 60 𝜇m channel, the depth of etch
is 1 𝜇m to 10.6 𝜇m for the same temperature. As the width
of the channel increases, the depth of etch also increases.
This difference is because a larger area is exposed in the
250𝜇m channel. According to the Arrhenius equation [25],
a high temperature increases the etch rate. An increase in the
momentum of molecules at high temperature may also cause
an increase in the depth of etch.

The effect of the etching temperature on undercut is
studied. It is observed that the undercut is low at 50∘C.
Etching at 60∘C causes a significant increase in the undercut,
and the highest increase is observed at 70∘C. The effect of
temperature on the undercut of 250, 200, 150, 100, and 60 𝜇m
channel widths is shown in Figure 8(a). A Nikon microscope
photograph of variable-width etchedmicrochannels is shown
in Figure 8(b). The horizontal etching increases as the width
of the channel increases, and the channel achieves a semicir-
cular shape, as shown in Figure 8(c).The semicircular shape is
useful for maintaining a smooth fluid flow in heat exchangers
and in microchannels. If the channels are perfectly flat, there
may be a chance of accumulation at the edges and corners,
which can result in resistance to mass transfer.
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(a) Microchannel depth along rolling direction

42.19 𝜇m

(b) Microchannel depth across rolling direction

Figure 5: Effect of rolling direction on depth of etch.
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Figure 6: Effect of rolling direction on depth of etch.
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Figure 7: Effect of temperature on depth of etch for different chan-
nel widths.

8. Effect of Etching Time on Undercut and
Depth of Etch

It is observed that as time passes, the undercut increases.
Figure 9 shows the effect of time on the undercut for different
microchannel widths. It also shows that as the time andwidth
of the channels increase, the undercut increases. The initial
undercut observed for the 250𝜇m channel was 20𝜇m, and
for the 60𝜇m channel, the undercut observed was 5 𝜇m after
3min. After 7min, the undercut was 80𝜇m for the 250𝜇m
width and 23 𝜇m for the 60𝜇m width. This reveals that the
undercut depends on the channel width and time. As the
width increases, the undercut increases because there is more
horizontal etching across the plane.

The effect of the etching time on the channel depth is
studied. The depth of the cavity may be controlled using the
etching time and etch rate. The channel depth and width
are increased with an increase in etching time. From the
plot shown in Figure 10, it is clear that deeper channels are
achieved with a higher width. A maximum depth of etch of
the 250𝜇m channel width at 7min and a minimum depth of
etch of the 60𝜇mchannel width at 3min have been observed.

9. Conclusions

In the present study, the effects of the rolling direction
and the effects of time, temperature, and concentration on
microchannels of Monel 400 were studied. The conclusions
from this experimental study are as follows:

(i) An etching mechanism study shows that the rate of
reaction of Cu is faster than that of Ni. Cu which has
a high oxidation potential and high electron mobility
towards Ni, which has a smaller oxidation potential,
leads to a reaction between Cu, Ni, and the etchant.

(ii) The photoresist film thickness depends on the spin-
ning speed and spinning time. It is observed that the
lower the film thickness, the lower the antietching
ability, and vice versa.

(iii) The resolution of the PCM process is mainly affected
by the exposure of the coated substrate. A sufficient
exposure time and exposure dose are required to
develop a fine pattern. During the study, it was found
that an exposure time of 120 s gives the best results
for a 100𝜇m line width.The increase in exposure time
increases the strength of the photoresist.
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Figure 8: (a) Effect of temperature on undercut for different channel widths. (b) Nikon microscope image of etched channels. Temperature:
55∘C; etching time: 6min; and concentration: 600 g/L. (c) Semicircular shape of microchannel (white light interferometry image).
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(iv) The depth of etch along the rolling direction is
greater than that across the rolling direction. Residual
stresses may cause a higher etch rate along the rolling
direction compared to across the rolling direction, so
that a greater depth of etch is achieved in the along
the rolling direction condition.

(v) The channel width and depth are significantly affected
by the composition of the etchant, etching time, and
temperature. An increased temperature increases the
momentum of the molecules, which further causes
an increase in the depth of etch and the width of the
channels. As the width of the channel increases, the
depth of the etch also increases because a larger area
is exposed for etching and there is more horizontal
etching across the plane. Horizontal etching results in
a semicircular-shaped microchannel, which is useful
for smooth fluid flow. Depending upon the desired
width anddepth of themicrochannel, the initial width
can be optimized.
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