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Chapter

Influence of Al2O3 Processing on
the Microtexture and Morphology
of Mold Steel: Hydrophilicto-Hydrophobic Transition
Kelvii Wei Guo

Abstract
The surface of mold steel was processed by the simple Al2O3 surface processing,
and the influence of processing time on the surface morphology was studied by 3D
profilometer and scanning electron microscopy (SEM). Moreover, the wettability
of the Al2O3 microtextured surfaces of mold steel was also investigated. The results
show that the surface morphology of mold steel varies with Al2O3 processing time.
It reveals that the initial surface without any Al2O3 processing treatment behaves
as a hydrophilic surface. With the increment of Al2O3 processing time, the surface
roughness of the processed surface with the microtextures increases correspondingly. At the same time, the wettability of the microtextured surfaces changes
from the hydrophilic to the hydrophobic. When Al2O3 processing time reaches
60 min, the contact angle reaches its maximum at which the relevant surface
roughness is the minimum. It indicates that mold steel with an Al2O3 microtextured
surface can be a potential application in the mold releasement.
Keywords: surface morphology, Al2O3, microtexture, wettability, hydrophilic,
hydrophobic, processing, roughness, mold steel

1. Introduction
Conventionally, the surface finishing of metal molds is always done by hand
lapping after processing and/or electrical discharge machining in order to attain
small surface roughness without microcracks. However, in this process, operator
shortcomings cause these manual processing methods to have a number of limitations. Meanwhile, consistency and repeatability are also required. Consequently,
the process is extremely time consuming, which leads to high cost [1].
While automated processes suitable for the finishing of closed dies, they are
limited in their application. For example, precision machining using a single point
diamond tool is slow, requires conditions not readily available in an industrial
environment, and is limited to flat surfaces [2–4]. Chemical micromachining and
electrochemical micromachining are limited in their application and can be difficult
to control [4–9]. The laser has also been widely used as a machine tool to modify the
surface of the engineering materials, such as laser surface alloying, laser cladding,
surface texturing, laser physical vapor deposition, laser polishing, etc. [2, 10–20].
1
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Ultimately, surface modifications or surface treatments are vitally important for
increasing service life of the critical components and devices used for engineering
and structural functions. Numerous surface engineering approaches are employed
such as thermal, chemical, mechanical, as well as hybrid treatments to improve or
vary/change the surface finish.
In this study, the influence of alumina-based surface processing on the microtexture, morphology, and wetting behavior of mold steel has been investigated. The
morphology of initial as well as processed surfaces was investigated as a function
of processing time. After being processed, the influence of processing time on
the surface morphology of mold steel was studied by 3D profilometer and scanning electron microscope (SEM). The wettability of the processed surface is also
investigated.

2. Materials and methods
2.1 Materials
The chemical composition of mold steel tool steel is shown in Table 1.
2.2 Methods
The materials were processed into 25 mm × 25 mm × 5 mm slabs and carefully
cleaned with acetone and pure ethyl alcohol to remove any contaminants on its
surface.
The planetary mono mill “Pulverisette 6” (Made in Germany) was used for
surface processing in the stainless steel processing bowl (volume: 500 ml). The process was performed under the vacuum to prevent contaminations for time periods
ranging between 15 and 180 min at a processing speed of 250 rpm. All the processed
Element
(wt.%)

C

Si

Mn

Cr

W

V

Fe

0.9

0.3

1.2

0.5

0.5

0.1

Bal.

Table 1.
Chemical composition of mold steel.

Figure 1.
Morphology of the original surface of mold steel.
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Figure 2.
SEM of the initial mold steel surface.

specimens were ultrasonically cleaned in an acetone bath for 10 min with 28–34 Hz
frequency and carefully dried. The surface morphology of surfaces was observed by
Taylor Hobson profilometer/Talysurf PGI, optical microscope (OM), and scanning
electron microscope (SEM) JEOL/JSM-5600. Contact angle (CA) measurement
was taken by an advanced contact angle goniometer with DROPimage Advanced
(ramé-hart Model 500) attached with a charge-coupled device video camera (with a
resolution of 768 × 494 active pixel) and an environmental chamber with temperature control. The volume of the droplet was 10 μL.
Figure 1 shows the Talysurf 3D topography of the original mold steel tool steel
specimen, while Figure 2 shows its corresponding 2D SEM morphology.

3. Results and discussion
3.1 Morphology of the processed surface as a function of processing times
3.1.1 Processing time: 15 min
The morphology of the processed surface after 15 min processing is shown in
Figure 3, and its related SEM image is expressed in Figure 4.
The results indicate that the processed surface is smoother than its initial surface
(Figures 1 and 2). According to Figures 3 and 4a, some small ridges were found distributed on the processed surface. The grooves on the surface had disappeared to a certain
extent, together with some smaller island-form ridges (such as labels A and B) due to the
shorter processing time. The big ridges cannot be detected and the remained chippings
disappear (Figure 2), resulted in the smooth processed surface as shown in Figure 4a.
Moreover, the magnified parts of Figure 4a are shown in Figure 4b and c, and
crack can be found on the processed surface as shown in Figure 4c (label C) as a
result of the effect of processing balls.
3.1.2 Processing time: 30 min
The morphology of the processed surface after 30 min processing time is shown
in Figure 5, its corresponding texture is shown in Figure 6a, and its magnification
3
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Figure 3.
Morphology of processed surface after 15 min processing time.

Figure 4.
Processed surface after 15 min processing time.

parts are shown in Figure 6b and c. Although processing balls remove most high
plateaus from the original surface of the specimens (cf. Figures 2 and 6), the
island-form ridges were found to be still distributed on the processed surface. As
expressed in Figure 6b and c, micropits and cracks can be observed on the surface
of the substrate because the balls did not mill sufficiently.
3.1.3 Processing time: 60 min
With the increase of processing time, the processed surface becomes more and
more smooth as shown in Figure 7, and the formed ridges become smaller and
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Figure 5.
Morphology of processed surface after 30 min processing time.

Figure 6.
Processed surface after 30 min processing time.

distribute uniformly as shown in Figure 8 where the magnifications of Figure 8a
are shown in Figure 8b and c. It illustrates the uniform changes of the surface
topography after 60 min processing time. The variation of the topography of the
surface processed at 60 min is distinct. It is observed that the mold steel surface was
processed effectively without any defects (cf. Figures 4, 6, and 8).
Generally, increase in processing time simultaneously improves the properties of
the surface substrate. However, too longer processing time will be likely to destroy
the surface of the substrate which subsequently changes the surface topography and
mechanical properties of the steel specimens.

5
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Figure 7.
Morphology of processed surface after 60 min processing time.

Figure 8.
Processed surface after 60 min processing time.

3.1.4 Processing time: 120 min
When compared with the processed surface of 60 min processing time (Figure 8),
the processed surfaces (Figures 9 and 11) of longer processing time give relatively
coarser surface. Also, its SEM image (Figures 10a and 12a) and the further magnified counterparts (Figures 10b, c and 12b, c) show the sign of ridges regrowing
bigger, some microparticles aggregating loosely, and microcracks scattering on the
processed surface. Such surface topography with scattering of microaggregation and
micro ball-like amorphous features (Figure 10c) implies that there is some level of
change of properties of the mold steel surface. This change is not really anticipated
since it is initially expected that the properties of the processed surface topography
would be the same as its as-received condition or higher than the initial one.
6
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Figure 9.
Morphology of processed surface after 120 min processing time.

Figure 10.
Processed surface after 120 min processing time.

3.1.5 Processing time: 180 min
A longer processing time (i.e., 180 min), besides the morphology of the processed surface changes obviously (Figure 11), relatively more severe cracks appear
as shown in Figure 12b and c, which are likely to change the properties of the initial
surface drastically.
3.2 Determination of surface roughness
Figure 13 shows the relationship between the arithmetic mean surface roughness
Ra and the processing time. Results indicate that the initial increase in processing
7
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Figure 11.
Morphology of processed surface after 180 min processing time.

Figure 12.
Processed surface after 180 min processing time.

time accompanies with the increase in surface roughness until the processing time
reaches 60 min at which the surface roughness is the minimum. Then, a further
increase in the processing time increases the roughness once again which agrees well
with morphology as shown in Figures 3–12.
3.3 Wettability of milled surface
The variation of CA during the processing process is shown in Figures 14 and 15.
It is noted that the evolution of CA is related to the processing time. For the
initial surface of mold steel, its wettability is hydrophilic. When the processing
8
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Figure 13.
Correlation between Ra and processing time.

increases, the wettability of the surface varies obviously. The wettability changes
from hydrophilic to hydrophobic when the processing time is 60 min, which is an
attractive characteristic potential for model release. Moreover, CA increases with
the increment of processing time at the early processing period. However, when the
surface is processed with longer time, such as 120 and 180 min, the wettability of
the surface will be hydrophilic again as shown in Figure 15.
It is well known that there is a distinction between the “actual surface” of
an interface and the “geometric surface,” which is measured in the plane of the
interface. At the surface of any real solid, the actual surface will be greater than the
geometric surface because of surface roughness. Due to this distinction, the contact
angle will be influenced by the roughness. When the surface roughness is considered, the contact angle and droplet profile will change to keep the equilibrium. To
evaluate the effect of roughness on surface wettability and calculate the new contact
angle of θ’ on the rough surface, two different models were proposed by Wenzel and
Cassie-Baxter. Both models emphasize on the geometry feature of solid surfaces
that acts as a critical factor in determining the wettability.
A system with a droplet placed on a rough solid surface is considered as shown in
Figure 16, in which the surface texture feature size is much smaller than the droplet,
so the influence of liquid weight on an indentation can be neglected when compared
to that from surface tension. In traditional theory, whether air can be trapped
between liquid and the solid surface is determined by the surface tension of liquid.
The liquid intends to exhibit its intrinsic contact angle (θ0) on the edge of islands.
On a hydrophilic substrate (θ0 < 90°), concave menisci form in the indentations, and
the result of liquid surface tension is directed downward and drives the liquid to fill
the indentations as much as possible, as shown in Figure 16a. On the other hand, for
a hydrophobic substrate (θ0 > 90°), convex menisci form, and the surface tension
of liquid is directed upward and pushes the liquid to be suspended on indentations,
as shown in Figure 16b. Considering of that θw is smaller than θ0 for hydrophilic
materials and θc is larger than θ0 for hydrophobic materials, as a result, on an ideal
patterned surface, the contact angle would always decrease when θ0 < 90° and be
increased when θ0 > 90°. Therefore, one can make the option of the processing time
with the ideal surface property according to the practical applications.
3.4 Preliminary computations
During the processing process, the mean value of the magnitude of the critical
τ critical can be expressed as:
torque ¯
9
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τ critical = λ τ dt⟦Fn + 3 fadhesion⟧
¯

(1)

where λt is a constant in the range 0.5 < λt < 1, dt is the distance parallel to the
plane from the center to one of the asperities in contact, fadhesion is an adhesive force
at each contact, and Fn is the normal body forces.
2
_

¯
∅ critical = λ ∅

3|P + fadhesion| 3
___
2 (__________
4 E∗ √ R∗ )
____________

3 dt

(2)

Figure 14.
Variation of contact angle (CA) at different processing times. (a) CA of the initial mold steel surface, (b) CA
of the surface at 15 min processing time, (c) CA of the surface at 30 min processing time, (d) CA of the surface
at 60 min processing time, (e) CA of the surface at 120 min processing time, and ( f) CA of the surface at
180 min processing time.
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Figure 15.
Correlation between CA and processing time.

Figure 16.
Schematic representation of the cross section of the droplet-substrate system in indentations. (a) Hydrophilic
substrate, (b) hydrophobic substrate, and (c) overhang on a hydrophilic surface with microscopic roughness.
¯
∅ critical is the critical

angle at which critical torque ¯
τ critical occurs, 0.63 < λØ < 1, P is
∗
E E
R R
the total load, R = _____is the reduced radius, and E∗ = _______________ is the reduced
R +R
E (1 − ν ) + E (1 − ν )
elastic modulus.
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τ decelerating = − 𝛾𝜔
¯¯

(3)

where γ = −2ξ η n |dt| 2 n2π.
τ decelerating is the decelerating torque, ξ is the coefficient (ξ < 1, or ξ ≪ 1), ηn is the damp¯¯
ing coefficient, ω is the angular velocity, n2π is the number of asperities per revolution, and γ is the adhesive force.
The model consists of expressions for the critical angle and torque at which a ball
starts to mill, as well as the rate at which they decelerate. Because of the stochastic
nature of surface roughness, it is impossible to accurately reproduce all behavior in a
model simple enough to be used in the ball processing phenomena reconstructions.
While average processing effect can be accurately replicated, the contact between a
real ball and the substrate will not necessarily follow this average due to the details of
the geometry. However, in a system of many balls, it is often the case that the average
behavior dominates. While variations around the average may have a large effect
on the motion of each individual ball, the statistical behavior of a system of many
balls will not be significantly changed. The model has been derived for the contact
between a ball and a plane. The contact forces in contacts between two balls will be
different, and effects such as interactions between asperities make the system far
more complex, but the general principle upon which the model is based still applies.
The proposed model can provide an adequate approximation of processing effects in
the surface processing when torque is dominated by the largest scale of roughness.

4. Conclusions
The morphology of mold steel varies with the different processing times.
Increase in processing time simultaneously makes the wettability of processed
surface changed from hydrophilic to hydrophobic. Meanwhile, the initial increase
in processing time accompanies with the increase in surface roughness until the
processing time reaches 60 min at which the surface roughness is the minimum.
However, with the increment of processing time, the wettability of the surface will
be hydrophilic again. What is more serious is that longer processing time will be
likely to destroy the surface of the substrate which subsequently changes the surface
morphology and mechanical properties of the steel specimens, which is not really
anticipated since it is initially expected that the properties of the processed surface
morphology would be the same as its as-received condition or higher than the initial
one, especially during the mold releasement.
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