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In this article, the effect of hydrophobic coated and
uncoated surfaces on the corrosion resistance, tri-
bological property, and surface morphology and nano-
mechanical properties is presented. A hierarchical
surface (micro/nano) was prepared by ultra shot
penning of 316L stainless steel at 20 kHz. Chemical
vapour deposition technique was used for deposition
of the coating, and coating thickness of 0.5 um was ob-
tained. A maximum hardness of 6.7 and 6.32 GPa was
exhibited by the sandblasted (SB), annealed (SBAT)
and coated (SBAT) samples respectively. The benefi-
cial effect of annealing and surface roughness was
clearly indicated by the sandblasted, annealed and
coated specimens. They showed the highest value of
reduced modulus maximum resistance to scratch tests
and a high adhesion as indicated by scratch path pro-
files. The lowest corrosion rates were obtained by
SBAT specimens (1.32 mpy) in 3.5wt% NaCl. After
application of 3.5% fluoroalkylsilane (FAS13), the
corrosion rate was reduced to 0.04 mpy with no
evidence of localized pitting. The water contact angle
using DSA-100 system was measured to be 120° for
SBAT and 80-90° for the samples.

Keywords: Annealing, chemical vapour deposition,
corrosion, sandblasting, super hydrophobicity.

ONE of the most striking achievements in the past decade
is the dramatic shift in focus of engineers and scientists
on fabrication of novel surfaces with unique properties
such as high resistance to corrosion wear, fatigue and
scratch with embedded hydrophilicity and hydrophobic-
ity. This comes from nature which has already developed
an elegant approach that combines physics, chemistry and
materials science to create water and dust-repellent sur-
faces — lotus leaves are the perfect example of cleaning
phenomena by nature. The leaves remain spotless despite
being exposed to dirty environment. Water drops roll
around the leaves and carry away the dust from the sub-
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strate™. In recent years, several attempts have been made
to mimic the surface of lotus on engineered surfaces.
Wettability is an important phenomenon that changes the
surface properties and its reaction which surface results
in improvement of substrate properties®. Moisture, water,
humidity, dust and pollution, all lead to erosion and
corrosion of the engineered surfaces resulting in direct
and indirect losses amounting to billions of dollars and
wastage of material resources. The surface properties of
water striders, lotus flower, desert beetles and other
biological creatures are now being mimicked to create
engineered surfaces. The phenomenon of water repellency
has motivated a large body of biomimetics effort to
increase the hydrophobicity of surfaces®. The most
important physical phenomenon involving exchange of
energy and/or signal transmission takes place on the sur-
faces of materials. The advances in surface engineering
are therefore a consequence of deeper knowledge of how
surfaces influence the mechanism and kinetics of this
energy and signal transfer. The understanding of surface
phenomena at micro and nanometre level has played a
key role in development of electronics, information tech-
nology, energy, optics, tribology, biology, biomimetics
and a rush towards miniaturization. In recent years,
hydrophobicity has been wused to improve micro-
mechanical, tribological and opto-electronic properties®”.
Hydrophobic surfaces have been used to combat corro-
sion and bio-fouling®®. Corrosion costs about 3.5% of the
GNP and bio-fouling drastically enhances fuel consump-
tion and marine fouling. Before giving the details of the
study based on the effect of hydrophobicity on mechani-
cal properties and corrosion resistance, the phenomenon
of wettability is summarized below.

The contact angle @ of a water drop is related to the in-
terfacial energies acting between the solid-liquid (Zs.),
solid—vapour (Zsy) and liquid—vapour (Z_y) interfaces
(Figure 1) via
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Equation (1), however, applies to smooth surfaces only. A
real surface exhibits two water contact angles: @apv, the
advancing angle, and ¢, the receding angle. The differ-
ence between the two is called contact angle hysteresis
(CAH). If ¢is <90%, it is called hydrophilic and if >90%,
it is called hydrophobic. A surface exhibiting ¢ > 150° is
called super hydrophobic; the super hydrophobicity
increases with decreasing surface energy of solid-air
interface »,. Two different surface regimes can be expec-
ted. In the Wenzel regime'®, the liquid wets the surface
but the contact angle differs from the true angle.

cos(d) = R-cos(¢) = RM, (2)

Lv

where R is the ratio between the actual surface area and
projected apparent area. When the surface comprises of
small protrusions which are filled by air, the wettability
is considered to be in the Cassie regime. It is described as

cos(¢°) = -1+ ¢s[cos(p) + 1]

=—1+¢S{—7SV_7SL}. 3)

YLv

In eq. (3), (1 - ¢) is remaining fraction area of the sur-
face. The water contact angle for a rough surface is
greater due to its roughness. On a rough surface water
spreads less to decrease the contact area. Water is in
complete contact with the solid surface (called Wenzel
state). Wenzel suggested that the surface area increases as
surface becomes rough. Hence, water would tend to
spread more on a rough, hydrophilic surface, while it
would spread less on a rough hydrophobic surface to
decrease the contact area of the solid. The relationship
between the apparent contact angle (gougn) and intrinsic
contact angle is described by the Wenzel equation:

Cos ¢rough = Y COS iy, (4)

where y is the roughness factor. As »> 1 for a rough sur-
face, hence if s> 90°, and if ga < 90°, @rougn > 90°,

Liquid droplet

Q

B

Figure 1. Different fluid phases in mutual contact. «, #and & repre-
sent vapour, solid and liquid phases and their contact angles.
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Prough < riar. Hence in Wenzel states, a hydrophobic sur-
face would become more hydrophobic with an increase in
roughness; it is not possible for water to be in complete
contact due to its higher energy state. Instead, air may be
entrapped between water and the surface, which is a
composite surface of solid and air. This state is called
Cassie-Baxter state™ and is given by

COSPrough = Pstiat + v COSPy = S — L —¢s),  (5)

where ¢s and ¢, are fractions of solid and air contacting
the water (¢s + ¢y = 1). As the contact angle of water on
air (@Ly) is 180° (cosgy = —1), the increase of ¢ results in
increase of ¢ugn and a super hydrophobic state would be
established.

The relationship between super hydrophobic surfaces
and nano coatings using sol-gel technique has been stud-
ied on 316L stainless steel'?. In the study the substrate of
316L stainless steel was coated by n-TiO, using chemical
vapour deposition (CVD) and treated with perfluoroalkyl
silane to make the surface hydrophobic. Previous work on
n-TiO, coated and treated with a silane did not report its
effect on nano-mechanical properties and surface mor-
phology. The role of surface roughness was not com-
pletely elucidated.

The first super water and oil-repellent surface was
developed on anodized aluminum®. All active metals like
zinc, aluminum, steel, iron, etc. corrode when exposed to
water and alkaline or acidic solutions in saline aqueous
solutions'***. The effect of surface wetting is dependent
on surface roughness and low surface energy. A rough
surface may be obtained by sandblasting, anodizing or
etching. The effect of important factors such as sandblast-
ing, annealing, hydrophobic coating and coating on the
nano-mechanical and corrosion resistance of steel coated
with a hydrophobic surface is presented in this article.

Experimental procedures
Materials
In the present study, 316L stainless steel plates of 12 mm

thickness were used. Table 1 shows the sample designa-
tion and conditions.

Table 1. Conditions of samples studied

Sample designation Sample condition

ASR As received

ASRT As received-titania-coated

SB Sandblasted

SBT Sandblasted-titania coated

SBA Sandblasted—annealed

SBAT Sandblasted—annealed-titania-coated and

treated with FAS
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Nano impact testing

It is a unique technique which allows one to use the high
strain rate behaviour of different substrates of material. A
micro-material nano-indenter package was used in the
study. On impressing a probe onto the surface, the depth
signal is continuously monitored. The following were the
general testing characteristics. The accelerating load and
the probe were accelerated towards the sample from
7.5 um. The probe used was a 4.3 um tip radius diamond
sphere. Each test comprised of 4 sec cycle and run for
5 min, followed by repetition 6 times.

Nano-mechanical testing

All tests were conducted with a Micro-material nano-
indenter (Berkovich Indenter). The nano test loading also
allows indentation scratch and impact measurements. The
parameters for nano-mechanical testing are as follows:
maximum load, 10 min; loading time, 30 sec; dwell
period at max level, 10 sec; and unloading time, 30 sec.

Grids of nano-indentations were read on samples. Indi-
vidual indentation locations were selected using the inte-
grated microscope on all samples.

The effect of sandblasting on grain size is important.
Sandblasting has been used as one of the techniques to
generate nanostructured grains. The medium used was
silica sand (16 um diameter). Treatment of stainless steel
was carried at 240 kPa for 10 sec; keeping the sandblast-
ing nozzle perpendicular to the substrate at 10 cm
distance, produced nanostructured grains*®*’. The meas-
urement of hardness and elastic modulus was introduced
in 1992 by nano-indentation®®.

Nano-indentation has facilitated measurement at nano/
micro scale. This is now a primary technique for deter-
mining the mechanical properties at nano and micro
scale. The equipment provides indentation, scratch and
impact measurement. The hardness and elastic modulus
are measured from indentation load—displacement data
obtained during the cycle of loading and unloading. After
the contact area is determined, hardness is estimated
from:

P
H — max] 6
A (6)

where P is the load. The effective elastic modulus is
defined by

= Lo 7)

where y is the Poisson ratio, E the Young’s modulus and
E, the elastic constant. The above were the parameters for
loading.
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Scratch testing

Scratch testing was done using micromaterials scratch
test module'®. For scratch testing a diamond nano-
indenter (10 um) was used. Following are the parameters:
scratch length =500 um; maximum load = 100 MN;
topography load =0.01 MN; and loading rate =
2.25 NM/s. Figure 2 shows the scans.

Grain size measurement

Grain size was determined by topographic imaging using
AFM (Nano-R2 AFM) equipped with a centi-lever scan-
ner. The grain size is measured in phase imaging, when
an oscillatory centi-lever scans the sample surface and the
tip of sample is fixed through a feedback loop. Contrast is
measured by phase angles. The data are combined simul-
taneously with topographic data to obtain grain size and
its distribution. Topography of 1.47 x 1.47 um shows
nano-grains.

Fabrication of hierarchical surfaces

The surface of 316L stainless steel was polished with
600-grit paper and sandblasted by a flow of silica
particles of 50-70 mesh under a pressure of 200 KPa for
10 min. After sandblasting, the sample was annealed at
35°C for 60 min. The surface was polished with 1 um
diamond paste to maintain consistent roughness. A grain
size of 37 nm was obtained. The grain size showed an
increase with increase in depth and reached about
100 nm in the transition zone adjacent to the unaffected
inner layer.

Treatment of sample

After coating with TiO,, the samples were treated in a
methanol solution of perflouro silane. The specimens
were finally dried for 4 h at 105°C. Before CVD coating
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Figure 2. Topographic scan made prior to scratched testing.
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the samples were polished with 600-grade sand paper and
sandblasting by a flow of silica particles of 50-70 mesh.
A grain size of 20 nm was maintained.

Chemical vapour deposition of TiO,

A piece of bare stainless steel, 20 mm in diameter and
4 mm in thickness was coated with TiO,. After being pol-
ished with 6 um diamond paste the sample was finally
polished with 0.05 um y-alumina using distilled water as
lubricant followed by cleaning with acetone, rinsing with
deionized water and drying. A thermocouple was attached
to a graphite susceptor to monitor the temperature in the
vacuum chamber. Titanium isopropoxide was used as a
precursor and introduced in the chamber. The sample was
heated to 53°C. The applied voltage was 480V, fre-
quency 8 kHz and pressure 4 mbar. The hydrogen flow
rate was 200 sec. The plasma assisted chemical vapour
deposition (PACVD) process was used to obtain a greater
uniformity of coating.

Imaging

The surface morphology of corroded surface was examined
by low vacuum electron microscope (LV-SEM filter
attached with an EDS system, 100 kV). For topographical
studies, an AFM was utilized. Some specimens were also
examined under low-vacuum technical field emission gun
scanning electron microscope (FEG-SEM).

Water contact angle measurements

A DSA 100 standard frame module was used to measure
the wet contact angle. It comprised of two major compo-
nents; needle and dispensing system. The system projects
optical illumination and eliminates optical interference.
The evaluation of drop images takes place in a wide win-
dow of the software. Contact angles were measured by
producing a drop of size 3.5 ul and positioning the needle
at the centre of the drop just above the substrate. A high-
speed image camera captured the images of the drops and
the contact angle and surface tension were calculated
using the software Drop Shape Analyzer.

Water and dust repellency testing

Tests on water and dust repellency were conducted with a
modified version of ASTM for dirt?®. A mixture of char-
coal and red iron oxide was applied at equidistant points
on samples inclined at 45° to the ground. The mixture
was left covered with water for 48 h. The slurry was
rinsed with water and allowed to dry for 6 h.
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Corrosion testing

Corrosion testing included cyclic polarization measure-
ment tests conducted in accordance with ASTM desig-
nated standard reference test method*. The scanning rate
was maintained at 10 mV/min. The protection potential
(Epp) was measured by the intersection of forward and
reverse polarization curves. Immersion tests to detect loss
of weight were performed in accordance with ASTM
standard practice for laboratory®.

Salt spray testing

The specimens were exposed to salt spray test using
ASTM standard practice?®. The resistance of coating to
hot and humid environments is best shown by salt spray
chamber studies. The enhancement of corrosion resis-
tance is shown by SBT and SBAT specimens, confirming
the combined effect of sandblasting, annealing, coating
and hydrophobic treatment for corrosion enhancement.
The minimal corrosion exhibited by SBT and SBAT con-
firms the above observations.

Micro structure examination of corrode surface

The specimens were examined under a Philips TECHNT
FEG-SEM with a 1.8 nm resolution controller. The focus
range was 0.5-0.9 mm and beam current was 1000 nA.

Results and discussion
Nano-indentation studies

The loading-unloading curves are used to determine
hardness and Young modulus (Figure 3). A maximum
hardness of 6.7 GPa followed by 6.32 GPa is shown by
samples SBAT and SBA respectively. Sandblasting gave
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Figure 3. Nano-indentation loading-history curve. Step 1: Loading.

Step 2: Max load dwell (creep properties). Step 3: Unloading (used for
H and Er calculation). Step 4: Constant load hold for thermal drift
measurement.
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Table 2.

Hardness and reduced modulus results

Sample specifications

Reduced

Hardness (GPa) modulus (GPa)

As received (AR)

As received and titania-coated (ART)

Sandblasted (SB)

Sandblasted and annealed (SBA)

Sandblasted and titania-coated (SBT)

Sandblasted, annealed, titania-coated and
hydrophobically treated (SBAT)

5.01+0.35 206 £11
4.30+0.33 173.2+12
5.98 £ 0.30 216 +13.2
6.32 £0.22 214.7+0.81
6.61 + 0.58 410+7.4
6.72£0.24 187 £5.3

Table 3. Experimental conditions of scratch tests
Indenter 10 um diamond
Scratch length 500 pum
Maximum load 100 mN
Loading rate 2.25 mN/S
Load applied after 50 um
Topography load 0.01 mN

Signals monitored Depth, load, friction

Table 4. Important electrochemical parameters
AR SB SBAT
El (mV) -293.3 -381.4 257.9
leorr (NA) -142.3 427.4 75.07
Ry (k.Ohm) 152.6 50.8 289.3

10% increase in hardness. Sandblasting increases the
surface roughness and reduces the modulus as shown by
as received (AR) and sandblasted annealed (SBA). The
high ratio of film thickness to surface roughness of the
sandblasting sample made scratch testing more difficult.
The SB samples enhanced hardness by 10% and elastic
modulus by 3%. The titanium coating on untreated sam-
ples returned hardness values in good agreement with the
literature.

All samples exposed to different conditions listed in
Table 2 were subjected to mechanical testing samples.
The results obtained from hardness measurements and
modulus measurements are described in table. It is ob-
served that sand blasting leads to increased hardness. The
highest hardness is shown by SBAT sample. The anneal-
ing influences hardness as shown as observed by a sig-
nificant increase in all specimens subjected to annealing
compared to their un-annealed counterpart.

It may be attributed to the even distribution of chro-
mium carbide; however, there is no conclusive evidence.
Sand blasting increases surface roughness. As observed
by AFM studies, the pile up region caused by indentation
extends about 4 um from the sides of 200 mN indenta-
tion. The beneficial effect of sand blasting on crack pro-
pagation and fracture is discussed.
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Figure 5. Hardness map of SBAT.

The elastic recovery parameter (ERP) E, is important
and is related to Young modulus of the sample materials
Es by

1 G-V +1+vi2.

= = (8)

S i

A depth vs time chart is constructed to determine time-
dependent properties. The effect of annealing on enhanced
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mechanical strength may be attributed to the formation of
a fine precipitate of chromium carbide. However, the
specific observation is not well understood. Both the ERP
and hardness maps show similar trends (Figure 4). The
hardness map shows similar features as the ERP map.
Region of lower hardness shows less elastic recovery. It
may be noted that the reduced modules map does not
show the same spatial variations as hardness and ERP
(Figure 5). Inclusions play an important role. As shown
by the AFM image an inclusion is observed at the centre.
The region around the inclusion displays a significantly
lower hardness and elasticity than the surrounding mate-
rial.

Scratch testing

It is of utmost importance to check the integrity of coat-
ing against mechanical damage erosion, abrasion and
fracture. Table 3 shows the loading parameters of the
scratch test. All un-blasted samples show failure as de-
picted by depth-time traces. Maximum depth exceeded
3.5 um. The same observation was exhibited by SBT
samples. No evidence of failure was found in sandblasted
and annealed specimen. Figures 6 and 7 show the effect
of annealing on adhesion and de-lamination of TiO,
coating. Crack propagation is not observed in SBAT,

Sand blasted
region

Sand blasted
region

Figure 7.

Scratch profile SBAT sample.
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whereas it is clearly observed in SBT. It shows the rate of
annealing which resists crack propagation. The coatings
have a better resistance to de-lamination and adhesion in
areas directly affected by sandblasting due to increased
roughness: The depth and friction data show the failure
point in the figures. The friction coefficient is found to be
low (0.1). Depth and time curves suggest no evidence of
de-lamination in SBAT, in contrast with SBT that shows
de-lamination. Figures 8 and 9 show the depth—time
curves for SBT and SBAT respectively. The beneficial
effect of sandblasting is clearly shown by the above stu-
dies.

Corrosion studies

Corrosion studies made on hydrophobic surfaces have in-
dicated an enhanced resistance to corrosion due to the
barrier caused by hydrophobic nano-coating for the pene-
tration of water. Different silanes are used to make a sur-
face hydrophobic. Studies were conducted to observe the
effect of hydrophobic surfaces on corrosion resistance of
316L stainless steel. Table 4 shows the results of electro-
chemical studies and Table 5 shows the results of
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Figure 9. Depth time curves and micrograph of SBAT sample.
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Table 5.

Corrosion rate of different samples after immersion test

Specimen designation

Corrosion rate (mpy) in 3.5 wt% NaCl

Time (h) 50 100 150 200 250 300

AR 4.75 4.63 4.0 3.8 3.6 3.5

sB 2.3 2.28 2.1 2.0 1.82 1.92

SBA 2.15 2.10 1.99 1.87 1.79 1.76

ART 2.75 2.88 2.33 2.15 1.78 1.73

SBT 1.93 1.90 1.85 1.63 1.33 1.25

SBAT 1.85 1.80 1.73 1.65 1.4 1.32
300 T T T T ™ i immersion studies. Figures 10-12 show the polarization
g: AN ] curves obtained for ASR, SB and SBA in 3.5 wt% NaCl
150 - /2 | - respectively. These studies indicate the beneficial effect
100 |- _— vl which enhances sandblasting and annealing on TiO,
e il 7 coated surface enhances the corrosion resistance of 316L
g ,52: f / J stainless steel in 3.5 wt% NaCl. Sandblasting alone, how-
W q00} / - ever, decreases the resistance to corrosion as a rough
AR / o i surface and deposition of a low-energy compound are the
:g B / j fundamental requirements to create a hydrophobic surface.
aof ————— - Super hydrophobic surface is a porous surface where air
-380 [ T - is entrapped, and where the accessibility of corrosive spe-
i '3 '? _'5 _'5 L ;3 2 cies, water and other environmental species is limited.
I(log(A)) The transportation of oxygen is not influenced by the
pores and hence there is no change in the concentration of
Figure 10. Potentiodynamic cyclic polarization curve for ASR (As  oxygen in the pores, which may form differential corro-

received) in 3.5 wt% NaCl. sion cells and enhance the dissolution process.
= : : : : : : The thickness of the hydrophobic film is uniform over
el e 3 the substrate. The beneficial effect of n-TiO, coated film
a00 - //" w - and hydrophobic film acts synergistically to increase the
—C __ LA corrosion potential (Ec) and decrease the corrosion cur-
= belr E I rent (icorr), cOmpared to bare stainless steel (316L). Sur-
‘u‘.|E’ A '.: / 3 face roughness plays a crucial role as it affects cracking
50 |- / - of the film. It has been shown that the film does not crack
bl //---——f’ - ] in the sandblast region. Annealing has a positive effect by
e — _— ] stabilizing grain boundaries and possible enrichment by
ol L~ : p X g chromium. The mechanism is however yet to be under-
-9 -8 7 6 5 -4 -3 -2 stood.
[(log(A)) The current I, decreases from 427.4 nA for SB to
: i i : - 75.07 nA for SBA, and the polarization resistance
Do) 3. wiok g CYelte potarization curve for SB (sand- v eased from 50.81 to 289.3 k Ohm (Table 4). Anneal-
ing not only causes an enhanced adhesion of the coating
ﬁ E . : . . ' L= 4 on the substrate. But it also creates more uniformity on
or ] the surface. Figures 10-12 also show the potentiodynamic
250 |- . polarization curves for the ASR, SB and SBA samples re-
- S J spectively. Upon cyclic polarization, grain boundary
% S i attack is clearly observed in 316L stainless steel near Egy,.
W of 4 Some pitting adjacent to the grain boundary is also ob-
i 7 served. FEG-SEM studies show that SB alone produces
S E 3 dislocation, deformation, corrosion and micro-cracking
ﬁ:—' —_— 1 near E,, (Figure 13). The SBA sample shows a homo-
350 L Lol L 1 L geneous grain distribution and a slight grain boundary
' ¢ ’ fl . ° ! ? ®  attack (Figure 14).

(log(A)) The combined effect of sandblasting and annealing is
Figure 12. Potentiodynamic cyclic polarization curve for SBA (sand- fully revealed in Figure 15, which shows no grain bound-

balsted-annealed) in 3.5 wt% NaCl.
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ary or pitting attack. The enhanced corrosion resistance
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may be attributed to the diffusion of chromium to the
grain boundary, which extends the passivation range and
presents inter-granular corrosion. This also indicates the
beneficial effect of the hydrophobic surface on localized
corrosion. The substrate forms a Si-O-Si bond and

does not allow ingress of water due to treatment with

Figure 13. FEG-SEM micrograph of SB sample showing deforma-
tion, dislocation, corrosion and slight inter-granular attack after expo-
sure to cyclic polarization in 3.5 wt% NaCl, near Egy.

Grain boundary
etching

Figure 14. FEG-SEM micrograph of SBA sample showing homo-
genous grain distribution and slight etching on the grain boundaries
after exposure to cyclic polarization in 3.5 wt% NaCl, near Egp.

Figure 15.
boundary attack after exposure to cyclic polarization in 3.5 wt% NaCl,
near Epp.

FEG-SEM micrograph of SBAT sample showing no grain
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fluoroalkyl silanes (FAS). Micro cracking and inter-
granular attack can be observed. In salt spray test, it was
observed that the rate of corrosion in general decreased
with increased exposure time after an initial increase. The
annealed samples show a shift towards minimum corro-
sion rate after 500 h (Table 6). The above behaviour
appears to be dependent on film formation kinetics. A
minimum rate of 1.003 mpy was shown by the SBAT
sample after hydrophobic treatment with FAS.

Water and dust repellency

Water being the main ingredient to initiate corrosion, the
removal of H,O and other moisture-bearing species such
as dust and particulate contaminants inhibits the corro-
sion of protected structures. In water repellency tests, it
was observed that only a small surface area (1%) was
covered with water on SBAT samples. In dust repellency
test, no slurry deposition was observed on the surface of
SBAT sample, whereas some deposits occurred on the
surface of SBT sample. These tests show that hydropho-
bic treatment of titanium-coated and annealed surface has
a significant impact on water repellency. It may be attri-
buted to a stronger bonding of the silanes with the sub-
strates.

Table 6. Exposure results in salt spray chamber
Corrosion rate (mpy)

Designation
Exposure time (h) 100 500 1000
AR 2.5443 1.0945 3.1180
SB 4.1035 1.5623 4.5594
SBA 3.0218 1.3020 3.6984
ART 3.0526 1.2323 2.3580
SBT 2.9350 1.5002 2.3222
SBAT 2.8702 1.0033 2.0880

Table 7. Contact angle on different

samples

Sample CA (H,0)/°

ART 80.9+1.4

SBT 94.0+2

SBAT 135+5.6

Table 8. Surface free energies (SFE) of different samples
SFE (total)/ SFE (dispersive)/ SFE (polar)/

Sample mN/m mN/m mN/m
ART 35.6 26 6.6
SBT 31.6 28.6 3
SBAT 33.0 319 11
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Water contact angle

Table 7 shows the results obtained from static contact
angle measurements using DSA 100. The SBA (sand
blasted and annealed) samples show a lesser degree of
hydrophilicity compared to the AS and SB samples. Fig-
ure 16 shows the effect of annealing on wetting behav-
iour. As observed in Table 7, the highest water contact
angle is shown by SBAT (sandblasted titanium coated
and treated with FAS). The AS sample shows hydro-
philicity, whereas the sandblasted and titanium-coated
sample shows a borderline value of hydrophobicity due to
surface roughness. It may be mentioned that small surface
energy favours hydrophobicity. Sample SBAT which
shows a water contact angle of 135°, has a rough surface
due to the presence of nano grains of 20 nm diameter.
Specimen SBAT without treatment with perflouroalkylsi-
lane shows a hydrophobic angle of 88.6 + 2 with water.
Table 8 shows the results of surface free energy. Sam-
ple ART has higher polar parts of surface energy, which
is consistent with the smaller contact angle of the speci-
men. The lowest polar part of surface energy is shown by
the SBAT and SBT samples, which have rough surfaces
and relatively higher water contact angle. The overall sur-
face energy varies between 32 and 33 mN/m, and is
indeed very small. The surface tension of a drop of water
was measured to be 71.32 mN/m, close to the values
reported in the literature for steel. The measurement is
useful if corrosion is involved. The negative free energy
for water displacement indicates hydrophobicity. How-
ever, the phenomenon is not well understood. Sufficient
experimental evidence has been obtained to show that
sandblasting followed by annealing and coating with
TiO, provides strong bonding between the coating and
the substrate. The super hydrophobicity generated by ob-
taining a nano/micro hybrid surface minimizes corrosion
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Figure 16. Droplets placed on (a) ART (b) SBT and (c) SBAT sam-
ples (left: water; right: di-iodomethane).
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because a tiny fraction of water only comes in contact
with the substrate for a short time. The rolling drop also
carries the dirt or other contaminants with it. The mini-
mum moisture absorption on the surface minimizes cor-
rosion.

Conclusions

The following conclusions are drawn from the present
study. The nanostructured hydrophobic surfaces, after
sandblasting and annealing, show dramatic improvements
in mechanical properties, wear and corrosion resistance.
Sandblasting of stainless steel with silica particulates en-
hances the hardness of steel by 10% and Young modulus
by 5%. Sandblasting followed by annealing creates a
nano/micro hybrid surface. The hardness and elastic
modulii of the samples coated by TiO, and annealed are
significantly high (55% and 7.5% respectively). TiO,
coating shows better adhesion in the areas directly
affected by sandblasting. No de-lamination occurs in the
area of the sandblasting. The water contact angle
increases to 135° on applying fluoroalkylsilane. A high
resistance to corrosion is observed on exposing the
specimen to cyclic polarization, salt spray and immersion
testing in 3-5 wt% NaCl. The SBAT sample shows a lower
surface energy and high contact angle compared to SBA.
Sandblasting has a significant effect on the magnitude of
the rough surface, which is a pre-requisite for depositing
hydrophobic film. Both annealing and sandblasting have
a synergistic effect. Annealing prevents intergranular
cracking whereas sandblasting prevents the occurrence of
cracks. The TiO,-coated surface shows good resistance to
scratching tests.

The beneficial effect of annealing on corrosion
appears to be related to the formation of a fine grain size
of an extended passive layer formed due to diffusion of
Cr to the grain boundary because of nano-crystallization.
The diffusion of Cr by annealing appears to be responsi-
ble for the enhancement of nano-mechanical, tribological
and corrosion resistance of SBA samples. This is
also observed by enhancement of potential in the positive
direction. The present study indicates that titanium-
coated 316L stainless steel shows improved mechanical
properties, scratch and wear and corrosion resistance.
Hydrophobicity decreases corrosion, whereas hydro-
philicity may have an adverse effect due to its complete
contact with the water layer. The synergetic effect of
annealing, sandblasting and coating (hydrophobic)
enhances the nano-mechanical and corrosion resistance
properties of steel. Hence it extends its application poten-
tial as well.
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