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Superhydrophobic surfaces (i.e., surfaces extremely repellent to water) allow water droplets to bead up

and easily roll off from the surface. While a few methods have been developed to fabricate metallic

superhydrophobic surfaces, these methods typically involve expensive equipment, environmental

hazards, or multi-step processes. In this work, we developed a universal, scalable, solvent-free, one-

step methodology based on thermal sensitization to create appropriate surface texture and fabricate

metallic superhydrophobic surfaces. To demonstrate the feasibility of our methodology and elucidate

the underlying mechanism, we fabricated superhydrophobic surfaces using ferritic (430) and austenitic

(316) stainless steels (representative alloys) with roll off angles as low as 4� and 7�, respectively. We

envision that our approach will enable the fabrication of superhydrophobic metal alloys for a wide

range of civilian and military applications. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4989577]

Superhydrophobic surfaces (i.e., surfaces extremely

repellent to water) allow water droplets to bead up and easily

roll off from the surface.1–6 Such surfaces have attracted

tremendous interest in the past two decades due to their

wide range of applications including self-cleaning,7 anti-

fouling,8–10 and water-oil separation.11,12 Superhydrophobic

surfaces can be fabricated through a combination of appro-

priate surface texture and low solid surface energy.1–5 Based

on this understanding, various techniques have been devel-

oped to create appropriate surface texture and fabricate

superhydrophobic surfaces with different substrates includ-

ing ceramics and polymers.13–16 Further, a few methods

have also been developed to create appropriate surface tex-

ture and fabricate metallic superhydrophobic surfaces.17–26

However, these methods typically involve expensive equip-

ment (e.g., laser ablation),18–20 environmental hazards (e.g.,

chemical etching),21–25 or multi-step processes (e.g., sequen-

tial etching with multiple reagents).21,22,24 In this work, we

developed a universal, scalable, solvent-free, one-step meth-

odology based on thermal sensitization (i.e., selective deple-

tion of one component in the metal alloy at the grain

boundaries via heat treatment) to create appropriate surface

texture and fabricate metallic superhydrophobic surfaces. To

demonstrate the feasibility of our methodology and elucidate

the underlying mechanism, we fabricated superhydrophobic

surfaces using ferritic (430) and austenitic (316) stainless

steels (representative alloys) with roll off angles as low as 4�

and 7�, respectively, for water droplets (�5 ll). We envision

that our approach will enable fabrication of superhydropho-

bic metal alloys for a wide range of civilian and military

applications.

The primary measure of wetting of a liquid on a non-

textured (i.e., smooth) solid surface is the equilibrium (or

Young’s) contact angle hY.27 When the liquid droplet con-

tacts a textured (i.e., rough) solid surface, it displays an

apparent contact angle h* and can adopt one of the following

two configurations to minimize its overall free energy—the

fully wetted Wenzel state28 or the Cassie-Baxter state.29 In

the Cassie-Baxter state, pockets of air remain trapped under-

neath the liquid droplet and the apparent contact angle h*

can be determined from the Cassie-Baxter relation as29

cos h� ¼ fsl cos hY þ fla cos p: (1)

Here, fsl and fla are the area fraction of the solid-liquid inter-

face and the liquid-air interface, respectively, underneath the

liquid droplet. It is evident from Eq. (1) that for a given value

of hY on a non-textured surface, lower fsl and higher fla lead

to higher h*. Further, lower fsl and higher fla lead to a lower

contact angle hysteresis Dh� ¼ h�adv � h�rec in the Cassie-

Baxter state. Here, h�adv and h�rec are the apparent advancing

and apparent receding contact angles, respectively.30–33 The

Cassie-Baxter state is preferred for designing superhydropho-

bic surfaces because it can lead to very high h* and very low

Dh*, which in turn results in low roll off angle x (i.e., the min-

imum angle by which the surface must be tilted relative to the

horizontal for the droplet to roll off).34 A surface is considered

superhydrophobic if it displays h*> 150� and Dh*< 10� (or

x< 10�) with high surface tension liquids like water.2–6,35

Superhydrophobic surfaces can be fabricated by combining a

low solid surface energy (typically csv< 30 mN m�1) surface

chemistry with an appropriate surface texture.2–6

Thermal sensitization (i.e., selective depletion of one

component in the metal alloy at the grain boundaries via heat

treatment) is a powerful approach to create surface texture

(that is necessary for superhydrophobicity) on virtually any

metallic surface.36–41 Sensitization begins at the grain

boundaries and results in the formation of a rough (or tex-

tured) surface without significantly altering the grains them-

selves.36–41 In this work, we fabricated superhydrophobic
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surfaces by combining thermal sensitization of the metallic

substrate (to provide the necessary surface texture) with sur-

face modification using a fluorinated silane (to impart the

low solid surface energy, see Sec. S1 of supplementary

material).

Sensitization temperature Ts plays a key role in the sensi-

tization process and thus the formation of surface tex-

ture,38–40,42 which readily affects the surface wettability. Prior

work43–51 has demonstrated that heat treatment at low Ts

results in closely packed, smaller grains; heat treatment at

intermediate Ts results in widely spaced, larger grains; and

heat treatment at high Ts results in even larger grains formed

via melting-induced merging of adjacent grains. In order

to systematically investigate the influence of sensitization

temperature on wettability, we heat treated the substrates for

25 h at different temperatures in the vicinity of their recom-

mended annealing temperature Ta (Ta� 820 �C for stainless

steel 430 and Ta� 1040 �C for stainless steel 316)52,53 but

lower than their melting temperature Tm (Tm� 1420 �C for

stainless steel 430 and Tm� 1370 �C for stainless steel

316).52,53 Subsequently, we modified the sensitized surfaces

with a fluorinated silane to impart low solid surface energy2–6

and measured the contact angles and roll off angles of water.

Note that the contact angles of water droplets on unsensitized

and silanized stainless steel 430 and stainless steel 316 are

hY¼ 112� and hY¼ 104� for stainless steel 430 and 316,

respectively (also see Sec. S2 of supplementary material).

When the substrates are sensitized below their corre-

sponding annealing temperatures (i.e., Ts< Ta), the receding

contact angles of water are relatively low and water droplets

cannot roll off (i.e., remain adhered to the surface) on both

stainless steel 430 and stainless steel 316 [see Figs. 1(a)

and 1(b]. In contrast, when the substrates are sensitized

slightly above their corresponding annealing temperatures

(i.e., Ts> Ta), there is a significant increase in the receding

contact angle, a significant decrease in the contact angle hys-

teresis, and a significant decrease in the roll off angles for

water, rendering the surfaces superhydrophobic. The experi-

mentally measured roll off angles match reasonably well

with the predictions based on the work by Furmidge54 but

are consistently higher than the predicted values. This can be

addressed by predicting the roll off angles using Tadmor’s

approach, which is based on the scaling arguments put forth

by Shanahan and de Gennes. (see Sec. S3 of supplementary

material).55–61 In addition to water, the surfaces are super-

repellent to a wide variety of aqueous liquids [Figs. 1(a) and

1(b) insets; also see Movie S1 and Movie S2 of supplemen-

tary material]. However, when the substrates are sensitized

above their corresponding annealing temperatures, approach-

ing their corresponding melting temperatures (i.e., Ts> Ta

and Ts ! Tm), the receding contact angles decreased, the

contact angle hysteresis increased for water, and water drop-

lets could no longer roll off from the surface.

In order to understand the influence of Ts on the surface

texture of the stainless steel substrates that in turn governs

the wettability, we characterized the morphology of surfaces

using a scanning electron microscope (SEM) and the rough-

ness of surfaces using an optical profilometer (see Sec. S1 of

supplementary material). Heat treatment at low Ts in the

vicinity of Ta (i.e., Ts < Ta) resulted in closely packed,

smaller grains with �1 lm spike-like texture on the surface

[see Figs. 2(a) and 2(d)], which led to low roughness (e.g.,

the root mean square roughness Rrms ¼ 2.860.1 lm for

stainless steel 430 at Ts ¼ 750 �C and Rrms ¼ 3.460.2 lm

for stainless steel 316 at Ts ¼ 950 �C). This in turn led to h�adv

> hY but very high Dh* [see Figs. 1(a) and 1(b)], indicating

that the water droplet perhaps adopted a Cassie-Baxter with

high fsl and low fla. In contrast, heat treatment at an interme-

diate Ts (i.e., Ts � Ta, but below the melting temperature Tm,

i.e., Ts < Tm) resulted in widely spaced, larger grains with

�10–30 lm bead-like coarser texture for stainless steel 430

and �20–50 lm bead-like coarser texture for stainless steel

316 [see Figs. 2(b) and 2(e)]. Further, it consisted of a finer

texture [see insets in Figs. 2(b) and 2(e)] that perhaps arose

from the selective depletion of chromium and enrichment of

iron within each grain or at the grain boundaries (see Sec. S4

of supplementary material). This hierarchical structure

(coarser texture coupled with the finer texture) resulted in

high roughness (e.g., Rrms ¼ 11.460.9 lm for stainless steel

430 at Ts ¼ 850 �C and Rrms ¼ 23.961.1 lm for stainless

steel 316 at Ts ¼ 1100 �C). This in turn led to very high h�adv

and very low Dh* [see Figs. 1(a) and 1(b)], indicating that

the water droplet adopted a Cassie-Baxter state with low fsl

and high fla. However, heat treatment at a high Ts (i.e., Ts!

FIG. 1. (a) Water contact angles and roll off angles as a function of the sensitization temperature for stainless steel 430; the inset shows droplets of aqueous

liquids—diluted tomato ketchup (red), tea (green), DI water (blue), and coca cola (light brown) beading up on superhydrophobic stainless steel 430 (sensitiza-

tion temperature Ts¼ 850 �C and sensitization time ts¼ 25 h). (b) Water contact angles and roll off angles as a function of the sensitization temperature for

stainless steel 316; the inset shows droplets of aqueous liquids—soy sauce (dark brown), strawberry juice (pink), coffee (orange-brown), and DI water (blue)

beading up on superhydrophobic stainless steel 316 (sensitization temperature Ts¼ 1100 �C and sensitization time ts¼ 25 h).
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Tm) resulted in even larger grains, with �100–500 lm shal-

low features on stainless steel 430 and �100–300 lm shal-

low features on stainless steel 316 [see Figs. 2(c) and 2(f)],

formed via melting-induced merging of adjacent grains. The

shallower features resulted in low roughness (e.g., Rrms¼ 8.5

6 0.5 lm for stainless steel 430 at Ts¼ 1300 �C and Rrms

¼ 14.460.9 lm for stainless steel 316 at Ts ¼ 1200 �C). This

in turn led to h�adv > hY but very high Dh* [similar to low Ts;

see Figs. 1(a) and 1(b)], indicating that the water droplet per-

haps adopted a Cassie-Baxter with high fsl and low fla.

In addition to sensitization temperature, the sensitization

time ts also plays a key role in altering the surface texture of

the metallic alloy substrates.38–42,62 Prior work43,44,48–51,63,64

has demonstrated that heat treatment of a substrate at an

intermediate Ts results in widely spaced, larger grains that

are non-uniform at low ts; uniform at sufficiently high ts; and

no significant change in morphology at even higher ts. In

order to systematically investigate the influence of ts on the

surface texture and consequently wettability, we heat treated

our substrates for different times at intermediate Ts that

resulted in superhydrophobicity (i.e., Ts¼ 850 �C for stain-

less steel 430 and Ts¼ 1100 �C for stainless steel 316).

Subsequently, we modified the heat treated surfaces with a

fluorinated silane to impart low solid surface energy and

measured the contact angles and roll off angles of water.

Heat treatment at low ts (i.e., ts< 25 h for stainless steel 430

and ts< 15 h for stainless 316) resulted in< 5 lm bead-like

texture that is not uniform across the entire surface [see

Figs. 3(a) and 3(d) and the insets]. This resulted in low

roughness (e.g., Rrms¼ 3.1 6 0.1 lm for stainless steel 430

FIG. 2. (a)–(c) Evolution of surface

texture with sensitization temperature

for stainless steel 430. (d)–(f)

Evolution of surface texture with sensi-

tization temperature for stainless steel

316. Insets show the surface texture at

higher magnification.

FIG. 3. (a) and (b) Evolution of surface

texture with sensitization time for

stainless steel 430. Insets show the sur-

face texture at higher magnification.

(c) Water contact angles and roll off

angles as a function of the sensitization

time for stainless steel 430. (d) and

(e) Evolution of surface texture with

sensitization time for stainless steel

316. Insets show the surface texture at

higher magnification. (f) Water contact

angles and roll off angles as a function

of the sensitization time for stainless

steel 316.
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and Rrms¼ 8.2 6 0.5 lm for stainless steel 316). This in turn

led to h�adv > hY but very high Dh* [see Figs. 3(c) and 3(f)],

indicating that the water droplet perhaps adopted a Cassie-

Baxter state with high fsl and low fla. In contrast, heat treat-

ment at sufficiently high ts (i.e., ts¼ 25 h for stainless steel

430 and ts¼ 15 h for stainless 316) resulted in widely spaced,

larger grains with uniformly distributed �10–30 lm bead-

like coarser texture for stainless steel 430 and �20–50 lm

bead-like coarser texture for stainless steel 316 [see Figs.

3(b) and 3(e)]. Further, it consisted of a finer texture [see

insets in Figs. 3(b) and 3(e)] that perhaps arose from the

selective depletion of chromium and enrichment of iron

within each grain or at the grain boundaries (see Sec. S4 of

supplementary material). This hierarchical structure (coarser

texture coupled with the finer texture) resulted in high rough-

ness (e.g., Rrms¼ 10.9 6 1.1 lm for stainless steel 430 at

ts¼ 25 h and Rrms¼ 24.3 6 1.6 lm for stainless steel 316 at

ts¼ 15 h). This in turn led to very high h�adv and very low

Dh* [see Figs. 3(c) and 3(f)], indicating that the water drop-

let adopted a Cassie-Baxter state with low fsl and high fla. A

further increase in ts (i.e., i.e., ts> 25 h for stainless steel 430

and ts> 15 h for stainless 316) does not change the surface

morphology and thus wettability significantly [see Figs. 3(c)

and 3(f)].

In summary, we fabricated textured ferritic and austen-

itic stainless steel surfaces (representative metallic alloys

with different chemical compositions and microstructures)

via a universal, scalable, solvent-free, one-step methodology

based on thermal sensitization. In order to obtain the opti-

mum surface texture necessary for superhydrophobicity, we

systematically investigated the influence of the key sensitiza-

tion parameters—sensitization temperature and sensitization

time—on the surface texture. The combination of the opti-

mum surface texture with low solid surface energy imparted

by surface modification with a fluorinated silane resulted in

extreme repellence to a variety of aqueous liquids. We envi-

sion that our approach will enable fabrication of superhydro-

phobic alloys for a wide range of civilian and military

applications.

See supplementary material for Sec. S1: Experimental

Details, Sec. S2: Surface Morphology and Wettability of

Unsensitized and Silanized Surfaces, Sec. S3: Roll off

angles, Sec. S4: Characterization of Chemical Composition,

Movie S1: Water droplet (�5 ll) bouncing on superhydro-

phobic stainless steel 430, and Movie S2: Water droplet

(�5 ll) bouncing on superhydrophobic stainless steel 316.
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