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The Solid – Liquid Interface: 
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Thermodynamics of Solid Surfaces  

In liquids shapes is governed by 
minimisation of the surface free energy 
(surface tension) 
In general droplets adopt a spherical 
geometry and display no directional 
dependence. 



In order to 
 

MINIMIZE  SURFACE 
ENERGY, 

 
polar groups orient away 

from the surface in air, 
 

or 
 
toward the more polar phase, at 

aqueous interfaces. 

Always remember this: 
Mother Nature (and thermodynamics) 

drives all systems to a minimum energy 
state. 



CVD(b) 

PVD(a) 

Hardening 
Thermal 
Diffusion 

(a)PVD = Physical Vapor Deposition 
(b) CVD = Chemical Vapor Deposition 

 Wear resistance 
 Friction 

 Hardness 
 Toughness 

Bulk properties Surface properties 

Hard 
Chroming 

Thermal 
Spray 

Technologies for engineering material properties of metals 

Technology trends 

 PVD substitutes CVD 
 PPDTM replaces hard 

chroming 
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Megatrend towards advanced surface 
engineering 



Benefit on COMPONENTS for the 
automotive and mechanical engineering 
market 
 
 Reduced friction 

- enables better fuel efficiency 
 Increased wear resistance 

- enables higher load capacity 
- extends life time 
- improves reliability 

Benefit on TOOLS for metal 
processing 
 
 
 Increased wear resistance 

- enables higher productivity 
and leads 

to lower cost per piece 
- improves life time 
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1 Unique benefits of thin film coatings 



Simple liquids illustrate surface 
orientation of polar and non-polar 

groups 
to minimize surface energies 

Water Ethanol 
(CH3CH2-OH) n-
Octanol (C8H17-OH) 
n-Octane (C8H18) 

Surface 
tensions 

72.8 
dynes/cm 
22.1 
dynes/cm 
27.5 
dynes/cm 
21.8 
dynes/cm 

H H 
O
 
O 

H H octan
e 

The non polar, HC portion of the 
molecule tries to escape the highly 

polar water environment by orienting 
into the air phase. 



High Energy Surfaces in Air: 

Low Energy Surfaces in Air: 
Hydrocarbon-based polymers 
Fluorocarbon-based polymers (very 
low) Silicone-based polymers & 
silicone oils 

Clean metals or metal oxides (very 
high) Clean glasses or ceramics 
(high) 
Clean surface oxidized polymers (moderately 
high) Clean water (high) 
Clean mercury (very high) 

These generalizations may be the opposite under water, ie, high 
energy surfaces are not readily contaminated while the opposite 
is the case for low energy surfaces.  The exception is when surface 
groups can “flip” to expose polar groups and lower interfacial 
energy under water. 

readily 
contaminate

d in air 

not readily 
contaminate

d in air 



Air 

Any metal 
oxide 

High surface 
energy 

Teflon
® 

Low surface 
energy 

Water 
Teflon® 

High interfacial 
energy Low interfacial 

energy Any metal 
oxide 

Low surface 
energy 

Poly(hydroxyethyl 
methacrylate) 

Low interfacial 
energy 

Poly(hydroxyethyl 
methacrylate) 



H H H H H H H HH H H 
H O O O O O O O OO O 
O O 

CH3CH3CH3CH3CH3 

O O O O O O O O O 
O O O H H H H H H 
H H H H H H 

To minimize surface energy in air, non-polar groups are 
exposed  and to minimize interfacial energy in water  polar 

   

Poly(HEM
A) 

Poly(hydroxyethyl 
methacrylate) 

Low surface energy in 
air 

Low interfacial energy in 
water 

CH3CH3CH3CH3C
H3 

Poly(HEM
A) 

Poly(HEMA)--soft contact 
lens 

(CH2C
)n 

CH
3 
C=
O OCH2CH2O
H 



In 1972, we were funded to modify the blood contacting surfaces 
(eg, silicone rubber) of the AEC artificial heart by radiation grafting 
PHEMA and immobilizing biological agents such as Heparin onto 

the -OH groups. 

Diagram by Allan Hoffman 
 

Grafted polyHEMA hydrogel layer on silicone 
rubber 



Summary 

1
) 

Surfac es and interfac es are at a high er free en ergy leve l 
than bulk phases. 

2
) 

There is  always  a thermodynamic drivin g force to mi 
nimize surface a nd interfacial  energie s. 

a
) 

Surfac e/vol ume ratios mi nimize (e .g., l iqu id drople 
ts are sphe rical ) 

b
) 

High energy surfaces  are ha rd to keep clea n an 
d are easily c ontami nated wi th low energy 
substances. 

c
) 

Surfac e molec ules wi ll orient so as to mini mize 
surface or interfac ial energy (polar groups inwar d, 
nonpolar groups outwa rd in air -- the opposit e in w 
ater.) 

d
) 

"Surface-a ctive " molec ules will adso rb and sim ilarl 
y orient at high energy su rfaces o r h igh en ergy in 
terface s. 

3
) 

High energy surfaces  in a ir tend to form low  energy 
interfaces in aq ueous solutions, and vice v ersa. 

4) Sur faces and  interfaces  are usua lly only a few molecu lar laye rs thick (or 
thin). 
4
) 

Surfac es and interfac es are usual ly only a  few 
molecula r lay ers thi ck ( or thin). 

Summary of Surface Fundamentals 



Contact Angles 

    

vapo
r 

liqui
d 
 
 
soli
d 

The CONTACT ANGLE (θ) is the angle that a small 
drop of liquid makes as it meets the surface or 
interface of another phase, usually a solid. 

The contact angle 
is always 
measured 

through the 
droplet (or air 

bubble) θ θ 



Contact Angles 
(θ) 

solid solid 

θ 
air 

bubble or 
oil 
droplet 

water 

θ wate
r 

soli
d 

vapo
r Note that 

θ 
is always measure

d through 
the droplet or 

air 
bubble 



Contact Angles 
(θ) 

solid 

droplet. 
 

solid 
 

θ 
air 

bubbl
e or 
oil 
drople
t 

water 

vapor 
θ wate

r 
soli
d 

Note that 
θ is 
always 
measured 
through 
the 



The contact angle of water on skin is about 90 
degrees. (If it were zero, external water could 

penetrate the pores). 
 

The contact angle of water on Teflon® is about 110 degrees. 
 

A bird’s feather has a contact angle of water as high as 150 
degrees. 

Some interesting 
observations about 
contact angles 



In measuring contact angles, you are 
creating and altering the free total surface 
of a drop: 

solid 

solid 

solid 

Non-wetting 
surface -- a sphere 
has minimum 
surface 
to volume 

Drop 
volume is 
constant 

Thus, drop 
surface area 
must 
increase 

Why does 
the drop 

spread on 
some 

surfaces? 



In measuring contact angles, you are 
creating and altering the free total surface 
of a drop: 

soli
d 

soli
d 

soli
d 

Non-
wetti 
surface 
-- 
minimu
m to 
volume 

 
 
 

Drop 
volu is 
consta 

 
 
 

Thus, 
dro 

 
  

 

m
e n

t 

p 
rea 
eas
e 

Why d 
drop 
s 

on 
s 
surf
a 

oes 
the 
prea
d 
ome 
ces? 

Solid 
surface energy 

increasin
g 

Same liquid Same solid 
ng 
a sphere has 
surfac
e 

Liquid 
surface tension 

decreasin
g 



Contact Angles 

2) .  Often  lead  to  classification  of  surfaces  as  "hydrophilic" or  
" ydro phobic"  or  "polar"  or  ••non-polar"  or  "wetting"  or  
"non-wetting" (e.g.  by  water) 

 
3) These "all or nothing" type classifications may be

 misleading,   if 
not  wrong,  in some cases.  

. . . 

t) Have most often been ·used to
 estimate face wettability"  (e.g. 
by  water) 

·surface energy" or
 "sur- 



There are many techniques 
for measuring the contact 
angle 
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Young-Dupre 
Equation γ 

sv cosθ 
= 

γ 
ls γ l

v 

- 

θ = 
180° 
θ = 90° 
θ = 0° 

cos θ = -
1 cos θ =  
0 cos θ =  
1 

Note that for solving 
this equation, we 
know 

θ  and γ lv , but we 
are missing two 
values! 

We want  γ sv 
We do not know γ ls 

Molecules in 
liquid and 
molecules on the 
surface have 
very 

different 
forces! 

Molecules in liquid and 
molecules on the 
surface have similar 
forces! 



ad
v 
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Reasons Why Parts Must be Cleaned  

• Prepare surface for subsequent 
processing, such as a coating application 
or adhesive bonding 

• Improve hygiene conditions for workers 
and customers 

• Remove contaminants that might 
chemically react with the surface 

• Enhance appearance and performance of 
the product 



Factors in Selecting a Cleaning Method  

• Contaminant to be removed 
• Degree of cleanliness required 
• Substrate material to be cleaned 
• Purpose of cleaning 
• Environmental and safety factors 
• Size and geometry of the part 
• Production and cost requirements 



Contaminant to be Removed 

• Various contaminants build up on part 
surfaces, either due to previous processing or 
factory environment 

• Principal surface contaminants found in 
factory  
– Oil and grease, e.g., lubricants in metalworking  
– Solid particles such as metal chips, abrasive grits, 

shop dirt, dust, etc.  
– Buffing and polishing compounds 
– Oxide films, rust, and scale 



Degree of Cleanliness  

Refers to the amount of contaminant 
remaining after a given cleaning operation  

• A simple test is a wiping method, in which 
the surface is wiped with a clean white cloth 
– Amount of soil absorbed by the cloth is 

observed   
– Non-quantitative but easy to use  



Other Factors in Selection 

• The substrate material must be considered 
– So that damaging reactions are not caused by 

the cleaning chemicals 
• Aluminum is dissolved by most acids and alkalis 
• Steels are resistant to alkalis but react with virtually 

all acids  

• Cleaning methods and associated chemicals 
should be selected to avoid pollution and 
health hazards 



Chemical Cleaning Processes 

• Alkaline cleaning 
• Emulsion cleaning 
• Solvent cleaning 
• Acid cleaning 
• Ultrasonic cleaning 



Alkaline Cleaning 

Uses an alkali to remove oils, grease, wax, 
and various types of particles (metal chips, 
silica, light scale) from a metallic surface  

• Most widely used industrial cleaning 
method  

• Alkaline solutions include sodium and 
potassium hydroxide (NaOH, KOH), 
sodium carbonate (Na2CO3), borax 
(Na2B4O7) 

• Cleaning methods: immersion or spraying 
followed by water rinse to remove residue  



Emulsion Cleaning 

Uses organic solvents (oils) dispersed in an 
aqueous solution  

• Suitable emulsifiers (soaps) results in a 
two-phase cleaning fluid (oil-in-water), 
which functions by dissolving or 
emulsifying the soils on the part surface  

• Used on either metal or nonmetallic parts  
• Must be followed by alkaline cleaning to 

eliminate all residues of the organic solvent 
prior to plating  



Solvent Cleaning 

Organic soils such as oil and grease are 
removed from a metallic surface by 
chemicals that dissolve the soils 

• Common application techniques: 
hand-wiping, immersion, spraying, and 
vapor degreasing  
– Vapor degreasing (a solvent cleaning method) 

uses hot vapors of chlorinated or fluorinated 
solvents  



Acid Cleaning  

Removes oils and light oxides from metal 
surfaces using acid solutions combined with 
water-miscible solvents, wetting and 
emulsifying agents  

• Common application techniques: soaking, 
spraying, or manual brushing or wiping 
carried out at ambient or elevated 
temperatures  

• Cleaning acids include hydrochloric (HCl), 
nitric (HNO3), phosphoric (H3PO4), and 
sulfuric (H2SO4) 



Acid Pickling 

More severe acid treatment to remove thicker 
oxides, rusts, and scales  

• Distinction between acid cleaning and acid 
pickling is a matter of degree  

• Generally results in some etching of the 
metallic surface which serves to improve 
organic paint adhesion  



Ultrasonic Cleaning 

Mechanical agitation of cleaning fluid by 
high-frequency vibrations (between 20 and 
45 kHz) to cause cavitation (formation of 
low pressure vapor bubbles that scrub the 
surface) 

• Combines chemical cleaning and 
mechanical agitation of the cleaning fluid 

• Cleaning fluid is generally an aqueous 
solution containing alkaline detergents  

• Highly effective for removing surface 
contaminants 
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gas 
phase 

surface 

bulk 

Ab initio atomistic thermodynamics and statistical mechanics of surface properties and functions 
K. Reuter, C. Stampfl and M. Scheffler, in: Handbook of Materials Modeling Vol. 1,  

(Ed.) S. Yip, Springer (Berlin, 2005). http://www.fhi-berlin.mpg.de/th/paper.html 
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Surface thermodynamics 

A surface can never be alone: 
there are always  

“two sides” to it !!! 

solid – gas 
solid – liquid 
solid – solid (“interface”) 
… 

Phase I 

Phase II 
Phase I / phase II alone (bulk): 
 

 GI = NI µI 
 GII = NII µII 
 
Total system (with surface): 
 

 GI+II = GI + GII + ∆Gsurf 
 
 

(T,p) 

γA 

γ = 1/A ( GI+II - Σi Ni µi ) Surface tension 
(free energy per area) 
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Example: Surface in contact with oxygen gas phase 

O2  gas 

surface 

bulk 

γ surf. = 1/A [ Gsurf.(NO, NM) – NO µO - NM µM ]  

ii)   µM =  gM bulk ii) 

i) 

i)   µO   from ideal gas 

Use reservoirs: 

γ(T,p)  ≈  ( Esurf.   – NM EM       )/A   –  NO µO(T,p) /A  
(slab) bulk 

Forget about Fvib and Fconf for the moment: 



63 

Oxide formation on Pd(100) 

M. Todorova et al., Surf. Sci. 541, 101 (2003); 
K. Reuter and M. Scheffler,  
Appl. Phys. A 78, 793 (2004) 

γ  ≈  ( Esurf.   – NM EM       )/A   –  NO µO/A  
(slab) bulk 

γ 
- γ

cl
ea

n 
 (m

eV
/Å

2 )
 

p(2x2) O/Pd(100) 

(√5 x √5)R27° PdO(101)/Pd(100) 
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Vibrational contributions to the surface free energy 

Fvib(T,V) = ∫ dω Fvib(T,ω) σ (ω) 

⇒   γvib  = ∆Fvib/A =  
              = 1/A ∫ dω Fvib(T,ω) [σ surf.(ω ) - NRuσ bulk  (ω ) ]   

Only the vibrational changes at the surface 
contribute to the surface free energy 

⇒ Use simple models for order of magnitude estimate 
 

 e.g. Einstein model:    σ (ω ) = δ (ω - ω) 
0 

20 

10 

30 

ω
   

(m
eV

) 

Pd bulk 

ωPd(bulk) ~ 25 meV 
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Surface induced variations of substrate modes 

< 10 meV/Å2  for T < 600 K  -  in this case!!! 

Temperature (K) 

γvi
b   

(m
eV

/Å
2 )

 + 50% 

- 50% 

20 

-20 

10 

-10 

0 

0 200 400 600 800 1000 
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Surface functional groups 

γ 
vi

b.
  (

m
eV

/Å
2 )

 

Temperature (K) 

H2O 

OH 

40 

30 

20 

10 

0 
0 200 400 600 800 1000 

Q. Sun, K. Reuter and M. Scheffler,  
Phys. Rev. B 67, 205424 (2003) 
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-0.5 -1.0 -1.5 
∆µO  (eV) 

γ 
 (m

eV
/Å

2 )
 

clean surface 

Configurational entropy smears out phase transitions 

Configurational entropy and phase transitions 

0.0 

1.0 

0.5 

< 
Θ

(O
) >

 

No lateral interactions: 
 
 
 
 
Langmuir adsorption-isotherm 
 
 

<θ(Ocus)> =  

1 + exp((Ebind - ∆µO)/kBT) 
1 

Fconf = kBT ln (N+n)! / (N!n!) 

T = 300 K 

T = 600 K 
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The Solid – Liquid Interface: 
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