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Methods of contact angle measurement as a tool for characterization 
of wettability of polymers

S u m m a r y  —  M a n y  problem s related to the qu ality  o f protective coatings for 
m ore sophisticated applications can be so lv ed  on the basis o f the w ettability of 
their surfaces m easurem ents. T h e equilibrium  (static) or d yn am ic contact an
gle (C A ) o f solids can be m easu red  and  the sessile drop m eth o d  or W ilh e lm y  
m eth od  are u su ally  applied . In the sessile drop  m eth od  CA is m easu red opti
cally. T h e m easu red  valu es of static CA are influenced b y  evaporation  o f the 
liq uid , absorption  o f the liquid b y  porou s substrate (e.g. paper, b u ild in g  m ate
rial) and  other chem ical or physical interactions occurring on  the so lid  sur
face.
T h e W ilh e lm y  m eth od  is based on  the m easurem ents o f the force w h ich  is 
n eeded  to overcom e the resistance o f the liquid  as the so lid  plate w ith  k n ow n  
w etted length is im m ersed  in or w ith d ra w n  from  the liq uid  o f k n ow n  surface  
ten sion . T h e  p recisio n  o f the contact a n g le  m e a su rem e n ts b y  W ilh e lm y  
m eth od  is higher as com pared w ith  the sessile drop  m eth o d . Very im portant 
factor h igh ly  influencing the quality o f CA m easu rem ents is the proper selec
tion of applied  liquids w hich  sh ou ld  be selected according to the applied  
m easu rin g  m eth od . The careful selection o f the m eth od  o f CA m easurem ents  
is a crucial factor influencing the possibility  o f practical application o f the 
results o f w ettability m easurem ents.
K e y  w o r d s : contact angle, m eth od s o f m easu rem ent, surface free energy, 
rou gh ness, h ydroph ob ic properties o f p o ly silo x an e /p o ly tetraflu o roeth y len e  
system .

W e tta b ility  is a v e r y  im p o rta n t p ro p erty  ch arac
terizing surfaces o f p o ly m ers, especially o f polym eric  
coating m aterials. M a n y  p roblem s related to the quality

Solid

Fig. 1. Wetting of solid surface by a liquid: 0  —  contact angle, 
Olv —  surface tension (ST) of a liquid, mN/m; a /s —  liquid- 
solid interfacial tension (IT), mN/m; asv —  surface free energy 
(SFE) of solid, mN/m

o f protective coatings for m ore sophisticated application  
can be so lv ed  on  the basis o f the w ettability  o f their sur
faces m easurem ents. The m easu re o f w ettability is the 
contact angle (CA) defin ed  as angle b etw een  the tan gen 
tial line to the liquid  drop p laced on the so lid  surface and  
the so lid  surface [1] (Fig. 1).

T h e w ettin g behavior o f a liquid  on  a so lid  surface  
d ep en d s on  the liquid  surface tension  (ST) 0 [v, liq u id - 
solid  interfacial tension (IT) a ;s, surface free energy o f the 
solid  (SFE) os (som etim es incorrectly called surface ten
sion o f the solid) and contact angle (C A ) 9 . T h e relation
sh ip  o f the forces respectively  su rface /in terfacia l ten
sio n s at the three p h a se  p o in t can  be d escrib ed  b y  
Y ou ng— D u p re equation:

O ls -  O sv  +  CSlv cos 0 = 0 (1)

T h e solid  surface is perfectly w etted  for 0 = 0 °  and it 
is h ydroph ilic for 0 <  9 0 °  w h ile  it is h yd ro p h ob ic  for 
0 >  90°.
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METHODS OF CONTACT ANGLE MEASUREMENTS

The equ ilibriu m  (static) or d y n a m ic CA o f so lids can  
be m easu red  and  the fo llo w in g  m eth o d s are u su ally  ap 
plied :

—  sessile d rop  m eth o d ,
—  W ilh e lm y  m eth od .

Sessile drop method

Equilibrium (static) contact angle (CA) measurement

A  d rop  o f liq u id  o f k n ow n  surface tension is placed  
onto the so lid  surface u sin g  a syrin ge, and CA is m ea
sured optically. T h e valu es o f static CA m easured for the 
sa m e drop  can significantly differ d epen den tly  on  the 
tim e interval betw een  p lacing the drop  on  the solid  su r
face and  the tim e o f m easu rem ent [2] (Fig. 2). The m e a 
sured valu es o f static CA are influenced b y  evaporation

a) time dependence

t = Os ( =  60 s t = 300 s

b) volume dependence

too small 2-6  mm too large

Fig. 2. Effect of time dependence (a) and volume dependence 
(b) on the measured values of static CA (explanation —  see 
text)

o f the liq u id , absorption o f the liq uid  b y  porou s su b 
strate (e.g. paper, b u ild in g  m aterial) and other chem ical 
or ph ysical interactions occurring on the solid  surface. 
W ith o u t con siderin g all these effects the reproducibility  
o f static CA m easu rem en ts significantly decreases. The  
tim e d ep en d en ce o f static CA can be applied  to evaluate  
tim e-d ep en d en t changes occurring on the solid  surface, 
e.g. d ry in g  o f paint or coating m aterial, absorption o f  
liquid b y  the substrate etc.

The other factor influencing the accuracy o f static CA 
m easu rem ents is the v o lu m e  o f the drop  w h ich  sh ou ld  
g iv e  the d rop  base diam eter in the range o f 2— 6 m m  to 
ensure that CA is in d ep en d en t on the drop  v o lu m e . In 
the case o f very  sm all droplets, CA is significantly influ 
enced b y  the surface tension o f the liq u id , m ore spherical 
d ro p s  are fo r m e d , and  thus CA v a lu es are overesti
m ated . In the case o f too large d rops, gravity  becom es  
the d o m in atin g  factor and CA valu es are underestim ated
[3] (Fig. 2).

Recently, the accuracy o f the optical m easurem ents  
has been  increased w h at gives precision rise as co m 
pared w ith  co m m o n  technique. For exam ple, the drop

im age is recorded b y  C C D -cam era  and  d igitalized  by  
a v id eo  card, and the determ ination  o f CA is perform ed  
a u to m a tica lly  b y  u sin g  a so ftw a re  for a d ro p  sh ap e  
analysis. T h u s, precise u ser-in d ep en d en t valu es o f CA 
can be obtained. H ow ever, surface free energy, charac
terizing the w h o le  surface, cannot be calculated b y  usin g  
this m eth od .

N e v e r th e le ss , the a u to m a tic  m e a su re m e n t o f  the  
static CA has been  applied  as a qu ality  control m eth od  
for the production  o f printed circuits because CA at pre
cisely chosen poin t o f the surface can be m easu red .

Dynamic contact angle (DCA) measurement

T h e sessile drop  m eth o d  can also be ap p lied  for DCA 
m easu rem ents. In this case the n eedle o f the syrin ge re
m ains in the drop  w h ile  the v o lu m e  o f the drop  is in
creased at constant flo w  rate (Fig. 3). The drop  advances  
over the solid  surface and  con tin u ou sly  w ets n ew  area of

Fig. 3. Sessile drop method —  dynamic CA measurement: (a) 
—  advancing contact angle (АСА), (b) —  receding contact 
angle (RCA) (explanation —  see text)

the surface. A s  the drop  advan ces the ad van cin g  contact 
angle (АСА) can be m easu red  m a n u a lly  or autom atically  
(Fig. 3a). To m easu re receding contact angle (RCA) the 
needle also rem ains in the drop  and  the drop  recedes 
together w ith  decreasing in the v o lu m e  o f the drop  (Fig. 
3b). RCA valu e is a lw ay s low er as com p ared  w ith АСА 
valu e. The difference betw een  АСА an d  RCA valu es is
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called DCA hysteresis and it is m ostly  resulted from  the 
surface rou gh ness o f the solid .

S o m e disad van tages o f this m eth od  sh ou ld  be noted  
that the results o f DCA m easu rem ents, in particular RCA 
ones, obtained b y  u sin g  this m e th o d  sh o w  a significant 
uncertainty. M oreover, the m easu red  valu es provide the 
inform ation  on  DCA in a single poin t o f the surface, thus 
the w h o le  surface is not characterized and SFE values  
characterizing the w h o le  surface can not be calculated.

Wilhelmy method

W ilh e lm y  m e th o d  is based on  the m easurem ents of 
the force w h ich  is n eeded  to overcom e the resistance o f  
the liq u id  w h e n  the so lid  p late  w ith  k n o w n  w etted  
length  is im m ersed  in or w ith d ra w n  from  the liquid  o f

Fig. 4. Wilhelmy method: (a) —  АСА; (b) —  RCA [2] (expla
nation —  see text)

k n ow n  surface tension  (Fig. 4) [2]. C ontact angle (9) is 
related to the surface tension o f the liquid (a) b y  W il
h e lm y  equation:

w here: Fw —  Wilhelmy wetting force, L —  wetted length. 
The transform ation o f eq. (2) g ives:

0 = arc cos (3)
c s - L

T h e valu es o f all param eters in eq. (3), i.e. FW/ L and a , 
sh ou ld  be m easured.

The force (F) acting on  the plate d u rin g  im m ersion  of 
the p late  into  the liq u id  d e p e n d s  o n  th e im m e rsio n  
depth  and its tw o  com p on en ts can be d istin gu ished :

F = Fw + Fa (4)

w here: Fw —  constant for given plate-liquid system, Fa —  
buoyancy force given by equation.

Fa = p • g  ■ L ■ d (5)

w here: p —  liquid density, g —  gravitation constant, d —  
immersion depth.

T h e  a v e ra g e  v a lu e s  o f  АСА  a n d  RCA are d eter
m in e d  b y  extrap olation  o f the cu rv e  F(d) to zero  im -

d. mm

Fig. 5. Plot of the force (F) versus immersion depth (d) when 
plate is immersed into (АСА) or receded out (RCA) of a li
quids; Fw —  see eq. 4 (sample: stainless steel, liquid: water) [2]

m e rsio n  d ep th  w h ich  sets the b u o y a n c y  term  Fa = 0 
g iv in g  F = Fw (Fig. 5). T h e ca lcu lated  v a lu e s  o f CA 
represen t an a vera ge  CA for w h o le  su rface area, so  the 
w h o le  tested su rface o f the p late  s h o u ld  be as h o m o g e 
n ou s as p o ssib le .

A  force m easu rem ent is often m ore precise that an  
optical angle observation , so  the precision o f the contact 
angle m easu rem ents b y  W ilh e lm y  m e th o d  is h igher as 
com p ared  w ith the sessile drop  m eth o d . T h e reproduci
bility o f force m easu rem ents as high  as ±0 .1  m N /m  is 
often reported.

SURFACE FREE ENERGY CALCULATION

T h e valu es o f SFE can be calculated based  on DCA 
m easurem ents. T h e selection o f SFE calculation m eth od  
is very im portant d u e  to the existing lim itations related  
to the energy range covered b y  the m eth o d .
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T h e equation  o f O w e n s , W en d t, Rabel, K aeble based  
on polar and d ispersive interactions approach gives the 
best results for polar system s o f lo w  SFE [4]. The equa
tion o f W u  b ased  on  the h arm on ic m ean  gives su ffi
ciently accurate results for lo w  energy system s like or
ganic solu tion s, w ater solu ble  p o lym ers and organic p ig 
m ents.

Surface an d  interfacial tensions result from  an irre
versible ch an ge o f free energy (G/s) on the unit o f n ew ly  
form ed  interface surface [4] according to the equation:

G/s = o/s -  Os -  aiv (6 )

It sh ou ld  be noted that G/s =  -  WA (]NA —  th erm o d y 
nam ic w ork  o f adhesion).

CRITICAL SURFACE TENSION

Fox and  Z ism a n  [5] d ev e lo p e d  the m eth od  o f deter
m in ation  o f critical surface tension (CST) o f solids based  
on plotting  cos 9 as a linear function o f (?/„ for h o m o lo 

gou s series o f liquids o f lo w  differences in polarity. CST 
o f solid  d en oted  as Ĝ , is a va lu e  corresponding to 0 /„ if a 
solid  surface is ideally  w etted  b y  a liquid i.e. at the con 
tact angle equals to zero. The valu e o f о> is determ ined  
from  the p lot o f  cos 9 =  /(o /„ )  as C ST valu e for cos 9 =  1. 
A lth o u g h  the precision  o f the m e th o d  is su fficien tly  
h igh , the application  o f this m eth o d  is lim ited in the 
inform ation  it p rovid es, because there is no splitting into  
polar and  dispersive parts.

CONTACT ANGLE HYSTERESIS

T h e difference betw een  the АСА and RCA valu es, 
m e n tio n e d  before  as DCA h ysteresis, occurs in each  
m easu rem en t [6]. The ideal state, i.e. АСА = RCA, is p o s
sible if the so lid  surface is ideally sm o o th , chem ically  
h o m o g e n o u s and the m easu rem en t is carried out suffi
ciently s lo w ly  to achieve the equilibrium  of all surfaces. 
T h e DCA hysteresis m easu rem ent provid es the inform a
tion on  the structure o f the surface. Johnson and Dettre
[7] stu d ied  rou gh  surfaces and they defined the rou gh 
ness factor (r) as the ratio o f the cos 9 valu e o f real sur
face and  that o f  ideal one:

w here: 9 , 9,- —  contact angles of real surface and ideal one, 
respectively.

T h e rou gh  surfaces w h ich  cannot be totally p en e
trated b y  a liquid  (9 > 9 0 °) form  so called com p osite sur
face, in w h ich  air is occlu ded  on  the surface irregularities 
leadin g to the local strains. In such case the depen den ce  
betw een  9; and  9 is different from  the ratio described by  
equation  (7) and  a m ore com p lex  equation sh ou ld  be  
applied  [8, 9].

DCA hysteresis can result also from  chem ical hetero
geneity  o f the surface, even  for sm ooth  surfaces. H ig h

DCA hysteresis a lw ay s occurs for block  cop olym ers con 
taining blocks o f distinct differences in SFE. M oreover, 
h o m o p o ly m ers such as PTFE, P V C , P M M A  also m ay  
h ave heterogeneous surfaces w h ere the lo w  SFE co m p o 
nent is the p o ly m er w h ile  the residues o f  catalyst or ini
tiator bu ild  in d u rin g polym erization  can act as high  SFE 
com ponents.

The m o d e l o f h eterogeneous surfaces, an alogou s to 
the m o d e l o f rou gh  surfaces w as elaborated b y  authors 
o f [7]. O ther m orp h ologica l and  ch em ical differences in 
the surface structure d u e to the orientation o f p o lym ers  
[10, 11], as w ell as m igration  o f p o ly m er com p on en ts, 
especially lo w  m olecular ones, to the surface can be esti
m ated  b y  CA m easu rem ents [12].

SELECTION OF LIQUIDS FOR THE INVESTIGATIONS 
OF WETTABILITY

Very im portant factor h igh ly  influencing the quality  
o f CA m easurem ents is the proper selection o f applied  
liquids w hich  sh ou ld  be selected according to the applied  
m easu rin g  m eth o d . T h e application  o f m ixtures o f li
qu id s or liquids containing im purities sh ou ld  be avoid ed  
for each m eth od  o f m easurem ents. The com p osition  of 
such liquids can be changed d u e  to the differences in the 
vapou r pressure o f particular com p on en ts and then very  
quick changes o f CA valu es can be observed [13, 14]. 
M oreover, in the case o f  m ixture o f liquids, the differ
ences in absorption o f the com p on en ts o f the m ixture at 
the interfacial surface influence CA valu es [3].

O f  course, the solid  surface cannot be d issolved  or 
sw ollen  b y  the applied liquid  because in this case CA 
value can also be changed. If the m easu red  CA values are 
u sed to calculate SFE, the liquid sh ou ld  be selected ac
cording to the requirem ents o f the calculation m eth od . 
For calculation o f SFE b y  O w en s and  co-w orkers m eth od  
or W u  m eth od , liquids o f k n ow n  valu es o f disperse and  
polar parts o f the surface tension h ave to be applied . For 
CST determ ination the series o f liquids o f sm all differ
ences in polarity sh ou ld  be selected. G enerally, these li
qu id s sh ou ld  belon g  to the fo llow in g  grou ps:

—  n on -polar liq u ids, e.g. h o m o lo g o u s  series o f n -al- 
kanes or di-n-alkylesters,

—  polar liquids w ith ou t h yd ro g en  b o n d s such as ha- 
logenated h ydrocarbons or esters,

—  polar liquids able to form  h y d ro g en  b o n d s, e.g. 
water, glycerine.

The crucial requirem ent for the selection  o f liq uids is 
contact angle 9 ^ 9 .  The я -alkanes can be applied  on ly  for 
characterization o f lo w  SFE p o ly m er surfaces, e.g. fluoro- 
p olym ers, w h ile  they are unsuitable for characterization  
o f high  SFE surfaces, such as P V C  and  PET [15].

PRACTICAL APPLICATION OF CA MEASUREMENTS

T h e results o f d yn am ic contact angle m easurem ents  
w ere applied  to the optim ization  o f the form u lation s of
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co a tin g  m a te r ia ls  b a se d  o n  p o ly s i lo x a n e /p o ly te tr a -  
flu oroeth ylen e (S IL /P T F E ) system  w ith excellent h yd ro - 
ph obic and  antigraffiti properties [16]. The w ettability of 
S IL /P T F E  su rfa ce , m e a su red  b y  DCA a n d  SFE, d e 
creases in gen eral, if PTFE content increases. T h e in 
crease in АСА  valu es from  ca. 9 3 °  for S IL /P T F E  system  
containing less than abou t 20  w t. %  PTFE to ca. 115° for 
the system  containing over 35  w t. %  o f PTFE is accom pa-

E
2
В

CO

Fig. 6 . SIL/PTFE system —  the effect of PTFE content (cpppp) 
on АСА (1), SFEtotai (2) and DCA hysteresis (3) values (own 
results)

nied b y  the decrease in SFE valu es from  ca. 17 m N /m  to 
ca. 13 m N /m ,  respectively (Fig. 6 , curves 1 and  2).

M o re o v e r , an increase in DCA h ysteresis w ith  in 
creasing PTFE content w as also observed in general, and  
it indicates an increase in surface rou gh ness. H ow ever,

CpTFG’ °/°
Fig. 7. SIL/PTFE system —  the effect of PTFE content (cpjpp) 
on SFEiQidi (I)/ SFEp0iar (2) and S F E p (3) values, and on 
FFEpojaj./SFErffepęyęijj!, ratio (4) (own results)

an inflexion o f the hysteresis curve w as observed  for 
PTFE content abou t 20 w t. %  and the decrease in h yste
resis valu es in the range o f 20— 30 w t. %  o f PTFE. It 
indicates that the m in im u m  of rou gh ness exists in this 
range o f PTFE content (Fig. 6 , curve 3).

T h e m ost significant effect is the ch an ge in the type o f  
interactions from  polar ones (Fig. 7, curve 2) for PTFE  
content b elo w  20 w t. %  to dispersive ones (Fig. 7, curve  
3) for PTFE content over 35  w t. % . T h u s, the ratio of 
SFEpoiar/SFE dispersive decreased rap id ly  in the region of 
25— 35 w t. %  o f PTFE (Fig. 7, curve 4). T h ese results w ere  
in g o o d  correlation w ith application  tests w hich  indi
cated very g o o d  antigraffiti properties in the region of 
20— 30 w t. %  o f PTFE.

FINAL REMARKS

—  M eth o d s o f CA m easu rem ents are usefu l tools for 
precise determ ination of w ettability o f p o ly m er surfaces. 
Especially, the precision o f the contact angle m easu re
m ents b y  W ilh e lm y  m eth od  is h igher as com p ared  w ith  
the sessile drop m eth o d . A  force m easu rem en t is often  
m ore precise that an optical angle observation  and the 
reproducibility o f force m easu rem en ts as h igh  as ±0 .1  
m N /m  is often reported.

—  H igh er precision and  reproducibility  o f CA m e a 
surem ents can be reached b y  u sin g  com p u ter-a id ed  ap 
paratus. Recently, the accuracy o f the optical m easu re
m ents has been increased w h a t gives precision rise as 
com p ared  w ith  co m m o n  technique. For exam p le , the 
drop im age is recorded b y  C C D -cam era  and digitalized  
b y  a v id eo  card, and  the determ ination  o f CA is per
form ed  autom atically  by u sin g  a softw are for a drop  
shape analysis. T h u s, precise u ser-in d ep en d en t valu es of 
CA can be obtained.

—  The careful selection o f the m eth o d  o f CA m e a 
surem ent is a crucial factor influ en cin g the possibility  o f  
practical application o f the results o f w ettability m ea
surem ents for the optim ization  o f p o ly m eric  coating m a 
terials. Based on  these m easu rem ents m a n y  problem s  
related to the quality o f p o lym eric  coatings can be so lved  
and n ew  m aterials im p rov in g  qu ality  o f life can be d e 
v elop ed .
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