584

POLIMERY 2006, 51, nr 7—8

MARIAN ZENKIEWICZ

Uniwersytet Kazimierza Wielkiego
Wydziat Matematyki, Fizyki i Techniki
Katedra Inzynierii Materialowej

ul. Chodkiewicza 30, 85-064 Bydgoszcz
e-mail: marzenk@ukw.edu.pl

New method of analysis of the surface free energy of polymeric
materials calculated with Owens-Wendt and Neumann methods

RAPID COMMUNICATION

Summary — A new method of analysis of differences in the surface free energy (SFE) values of
a solid, calculated using the methods of Owens-Wendt (OW) and Neumann and two measuring
liquids, water and diiodomethane, is presented. The concept of the analysis bases on the differences in
SFE, which occur objectively and regardless of both the precision and the performing conditions of the
contact angle (CA) measurements. These differences result from utilizing of different mathematical
relations between CA and SFE in each of the methods. The results obtained with these two methods
are compared with one another over the SFE range common for polymeric materials (20—50 mJ/ m?).
It is calculated that the relative difference in SFE between the results from the OW and Neumann
methods can reach 19.9 % over this range.

Key words: polymeric materials, contact angle, surface free energy, Owens-Wendt method, Neumann
method.

NOWA METODA ANALIZY SWOBODNE] ENERGII POWIERZCHNIOWE] MATERIALOW POLI-
MEROWYCH OBLICZANE] METODAMI OWENSA-WENDTA I NEUMANNA

Streszczenie — Zaprezentowano nowa metode analizy r6znic wystepujacych w warto$ciach swobod-
nej energii powierzchniowej (SFE) materialéw polimerowych, obliczanej metodami Owensa-Wendta
(OW) i Neumanna, przy uzyciu wody i dijodometanu do pomiaréw kata zwilzania (CA). Przedmio-
tem analizy sa obiektywne réznice tych metod, niezalezne od sposobu i dokladnosci wykonywania
pomiaréw CA. Przyczyna tych réznic sa odmienne postacie rownan matematycznych stosowanych
w badanzfch metodach. Analize réznic w wartosciach SFE przeprowadzono w zakresie od 20 do
50 mJ/m®, tzn. w przedziale charakterystycznym dla materialéw polimerowych z modyfikowana i z
niemodyfikowana warstwa wierzchnia. Maksymalna warto$¢ wzgledna tych obiektywnych réznic
wynosila w badanym przedziale 19,9 % (rys. 11 2).

Stowa kluczowe: materialy polimerowe, kat zwilzania, swobodna energia powierzchniowa, metoda
Owensa-Wendta, metoda Neumanna.

The Young and Laplace equations, well known for
two hundred years, constitute the principles of determi-
nation of surface free energy (SFE) of solids. However, in
the second half of the 20th century a rapid progress in
the interface science and wettability processes occurred.
As a result, new calculation methods for the SFE deter-
mination were elaborated, which were very important
for polymeric materials surface investigations. These
methods are formulated on the basis of a previously
measured contact angle (CA) or of the drop-shape analy-
sis for various liquids [1, 2].

Many technical restrictions and serious scientific dilem-
mas occur during CA measuring for the SFE determina-

tion. Some of these concern all the methods of SFE determi-
nation and include such problems as thermodynamic equi-
librium, metastable state of the shape and CA of the exa-
mined drop, physical interpretation of advancing and re-
ceding contact angles, and origin of differences in the SFE
values for various liquids applied and different methods
used. These problems point out the directions of further
interface research of polymeric materials [3, 4].

The main methods of the determination of SFE are
those of Zisman, Owens-Wendt (OW), Wu, and a rela-
tively new method of van Oss-Chaudhury-Good [2]. The
last one is a subject of interest for many researchers and
heated scientific discussions [5].
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A method based on the so-called state equation modi-
fied to the Neumann equation [6, 7] is a subject of a de-
tailed analysis in the literature. One of the controversies
dealing with this equation is due to the fact that it is
impossible to define a nature of  constant. For some
authors, it is an universal material constant, whereas for
others, it is only an equation parameter [4].

The most often applied method for polymeric mate-
rials so far is the OW method, in which water and diio-
domethane are used. A growing interest in the Neu-
mann method, based on the results of CA measurements
performed with using only one liquid, is an inspiration
for new investigations in this field [4].

This work is a continuation of my earlier studies on
SFE of polymers [8—10]. The aim of this part was to
analyze the differences in the values of SFE of a solid,
calculated by means of the OW and Neumann methods
with use of a commonly applied measuring liquids
such as water and diiodomethane. The analysis was
made in a new way, consisting in separation and deter-
mination of some differences between the SFE values
calculated using these two methods. These differences
occur objectively and regardless of the precision and
performing conditions of the CA measurements and re-
sult from different mathematical formulae valid for
each method.

Characteristics of the methods analyzed

The set of equations in the OW method, with water
and diiodomethane used as measuring liquids, is of the
form:

Gsarwa)™ +(rsprwp)™ = 0.5 vy (1+ cosOyy) (D
(rsavpa)”> +(rsp1pp)*> =05 yp(i+cos®p) @
Ys =Ysq +Ysp 3)

where: indexes W and D — water as a polar liquid and diio-
domethane as a dispersion liguid, respectively (for measuring
liquids used in the CA measurements); Ys, Ysq and Ys, —
calculated values of SFE and its polar and disperse compo-
nents of a solid, respectively; Y, Yrq4 and Y, — known values
of SFE and its polar and disperse components of a measuring
liquid, respectively (L refers to W or D); © — contact angle
(L means the same as above).

The ys value of an investigated material is calculated
as follows. At first, Yw, Ywa, Ywp, YD, YDa and Ypy are to be
determined. These values can be measured directly or
just be accepted from the literature. The next step is to
measure CA, using a set of measuring liquids. These
measurements should be done repeatedly (more than 7
times) in order to determine a mean arithmetic value.
Values of vs4 and Ys, are calculated from egs. (1) and (2)
and ys from eq. (3).

The formula for the Neumann method is applied in
the following form [6, 7]:

cos@; = Z(YS /YL)O‘5 exp[— B(YL - YS)Z] -1 “)

with B = 0.0001247.

In spite of the controversy over eq. (4), this formula is
still of the interest of researchers as a very convenient
tool for the determination of SFE. The main advantage of
the method applying this equation is using only one
measuring liquid in the CA measurements. It makes the
measurements easier to perform and limits the number
of errors. The determination of ys from eq. (4), when vy
and ©r, are known, requires numerical computations.

Assumptions and run of the analysis

Because the SFE values obtained with use of the two
methods are different, the reasons causing the SFE diffe-
rences should be discussed. Generally, these differences
may be due to the four following groups of reasons:

— errors of the CA measurements,

— wrong measuring liquids selected,

— wrong values of SFE and its components for mea-
suring liquids, accepted from the literature,

— different mathematical relations between CA and
SFE, used in each method applied.

The reasons included in first three groups are human-
-related and also depend on a measuring apparatus,
measurement conditions, and measurement precision.
As for the fourth group, performing the CA measure-
ments does not influence the differences in the SFE va-
lues. Since the latter depend on the mathematical rela-
tion used, a detailed consideration of these objectively
occurring differences is needed.

To discuss the differences in the SFE values obtained
with the OW and Neumann methods, a new approach to
the analysis of the methods was elaborated. In this ap-
proach, two commonly used measuring liquids (W and
D) were considered and two basic assumptions were
made:

— The analysis should enable to determine the objec-
tively occurring differences in the SFE values calculated
with use of the two above-mentioned methods, regard-
less of the kind of the materials studied. The considered
SFE values of these materials are in the range of 20—50
m]J/m?, being typical for a majority of polymeric mate-
rials with modified or non-modified surface layer.

— The results obtained using Neumann method and
with water as a measuring liquid are considered as refe-
rence values, which is based on the fact that this method
requires only one measuring liquid for the CA measure-
ments. This has an essential meaning for the determina-
tion of CA with other measuring liquids when using the
OW method.

The comparative analysis has been based on the re-
sults obtained with an appropriate computer program
and can be divided into the following steps:

— Determination of characteristic curves from eq. (4)
being transformed numerically:
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ys = £(Or) ®)

where: index L is substituted as W or D.

Value of y; needed in calculation was taken from the
literature [2].

— Determination of ys from eq. (5) for @y varying
from 105 to 55° with the decrement of 5°. Thus, the ob-
tained yg values vary in the range of 20.0—50.8 mJ/ m?.

— From eq. (4), calculation of Op relating to each ys
value determined in the previous step.

— By means of OW methods [egs. (1—3)], calculation
of SFE using appropriate sets of CA accepted in the se-
cond step and computed in the third step. Values of y;,
and its disperse and polar components were taken from
the literature [2].

— Comparison of the results obtained using these
methods.

The intervals between neighboring measurement
points (5°), accepted in the second step, seem to be suffi-
cient in view of both the aim of the calculations and the
course of each characteristic curve [eq. (5)].

RESULTS AND DISCUSSION

The characteristic curves for each measuring liquid
(W and D) are presented in Fig. 1. Clearly, the plots are
similar in shape to one another and the ys values de-
crease monotonically with increasing ©r. Moreover, the
values of SFE increase with Or, of each liquid (yw > yp)
over the entire range of Oy considered.

Table 1. Surface free energy (SFE) of a solid, calculated using
the Neumann method, for contact angles of water (Ow) and diio-
domethane (Gp)

SFE, m)/m? Contact angle, deg

Ow ©p
20.0 105 83
23.0 100 77
26.1 95 71
29.2 90 64
32.4 85 58
35.5 80 51
38.6 75 45
417 70 37
44.8 65 30
47.8 60 20
50.8 55 1

The SFE values calculated for varying O and the
corresponding values of ©p are listed in Table 1, with the
accuracy of 0.1 mJ/ m? for SFE and 1° for O1. The values
in Table 1 are the starting data for calculations conducted
with use of the OW method and for comparing of the
results obtained.

The obtained SFE values are compared in Fig. 2. The
data calculated using Neumann method are based on
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Fig. 1. Surface free energy (SFE) of a solid versus the contact
angle (©1) of water (W) and diiodomethane (D), calculated

using Neumann method
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Fig. 2. Comparison of surface free energy (SFE) values of a
solid, calculated using the Neumann or Owens-Wendt (OW)
methods

the CA measurements carried out with use of W (pa-
rameters for chemically pure water were applied), while
those calculated with using OW method, on the CA mea-
surements with use of W and D. A reference scale of the
horizontal axis refers to the SFE values computed by the
Neumann method; therefore, it is denoted as SFE (Neu-
mann). The plot corresponding to this method is a
straight line at a slope of 45° to the horizontal axis. The
smallest differences in the results obtained with use of
these methods are in the middle of the SFE range ana-
lyzed, i.e., between 32 and 42 m]/ m?.

CONCLUSIONS

— The SFE values calculated with use of various
methods differ not only due to the errors and different
performing conditions of the CA measurements, but also
due to objectively existing differences in the mathemati-
cal formulae used.

— In the SFE range of 20—50 mJ/m?, being charac-
teristic for most polymeric materials, the differences be-
tween the SFE values calculated using Neumann and
OW methods reach 19.9 %.



POLIMERY 2006, 51, nr 7—8

587

— Because of an indirect way of the SFE values calcu-
lation and of occurring differences in the results ob-
tained using various methods, surface free energy of
a polymeric material cannot be accepted as an inde-
pendent physical quantity that determines exactly
a thermodynamic state of the surface layer of the mate-
rial.
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