
A Developed Method for Studying the
Surface Energy Variation on High Density

Polyethylene  

In the gas flame treatment of low surface free energy (SE) substrates, such as high-
density polyethylene (HDPE), problems might arise from under or over flaming, oxy-
gen concentration differences in and around of the flame, etc. Consequently, in print-

ing applications, the possible variation of induced SE existing on the surface, could cause
distortion on printed letters. In this research, a new method based on the wetting and
spreading phenomena was developed to display and study details of the SE variation on
HDPE flame treated substrates. It was an easy and quick method. Results showed good
agreements with previous works done on the flame treatment characteristics. The opti-
mal flaming was achieved, while the substrate surface had been positioned about 10 to
12 mm below the tip of the flame's blue part. Also when the flaming speed had been con-
trolled about 80 mm/s. Results from the adhesion strength test supported the optimum
situations found previously by others. It was hoped that this new method could also be
capable of estimating the critical SE of solid surfaces in future works.
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There are different methods, which
can measure surface energies of dif-
ferent locations on flat solid surfaces.
They are mainly based on the contact
angle techniques such as; the sessile
drop, the captive bubble and the tilt-
ing plate. Another technique, for

example, Wilhelmy plate is based on
the surface contact forces and corre-
sponding calculations [1-3].

In coating applications, prepara-
tion of substrates for increasing the
surface energy (SE) can be done by
different techniques. In some surface
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preparation methods, depending on the techniques
used, such as; gas flame treatment [4], the increase of
induced surface energy (SE) may vary in different
regions on the surface. For example, positions away
from the optimum region in the flame are expected to
gain relatively lower energies. In general, flame charac-
teristic and shape, flaming rate, flame position from the
surface, external influences and environmental condi-
tions may affect the amount of induced SE to the sur-
face. These could create non-uniform SE on the sub-
strate. Thus, in adhesion or coating applications, the
resultant adhesion properties of these treated surfaces
could be undesirable, especially, if the adhesion
strength in particular regions are below the minimum
requirements in printing or else. Applying a suitable
wetting liquid onto the surface could detect this defect.
This is possible and most pronounced, if spreading of
the liquid is confined to only one diminution, i.e. allow-
ing the wetting liquid to extend in one direction rather
than to extend in two directions. In this way, the liquid
spreading forms into patterns of wetted areas, where it
is showing SE variation on the treated surface, from the
point to point. These patterns continue changing as the
time proceeds. Eventually they end up to a constant
feature, when the wetting is completed. Factors like:
nature of surface polarity, surface roughness, inhomo-
geneity, diffusion and surface morphology as well as
environmental conditions could have effects on the fea-
tures of these patterns.

In this research attempts are made to deduce a new
technique that is based on the above observations, in
which the variation of the SE is displayed as different
patterns of wetting and spreading liquids. Here, the
extent of wetted areas is measured in different regions,
with the aim to assess and compare the degree of the
corresponding SE variation.

Precision in this method will increase, if (a) suit-
able liquids are tailored or selected, (b) the texture of
the surface of the substrate is uniform, and (c) interfa-
cial diffusion does not occur.

In comparison with other methods, the results are
obtained easily and more quickly in few minutes right
after surface treatment and diagnosing any ill treat-
ments in the system. The results could lead us to the
estimation of the level of surface energies on a sub-
strate. This might be possible after implementing nec-
essary calibrations or deriving some mathematical rela-

tions, in future investigations.

Wetting and Spreading
When a liquid is placed on a solid surface, there are 3
possibilities as follows:

(i) It forms a drop having a border contact angle θ
higher than 0  and below 180 . Contact angles above
90  refer to non-wetting  and those below 90  refer to
limited wetting  phenomena.

(ii) It spreads out at first, then retracts and inte-
grates to droplets.

(iii) It wets and spreads out over surface almost
spontaneously, and then the spreading progresses slow-
ly, i.e. a time dependent process, where; the contact
angle is very close (<10 ) or is approaching 0 . This is
referred to as a complete wetting and spreading phe-
nomena.

Interfacial surface tension or energy is defined as,
the existent forces or energy between surfaces in contact.
It is normally presented as force per unit length  or
energy per unit area, i.e. mN/m or J/m2. Referring to
Young (1805), the interfacial surface energy or tension
relationship for the three phases (vapour, liquid and
solid) is derived for a sessile drop on a solid surface at
equilibrium situation [2]. Here the factors, such as: envi-
ronmental conditions and surface properties are consid-
ered constant, while there are not significant diffusion,
evaporation or chemical effects present in the system. It
is assumed that the surrounding vapour, is saturated with
the above liquid or solid at the interfacial surface energy.

Garbassi et al. [4] and Myers [5], have referred to
Zisman plot [6], and explained about approximate lin-
ear curves obtained from plotting cosθ against γlν (sur-
face energies of series homologous testing liquids).
Thus γc, critical surface energy of the surface is defined
and found when cosθ =1. Practically, the above linear
curves are almost fitted for non-polar and hydrophobic
solids having relatively low surface energy, i.e. about
100 mN/m [6]. In addition to the above constant fac-
tors, η , the viscosity of employed liquids must be
similar, and the liquid gravity effects are considered
negligible [1].

In order to eliminate the effects of the surrounding
vapour on the (substrate) surface layer, the surface
energy of the solid may be measured in vacuum. In
Table 1, values of  γc for some solid materials of low
SE, are listed [5].



The initial or spontaneous coefficient of spreading
S is defined as[5]:

S = γc - γlν

Thus, if  γc ≥ γlν, 0 S, i.e. spreading occurs. So, γc of
a solid can be estimated by employing appropriate
liquids.

Combining the above equations, the spreading
coefficient, for flatten (sessile) drops on a surface at
equilibrium without any liquid edge and surface rough-
ness effects, can be presented as [1,7]:

S = γlν (cos θ - 1)

For further study concerning work required increasing
the wetted area under a droplet on a surface, reference
may be made to references 8 and 9.

The extent of wetting pertains to smallness of the
contact angle. Therefore, as θa (the apparent contact
angle) is approaching to zero, spreading extents to
completion. de Gennes 1985 [10], assumed a spreading
droplet on a surface to be as a spherical cap, then he
derived R, the cap radius, from its rate of increasing,

dR/dt, as [11]:

where Ω (= π
2 hR2) is the volume, h (= 1

2 θa), is the
height of the spherical cap and t is the time.

The spreading of the droplet can be measured by
taking photographs in intervals of time. Changes in
focal length of the droplet (almost flatten) can be meas-
ured by employing digital video equipment  [11,12].
Recently, a laser technique has been developed and
introduced [13].

Surface Treatment
There are different techniques for polyethylene surface
treatment (PE)  [4], from which the gas flame is of the
most common for high-density polyethylene (HDPE)
sheets and bottles faces. By applying direct flame on
the surface to promote surface free energy level treat-
ment is carried out. Gas flame oxidizes the surface
layer where the hydrogen atoms bonded to carbon
atoms of the main chain are replaced by active oxygen
atoms around the flame, which make double bonds
with carbon atoms and create appreciable polarity on
the surface, i.e.:

flaming may change the surface texture and could burn
dirt and weak boundary layers on the PE surface, which
are low molecular weight polymer molecules or waxes,
migrated ingredients and etc.[13]. 

Since flame temperature is higher than 900 C, over-
flaming could cause thermal degradation and so it must
be avoided. Normally, surfaces under treatment travel
with a controlled speed below the blue flame, i.e. in the
most populated oxygen region. Thus, there should be an
optimum rate and position for surfaces under flame
treatment operation. Other important factors in flame
treatment are the type and composition of the flame.

There has not been much investigation done on the
flame treatment technique, but some recommendations
have been quoted in  references 14 and 15.
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Table 1. Critical surface tension of wetting, γ
c, values for

some solid materials.

Solid
Critical surface tension

of wetting,  γc (mN/m)

Teflon (PTFE)

Polyethylene (PE)

Polypropylene (PP)

Polystyrene(PS)

Polyvinyl alcohol (PVA)

Polyvinyl chloride (PVC)

Polyethyleneterephthalate (PET)

Polyamide (Nylon) 6,6

Copper (Cu)

Silica (SiO2, dehydrated)

Anatase (TiO2)

Graphite (C)

Iron (Fe)

Iron oxide (Fe2O3)

18

31

31

33

37

39

43

46

60

78

92

96

106

107
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EXPERIMENTAL

Equipment and Facilities
The natural gas flame treatment section of a screen-
printing machine, designed for 5-L bottles, was
employed. It consisted of a series of flame-out nozzles,
along a lined burner, producing uniform flames onto
passing substrates with controlled speed.

Six pre-caliberated felt-tipped pens filled with inks
having established surface tension values ranged from
35 to 50 mN/m were provided by Sherman Treaters
Ltd. [16] and for the standard liquids are referred to ref-
erence 17.

Series of liquids of surface tension from 30 to
73 mN/m were also prepared from various solutions of
propionic and formic acid, acetone and distilled water.

The surface tension of the above liquids was meas-
ured by a Torsion Balance  (Table 2).

Method Establishment
Firstly, it was necessary to establish the most appropri-
ate test method:

After trying different directions of lines drawn by
the felt-tipped pens, on the largest flame treated faces
of the bottles, the lines corrected direction was tested
and found out to be along the flaming line. This was
perpendicular to the travelling direction and across the
bottle surfaces.

Liquids with different surface tensions were tried to
produce different spreading effects across the surface.
Since the poorer patterns of spread were observed from
the pens of the lowest surface tensions values (Figure
1a), the higher or closer pen value to the surface ener-
gy of samples, i.e. 50 mN/m, was chosen, for which,

more pronounced and coherent spread lines were
resulted (Figure 1b). In Figure 1c the spreading was
allowed to complete after liquid drying.

Different rates of drawing for a single value of the
surface tension were tried. There was less error and
more distinguished patterns associated with faster
rates, because the relevant pens had been less flooding
the surface, before spreading started.

In order to see if any possible diffusion of wetting
liquids into the surface had occurred, the surfaces were
wiped by acetone. No traces or stains of the liquid lines
were left on the surface.

Test Procedure
Test samples were the flat faces of 5-L red HDPE con-
tainers (i.e., bottles) made by blow moulding tech-
nique.

Samples were flame treated with their longer side
(height of the largest face of containers) tilted with an
angle of 10  downwards against the horizontal flame-
out line, where the most topsides of the surfaces were
passing 1 mm through and inside of the blue part of the
flame (Table 3).

Test samples passed under the flame line with dif-
ferent sample (bottle) travelling speeds (also referring
as sample flaming speed), from which different flaming
rates were calculated (Table 4).

In order to maintain consistency throughout the
test, with a 50 mN/m surface tension pen, equidistant
parallel lines, from the top-side down to the bottom of
the sample surfaces, i.e. perpendicular to the flaming
direction, were drawn at the same speed and pen tip
pressure. The experimental condition was constant
throughout the test.

The drawn lines of the liquid were allowed to
spread over the surface forming different wetting and
spreading patterns.

Each line was divided into five equal lengths of
3.5 cm (i.e., to ensure reproducibility in measure-
ments). The average bandwidths of the spread lines in
different regions were measured and the corresponding
standard deviations indicating spreading variation were
calculated.

To study any surface roughness, texture and other
effects, SEM pictures from the surfaces of test samples
at different treating speeds were obtained, where sur-
faces were 14 mm below the flamer (Figure 2). Also
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Liquid from 50 mN/m

felt pen

2% Diluted

formic acid

Distilled

water

Tap

water

54.0

52.0

50.2

52.5

52.0

33.0

31.5

34.0

32.0

-

62

62

61

81

-

73.0

72.5

72.0

72.0

-

Table 2. Results were obtained from “torsion balance test” for

measuring surface tension of the above liquids.



SEM pictures at lower magnifications were prepared to
show roughness uniformity of the surface and its over-
all constant or insignificant influence on spreading
(Figure 3).

More than 60 test samples (i.e., treated bottle sur-
faces) were prepared and about more than 1000 meas-

urements were taken down.
In order to support the above-developed test and

study SE variation relation to adhesion properties, an
adhesion strength experiment based on the standard
scrape test  [18], was carried out on the above test

samples. They were coated with UV-curable ink by the
screen-printing technique. Since test substrates were
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Table 3. Calculated distances of sample surfaces from the

blue flame tip. Sample surfaces are inclined with angle of 10o

below the horizontal flame line.

(*) Position of the surface, 1mm inside and above the blue flame.

No.
Surface position from its

top-side (mm)

Calculated surface distance

below blue flame tip (mm)

1

2

3

4

5

6

0

10

45

85

120

150

-1*

0.7

5.8

13.8

19.8

24.8

Figure 1. (a) Uniform spreading of 35 mN/m liq; (b) non-uniform spreading of 50 mN/m liq; (c) spreading of 50 mN/m liquid value

after completion, for different flaming speeds. Liquid line spreading for different flaming speeds

2600 (no./h) 3000 (no./h)

(c)

2400 (no./h) 2100 (no./h)

2100 (no./h) 2600 (no./h) 2600 (no./h) 2800 (no./h) 3000 (no./h)

(a) (b)

Table 4. Calculated flaming rates from equivalent sample

(bottle) travelling speeds.

No.

Bottle (sample)

travelling speeds

(no./h)

Flaming time for

each sample

surface (s)

Calculated

flaming rate (s/m)

1

2

3

4

5

6

2100

2250

2400

2600

2800

3000

1.61

1.50

1.41

1.30

1.21

1.10

15.3

14.3

13.4

12.4

11.5

10.5



HDPE (a tough material), the semi-spherical pressing
part in the testing rig was replaced by a semi-cylindri-
cal means.

RESULTS AND DISCUSSION

The main objective of this research is to investigate and
study the induced surface energy variation on sub-
strates. The results can be important in coating and
printing industries. Therefore, the following discus-
sions concentrate mostly on investigating the surface
energy variation on PE substrates by a developed quick
method, in which the results can be observed, measured
and compared directly from the sample surfaces. Thus
measurements of surface energy (SE) from point to
point by the conventional methods, which take time
and require devices, will not be necessary [13].

In applying parallel liquid lines on untreated sur-
faces, with a 50 mN/m felt-tipped pen, receding of the
spread liquid occurred and droplets formed [4]. This
indicated that, the surface energy of the sample surface
was lower than the applied liquid [6]. Whereas, on
those treated surfaces, wetting and spreading of the
above liquid took place and the characteristic patterns
of spreading was formed. This was most pronounced
when the liquid lines had been drawn parallel to the
flame line, i.e. perpendicular to the direction of travel-
ling samples (4-L bottle or container faces) under the
flame line. However, formation of the above patterns
did not occur for liquids of lower surface energies than
50 mN/m. Uniformed traces may be noticed in Figure
1a. This was believed to be related to the effects of the
slower and smaller spreading for liquids of surface ten-
sion properties above and near the surface energy of the
tested surfaces [5].

Figure 1b clearly shows noticeable wide spreading
in particular narrow regions. Referring to the test, here,
the spreading occurred in few seconds after drawing
the liquid lines, where extreme differences in spreading
patterns were being witnessed. The patterns changed
and lost their sharpness as time proceeded. It stopped
changing after about 3 min or so. The liquid lines were
allowed to dry, and then measurements were done as
explained in experimental section. Thus, the drawn line
distortions (i.e., patterns) may suggest the existence
and the degree of the variation of SE on the sample sur-
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Figure 2. SEM (20k *) pictures of flame treated bottle sur-

faces at different sample flaming speeds.

(a) 3000 no./h

(b) 2600 no./h

(c) 2100 no./h



faces in details. The corresponding values of the SE in
a particular region can be related to the width of the liq-
uid spread, perpendicular to the drawn parallel liquid
lines. We should bear in mind that the concept of meas-
uring SE of a surface has not been the objective of this
research, but to display and measure the degree of SE
variation on a treated substrate and a quick method to
detect and analyze any localized ill treated surfaces.

It has been thought that the variation in the spread-
ing rate and the extent of the wetting liquid, after sur-
face treatment, may be attributed to the existence of the
non-uniform SE induced by gas flaming exposure. The
flame treatment can also change the surface texture of
samples, since it pyrolyzes the surface boundary layer
and oxidizes the surface molecules. The former could
burn dirt or foreign particles, moisture and low weight
molecules off the surface. The surface morphology
(crystal phase concentration, crystal shapes and
spherulites sizes and their distributions and uniformity)
may change. PE Cross-linking could occur on the sur-
face as well [13,14].

SEM Pictures of the treated surfaces showed that
the microscopic wrinkles seen on the sample surfaces
were least around 2600 no./h flaming speed (i.e., num-
ber of containers flat surfaces travelling under the
flame line per hour), where the spreading area was wit-
nessed maximum. (Table 3 and Figure 2b). Also, some
populations of distinct round and warm and bubble-like
features were observed on all the SEM pictures. They
were at their minimum numbers around 2600 no./h
flaming speeds or flaming rates. These observations
might be ascribed to the presence of foreign or bloom-
ing particles, or moisture, which could pertain to under
and over flaming effects on higher and lower sample

travelling speeds (or flaming speed), respectively. In
the former, flaming did not have enough time to soften,
smooth or eliminate the surface layer of PE. Whereas,
in the latter, it was thought that the temperature rise
might have helped migrations of low molecular weight
molecules and particles to the surface. This was accom-
panied with the formations of more water molecules,
when oxygen atoms replaced two hydrogen atoms on
the surface molecules. In addition, surface annealing
(i.e., changes in crystal percentages, shapes and sizes)
might have happened. These factors would have con-
tradicting effects on induced SE changes. So a wide
range of results with respect to SE variation on PE sub-
strates, would be expected.

In the plot of the ratio of the ultimate wetting liq-
uid spread to the original bandwidth of the parallel liq-
uid lines  (as an indication of SE level), against the
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Figure 3. Microscopic view (200 *) of the edge of a printed

HDPE.

Unprinted
surface

Printed region
(edge of a

printed letter

Cut section
of sample
surface

Figure 4. Variation of liquid spreading against the flame: (a)

traveling speed and (b) distance from the surface.

0

Distance of surface from blue flame tip (mm)

5 10 15 20 25 30

4.5

4

3.5

3

2.5

2

Sample 1

Sample 2

Sample 3

(   )

(   )

(   )

Flaming speed (no./h)

2000 2200 2400 2600 2800 3000

4.5

3.5

2.5

1.5

Sample 1

Sample 2

Sample 3

(   )
(   )

(   )

(a)

(b)



sample travelling speed, the maximum spreading was
observed around 2600 no./h flaming speeds (Figure
4a). At lower sample travelling speeds the inconsisten-
cy in the curves obtained from different test samples,
could be due to the above contradictory effects caused
by higher flaming exposure to the surfaces.

Also, there was a correlation between the above
results and those presented in Figure 5, i.e. the curves
obtained from the plot of loads for scraping the coating
layer from substrates versus the flaming speeds. Here,
their optimum regions were analogous; i.e. the highest
adhesion was achieved in the largest liquid spread
areas. The coating was epoxy base UV-curable ink
applied by screen-printing. Note that UV over-dosing
would not have effects on adhesion.

Inhomogeneous surface texture of PE, which could
be pertained to the history of the surface such as pro-
cessing effects before implementing any treatments,
might also enhance the variation of wetting and spread-
ing area. But it was considered to be uniform and its
effects would be constant.

In this study, those tests performed on untreated PE
surfaces by 35 mN/m pen showed that spreading values
were similar without observing any appreciable varia-
tions.

In liquid drop SE measurements, the extent and rate
of spreading decrease as the volume of the liquid and
pressure on the surface decrease [4]. This means a
gravitational effect combining with availability of the
wetting liquid on the surface spreading area. Sharp and

marginal spreading were noted in Figure 1b on the sim-
ilar locations of different test samples. It was believed
that the distinguishable wide spreading was attributed
to the surface locations, being directly below the flame
nozzles.

Apart from that the oxygen concentration that
varies characteristically in different parts of the flame,
the variation of air/gas proportions in the burner and
any possible side air current near the flame have effects
on the shape or structure and the volume of the flame
and its blue regions [4,13]. This indicates that the oxy-
gen population and its flow change all over the flame.
Also, there is a temperature gradient from blue flame
tip outwards, i.e. the hottest region, and it is referred to
as secondary (oxidizing or treatment zone). Hence, the
surface position in the flame (or different distances
from the flame blue part) should possess effective crit-
ical or optimum regions, at which the maximum sur-
face modification will be gained. In addition, the noz-
zle kind and the controlled gas or air pressure charac-
terize the flame shapes, in which different effects are
expected. However, the curves obtained from plots of
the ratios of the ultimate to the original bandwidth of
wetting liquid lines versus the surface distances from
the flame blue part, present similar optimum distances
for the test surfaces to be below the flame blue part
(Figure 4b). This suggests the importance of the flame
characteristics in PE surface modification. There have
been few investigations done to characterize the flame
treatment method. The above results show correlation
with others. For example in reference 14, the recom-
mended substrate surface distance from the flame blue
tip is between 10 to 15 mm; and it is 5-15 mm in refer-
ence 15. For this experiment, that is given in the range
of 12-14 mm. (Figure 4b). Reference 15 suggests that
the factors which could govern flame treatment are air
to gas ratio, flame structure or shape and flame distance
to surface. 

But, in the maximum wetting on the treated sur-
face, the effective flaming speed and its optimum
depends on the kind of the burner used and its flaming
condition. So it must be optimized for every burner
used by testing [14,15].

Errors in the spreading extent measurement were
minimized by trying to maintain consistent pen draw-
ing speed and pressure.

The reproducibility of the test can be observed
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Figure 5. Variation of adhesion properties in scraping the

coating layer against the production speed.

Production speed (no./h)

2000
11

2300 2600 2900 3200

15

14

13

12

Sample 1

Sample 2

Sample 3

(    )
(    )

(    )
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within the differences existing between the curves cor-
responding to different test samples under similar con-
ditions (Figure 4a, b).

The level of SE variation (or the pattern feature
intensity), on the surfaces, can be represented by the
calculation of the standard deviations (SD) of spread-
ing measurements, i.e. bandwidth ratio confined in the
divided sections on the sample surfaces. The maximum
SD has been about 1.2. As it is observed in Figure 1c,
the liquid pattern is most pronounced on the pictures in
Figure 1b. Thus, measured SD s are expected to be
much higher in the beginning of the spreading 

In the developed surface energy variation
method, if surface roughness on samples is not uni-
form, the liquid spreading and its variation will not
only correspond to the SE of the surface, but to the
roughness characteristic as well. It may be suggested
that one can study the variation of SE or roughness on
a surface, if either of these phenomena is uniform.

In fine printings, for example, small writings on PE
substrates, in addition to high adhesion properties, non-
deformed letters and sharp edges are of the prime con-
siderations. So efforts must be expended to avoid wide
SE variations, especially near the SE minimum require-
ments, in order to attain high quality printing, particu-
larly in print packaging industries, where PE polymers
are most consumed.

In the flame surface treatment technique, the opti-
mum surface modification is not only pertained to the
maximum oxidizing effect, but to some extent to the
surface morphology and texture changes during flam-
ing, as well.

CONCLUSION

The surface energy variation  test may be proposed as
a means to characterize a treated surface. The test is rel-
atively simple and being quick. It does not need com-
plicated equipments or rigs, and can be employed right
after flame treatment on a substrate and detect faults on
the sites.

The above test might be modified to give an indica-
tion of surface roughness variation, if the surface ener-
gy is assumed constant all over the surface.

The flame treatment technique, due to its thermal
energy and the characteristic shape of the flame, has an

optimum point a few millimetres away from the blue
part of the flame, depending on the flame characteris-
tic. However, the above-developed test is able to verify
it quickly.
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