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ABSTRACT: The wettability of steel and coatings used for tools and screws in polymer processing is often determined at room temper-
ature. However, it has to be taken into account that polymeric materials are processed at higher temperatures. Contact angle measure-
ments of melted PP, HDPE, PMMA, and PA 6.6 on steel and on TiN, TiAIN, CrN, DLC, and PTFE were performed in this work to
investigate the wetting behavior under closer-to-processing conditions. The contact angle is dependent on time and the ambient
atmosphere. Oxidation and degradation of the polymer melts influence wetting significantly. TiN, TiAIN, CrN, and DLC exhibit a
rather good wettability, whereas the highest contact angle of the polymer melts was observed with PTFE. Higher roughnesses of the
surfaces lead to an increase in the contact angle. It was also shown that a higher temperature causes a better wetting of the solid
surfaces. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43469.
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INTRODUCTION

Coatings which are deposited by physical vapor deposition
(PVD) or by chemical vapor deposition (CVD) on tool or screw
surfaces, such as titanium nitride (TiN) and diamond-like car-
bon (DLC), are used in polymer processing because they
increase the wear resistance, prevent material debris and degra-
dation, and also improve product quality."”> The wetting behav-
ior and surface energy of such materials is usually measured at
room temperature using liquids of known surface tension.>*
However, it must be taken into account that in polymer proc-
essing, polymeric materials are processed at a higher tempera-
ture. Furthermore, different problems arise in these processes
which require a better understanding of data about the wetting
of polymer melts on tool and mold surfaces at process-related
temperatures. For example, wall sliding of the polymer melt
flow, instabilities such as shark skin and the extrusion pressure
can be influenced by the tool material.”™

The wetting of melted polymeric materials is different to data
evaluated at room temperature. Few studies are available on this
issue in the literature. Anastasiadis et al. investigated the wetting
of linear low density and high density polyethylene on steel and
fluoropolymer coatings.'® Kopczynska et al. determined the sur-
face tension of melted polycarbonate (PC), polystyrene (PS),
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styrene acrylonitrile (SAN), polyethylene (PE), and polyamide 6
(PA 6).'"'? Yang et al. also measured the contact angle of PS
and PMMA on a Si and a Ni substrate.'?

Contact angle measurements of polymer melts on tool steel
samples with different surface treatment and coatings were per-
formed in this paper to get a better understanding of the wet-
ting behavior closer-to-processing
polymeric materials used are polypropylene (PP), high density
polyethylene (HDPE), polymethylmethacrylate (PMMA), and
polyamide 6.6 (PA 6.6). The metal samples are steels with dif-
ferent surface roughnesses, as well as steel coated with titanium
aluminum nitride (TiAIN), titanium nitride (TiN), chromium
nitride (CrN), Si-doped diamond-like carbon (DLC) and poly-
tetrafluoroethylene (PTFE). During the experiments, the poly-
meric material was placed on the hot solid sample in a high
temperature chamber. The time-dependent drop shape was
recorded using a CCD camera system and the contact angle was
evaluated from these data. The measuring temperature was cho-
sen according to common processing conditions.

The results show that the wettability of these PVD and CVD
coatings with the polymer melts is similar to steel. It was
observed that a roughening of the steel surface can influence
the contact angle more than the PVD and CVD coatings used.

under conditions. The
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Ideally, the surface should exhibit a relatively high roughness
and a low surface energy to provide a higher contact angle of
the polymer melt. It was also found that the wettability depends
on the surface tension of the polymer melt. The influence of
temperature, residence time and the ambient atmosphere on the
measured contact angle is significantly higher than the proper-
ties of the solid surfaces.

THEORETICAL BACKGROUND

Some basic models describe the wetting of solid surfaces by
liquids. First of all, Young’s equation is fundamental for wetting.
It is assumed that a sessile drop contacts an ideally rigid, homo-
geneous, flat, and inert surface. The contact area between the
drop and the substrate is a disk. There is a circular contact line
around this disk, and the joining angle of the liquid to the solid
is the contact angle 0. Then the surface energy between the
solid and the liquid g1 can be described by eq. (1), where o5 is
the surface energy of the solid and oy is the surface tension of
the liquid"?

g5y =05—ay - cos 0. (1)

It has to be considered that real surfaces are not ideally smooth
and exhibit a certain surface roughness. Wenzel proposed eq.
(2), which relates the contact angle to surface roughness and
surface energy, where Ow* is the apparent contact angle influ-
enced by the roughness of the solid surface, and r is the rough-
ness factor'*

r-(os—os)=0or - cosOw” (2)

The roughness factor is also described as the roughness area
ratio of the actual surface with respect to the geometric surface.
With eq. (1) the Wenzel equation can be rewritten to

r-cos=cos Oy, (3)

where 0 is the real contact angle of an ideally smooth surface.
According to Blossey, the Wenzel equation predicts that a higher
surface roughness can improve the wettability of a hydrophilic
surface, yet may decrease that of a hydrophobic substrate.'?

The Wenzel equation assumes homogenous wetting, which
means that the liquid penetrates the cavities of the solid’s sur-
face structure and contacts the whole surface. When heteroge-
nous wetting occurs, only the tops of the protrusions of the
solid’s surface are contacted by the liquid as air bubbles are
trapped inside the surface structure below the liquid. Heteroge-
nous wetting can be described by the Cassie—Baxter equation. It
is assumed that if there were only air between the solid and the
liquid, the contact angle would be 180 °. Then the contact angle
0 islé,l7

cos 0" =—1+f - (cos0+1)=f - cos O+f—1, (4)

where 0* is the apparent contact angle influenced by the rough-
ness of the solid surface and f is the ratio of the total area of
the solid-liquid interface with respect to the total area of solid—
liquid and liquid—air interfaces in a plane geometrical area of
unity parallel to the rough surface. When the ratio ry of the
actual wetted area to the projected area is introduced in eq. (4),
it results in a modified form of the Cassie-Baxter equation'”
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cosOcg"=rsf - cos 0+f—1, (5)

where 0Ocp* is the apparent contact angle influenced by the
roughness of the solid surface.

The surface energy of solids can be determined using test
liquids with known surface tension. Owens proposed a model
to evaluate the dispersive o,q; and the polar fraction oy, of
surface energy of the solid surface'®

14+cosf o G pol
. =4/0s,pol * i +\/ Ts diss (6)
2 \/OL.dis OL.dis

where 0 is the contact angle, oy g is the dispersive fraction of
the surface energy of the liquid, gy 0 is the polar fraction of
surface energy of the liquid and oy is the total surface energy of
the liquid.

EXPERIMENTAL

Materials

The experiments were conducted with four different polymers.
The two polyolefins were a high density polyethylene (HDPE)
MG 9641 and a polypropylene homopolymer (PP) HD 120
MO, both produced by Borealis, Linz, Austria, which are usually
used for injection molding applications. HDPE MG 9641 has a
melt flow rate (MFR) of 8 g (10 min) "' at (190 °C/2.16 kg)
and PP HD 120 MO has a MFR of 8 g (10 min) " at (230 °C/
2.16 kg). The polymethylmethacrylate (PMMA) PLEXIGLAS
7M from EVONIK, Darmstadt, Germany is suitable for
extruded profiles and panels in lighting engineering and has a
MER of 3.45 g (10 min)~" at (230 °C/3.80 kg). Polyamide 6.6
(PA 6.6) Durethan 30 S from LANXESS, Cologne, Germany is
an injection molding grade with a MFR of 75 g (10 min) ™" at
(270 °C/5.00 kg). The reported MFR values were provided by
the material suppliers.

Solid discs with a diameter of 40 mm and a thickness of
10 mm were used as substrates to evaluate the wetting of the
melted polymeric materials. Polished and ground steel
X38CrMoV5-1 as well as TiN, TiAIN, CrN, PTFE, and Si-doped
amorphous DLC-coated steel samples were used for the experi-
ments. The two DLC coatings, which were used, exhibit a differ-
ent Si concentration, DLC A 28 at% and DLC B 13 at%,
respectively.

Prior to coating, a heat treatment of the samples was performed
to achieve a sufficiently high surface hardness on which to
deposit the coatings. Then, all steel inserts except the ground
steel were polished to a surface roughness S, of ~27 nm. TiN,
TiAIN, and CrN were deposited using a PVD process. The DLC
coatings were produced in a PACVD process (plasma assisted
chemical vapor deposition). After roughening of the metal sur-
face and treatment with a primer, the PTFE coating was depos-
ited in a sintering process.

Determination of Surface Roughness

The surface roughness of the solid disc samples was determined
by means of a confocal microscope DCM3D, Leica Microsys-
tems, Wetzlar, Germany. Scans were carried out to measure the
surface topology at three positions located 8.7 mm from the
center of the disc. The rectangular measuring window around
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Figure 1. Experimental setup for the determination of the contact angle
(schematic drawing).

each position had the dimensions 1.63 mm X 1.74 mm. The
selected magnification factor was 50. With this data, an area
weighted surface roughness S, was evaluated using the software
Leica Map.

Determination of Surface Energy of the Solid Samples

The surface energy of the solid disc samples was determined at
room temperature using a contact angle measurement system
DSA 30 S, Kruess, Hamburg, Germany. The contact angles of
the measuring liquids were detected employing the sessile drop
method. The dosing rate was 50 pL min~' and the drop volume
was 10 pL. The tests were carried out three times for each pair-
ing of measuring liquid and solid substrate. Then the dispersive
0,qis and the polar fraction oy, of surface energy were eval-
uated according to Owens et al.'® The measuring liquids used
were deionized water (polar, o, =72.8 mN m™', oy g = 21.8
mN m™}, OLpol = 51.0 mN m™"'), diiodmethane (nonpolar,
0.=508 mN m ', 61,45, =50.8 mN m™ ', 01,y =0 mN m ')
and 1,5-pentanediol (partially polar, ¢y =43.3 mN m ',
Op,gis = 27.6 mN m OLpol = 15.7 mN m~ ') to determine the
polar and dispersive fraction of surface energy of the solid sub-
strates in this study. The values of surface energy for the meas-
uring liquids were taken from the database of the analysis
software from the contact angle measurement system.

Determination of the Contact Angle of the Polymer Melts
A Kruess Drop Shape Analyzer DSA 30S with a high tempera-
ture sample chamber TC 21 was used in the course of this
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research to measure the contact angle of the melted polymeric
materials on the solid surfaces (see Figure 1). The temperature
of the measuring chamber was adjusted by a control system.
The measuring process was carried out under inert gas atmos-
phere (nitrogen gas) to prevent the oxidative degradation of the
polymer melt and the oxidation of the metal substrates. The
nitrogen gas used was Alphagaz ', Air Liquide Austria, Schwe-
chat, Austria with a pureness of over 99.999%. The gas flow
rate was 20 NI h™', which means that the gas volume of the
high temperature chamber was changed every 45 s. The analysis
was then carried out with corresponding software.

The surface of the solid sample was cleaned carefully with iso-
propanol in the first step of the test using a tissue and dried
with an air stream. Then the solid sample was placed in the
high temperature chamber. After preheating the measuring
chamber for 15 min, the polymeric granule was placed on the
solid surface with a pair of tweezers. This step had to be done
as fast as possible to avoid a higher temperature drop and
nitrogen loss in the measuring chamber. The melt drop was
formed and the drop shape was recorded dependent on time
with a CCD camera with a rate of 1 fps. The total recording
time was ~30 min, but the first 5 min were not considered in
the evaluation due to melting of the polymeric sample. Then
the contact angle was determined dependent on time using the
video data. In the evaluation the drop contour was approxi-
mated with a polynomial function near the base line. The
incline of the approximation function in the contact point of
the three phases was used to evaluate the contact angle. Each
test was carried out three times in order to verify its reproduci-
bility and a mean value was calculated. The testing temperature
of the polymeric materials was chosen according to common
processing conditions.

RESULTS

Surface Roughness and Surface Energy of the Solid Samples

The surface properties of the solid substrates including their
standard deviations are summarized in Table I. The surface
energy values of the solid samples including the polar and dis-
persive fraction are also shown graphically in Figure 2. The low
standard deviation values indicate the good reproducibility of
the tests. It was observed that DLC A exhibits the lowest surface

Table 1. Surface Roughness S,, Surface Energy a5, Dispersive Fraction of Surface Energy o, 4is, and Polar Fraction of Surface Energy o o1, of the Solid

Samples Including Their Standard Deviations (Ssa Ss> Ses,diss Sespolar)

Ssa gs Sq Os,dis Sgs,dis Os,polar Sos,polar
Surface Sg (nm) (nm) (mMN m~1) (mMN m~1) (MmN m™1) (MmN m~1) (mMN m~1) (MmN m~1)
Polished steel &3 3.9 8.9 0.9 29.2 0.7 4.3 0.5
Ground steel 76.1 7.0 35.8 1.2 28.5 0.8 7.2 0.9
PTIFE 958.7 41.3 19.6 0.8 17.8 0.7 1.7 0.3
TiAIN 30.0 2.6 40.0 0.5 26.4 0.4 13.5 0.3
TiN 63.5 6.6 421 0.2 27.3 0.1 14.8 0.2
CrN 354 4.5 36.3 0.6 30.6 0.5 57 04
DLC A 247 2.2 40.2 0.9 29.3 0.8 10.8 0.5
DLC B 333 1.5 38.9 0.9 29.6 0.4 9.3 0.8
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Figure 2. Total surface energy, polar fraction, and dispersive fraction of
surface energy of the solid samples.

roughness (S, =24.7 nm). TiAIN (S, = 30.0 nm), polished steel
(S,=31.3 nm), DLC B (S,=33.3 nm) and CrN (S, = 35.4 nm)
are similarly rough. TiN (S,=63.5 nm), and ground steel
(S,=76.1 nm) are rougher, but the PTFE coating has the high-
est roughness (S, = 958.7 nm).

PTFE exhibits the lowest surface energy (os=19.6 mN m ')
and TiN (6 =42.1 mN m™") the highest. DLC A (05 =40.2
mN m™ "), TiAIN (65=40.0 mN m™ ') and DLC B (g5 = 38.9
mN m™ ') have a similarly high surface energy. CrN (g5 = 36.3
mN m™") exhibits the lowest surface energy of the PVD and
CVD coatings studied. The surface energy of polished steel is
33.5 mN m~". The steel surface with a higher roughness also
exhibits a similar surface energy.

When the solid substrates are listed regarding to increasing
polarity, PTFE has a low polar surface (6, polar = 1.7 mN m™ Y,
followed by CrN which shows the lowest polarity (ool = 5.7
mN m™") of the PVD and CVD coatings used. DLC A
(Ogpolar = 10.8 mN m™') and DLC B (0, polar = 9.3 mN m ™)
have higher polarity. TiAIN (o010 = 13.5 mN m~!) and TiN
(05 polar = 14.8 mN m~ ") have the highest polarities. Polished
steel (0 polar = 4.3 mN m™ ") has a similar polarity to CrN.

Influence of the Ambient Atmosphere on the Contact Angle

Oxygen in the ambient atmosphere can cause oxidation of the
polymeric material at higher temperatures. The wetting behavior
of the polymer melt on the solid surface can be influenced in this
way. First of all, experiments in air and nitrogen were conducted
to point out the influence of the atmosphere in the high tempera-
ture chamber on the measured contact angle. These tests were
performed with polypropylene, because it is sensitive to oxida-
tion."® Polypropylene was melted on polished steel at a tempera-
ture of 200 °C. Figure 3 shows the evaluated contact angle 0
dependent on time t in air and nitrogen, Figure 4 shows pictures
of the recorded drop shape after 0 s, 400 s, 800 s, 1200 s and
1600 s. It can be observed that the contact angle decreases with
time. Using nitrogen, the mean value of the contact angle of the
polypropylene melt is 131.4 ° at the beginning (t=0 s) and
decreases continuously. No stable state can be reached and the
contact angle is 77.1° at the end of the measuring runs
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Figure 3. Contact angle of the polypropylene melt on polished steel
dependent on time at a temperature of 200 °C in nitrogen and in air.

(t=1770 s). In air, the contact angle of polypropylene is very
similar to the measured value in nitrogen (0= 129.6°) at the
beginning (t = 0 s). The decrease in the contact angle with time is
larger compared to that in the nitrogen atmosphere. After a meas-
uring time of approximately 400 s a steep decrease in the contact
angle occurs. Later, the polypropylene melt drop reaches a stable
state after approximately 1100 s. At the end of the measuring run
the contact angle is 15.0°. There is a completely different wetting
behavior when using nitrogen or air. Wetting of the polymer melt
on the steel sample in air is significantly better than in nitrogen.
As a consequence of these tests, all the following experiments
were carried out in nitrogen to minimize material oxidation.

Influence of Temperature on the Contact Angle

The influence of temperature on the wetting of polypropylene
on polished steel is shown in Figure 5. Better wetting can be
observed at higher temperatures. At the beginning (t =0 s), the
contact angle of polypropylene is 135.4°, 131.4° and 119.4° at a
temperature of 185 °C, 200 °C and 210 °C. At the end of the
measuring runs (t= 1770 s) there is a decrease in the contact
angle to the values 85.0°, 77.1° and 72.6° at a temperature of
185 °C, 200 °C and 210 °C, respectively.

Influence of Surface Roughness on the Contact Angle

The effect of surface roughness S, is demonstrated using pol-
ished (S, =31.3 nm) and ground steel (S, =76.1 nm) as a solid
substrate. Figure 6 shows the contact angle of high density poly-
ethylene and polypropylene dependent on time at a temperature
of 210 °C. Both polymeric materials exhibit a decrease in the
contact angle with time. A stable contact angle of high density
polyethylene is reached after approximately 1200 s, but polypro-
pylene shows no stable contact angle. An increase in the contact

(a). H !
(b)t=Os t=400s t=800s t=1200s t=1600s
Figure 4. Drop shape of the polypropylene melt on polished steel at a

temperature of 200 °C in nitrogen (a) and air (b) after different meas-
uring times.
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Figure 5. Contact angle of the polypropylene melt on polished steel

dependent on time at the temperatures 185, 200, and 210 °C.

angle of polypropylene can be observed with a higher rough-
ness. High density polyethylene reveals a completely different
behavior. There is a decrease in the contact angle with higher
surface roughness.

At the beginning (t=0 s), the high density polyethylene melt
forms a contact angle of 106° on polished steel and 97° on
ground steel. At the end of the measurement run the contact
angle is 71.2° on polished steel and 65.1° on ground steel.

Polypropylene has a higher contact angle than high density
polyethylene at the beginning (t=0 s). The contact angle is
119.4° on polished steel and 124.5° on ground steel. It can be
seen that with a longer measuring time a decrease in the contact
angle occurs. In the end, there is no difference between the two
surfaces (polished steel: 6 = 72.6°, ground steel: = 74.1°). Fur-
thermore, the contact angle is very similar to high density poly-
ethylene on polished steel.

The contact angle of polyamide 6.6 and polymethylmethacrylate
on polished and ground steel dependent on time is depicted in
Figure 7. Polyamide 6.6 was tested at a temperature of 280 °C
and polymethylmethacrylate at 250 °C. Polyamide 6.6 has a
rather constant contact angle. Polymethylmethacrylate exhibits a
decrease in the contact angle with time, but a stable state can
be reached after approximately 1400 s. Polyamide 6.6 reveals an
increase in the contact angle with a higher surface roughness.

140 -

—&—High density polyethylene, polished steel, 210 °C
130 - # = High density polyethylene, ground steel, 210 *C |
—e—Polypropylene, polished steel, 210 °C
120 g "| —#—Polypropylene, ground steel, 210 °C
e
o 110
[=]
&
100 A
B
g 20
=3
o

80 1
i

70 1

+—+
"“'i'?-{»
60 T T T T . T r - T J
4] 200 400 600 800 1000 1200 1400 1600 1800 2000
Time (s)

Figure 6. Contact angle of the polypropylene and the high density poly-
ethylene melt dependent on time on different rough steel surfaces.
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120 A - - - —— Polymethylmethacrylate, polished steel, 250 °C
110 \-L - & - Polymethylmethacrylate, ground steel, 250 *C

Contact angle (°)

] 200 400 600 800 1000 1200 1400 1600 1800 2000
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Figure 7. Contact angle of the polyamide 6.6 and the polymethylmetha-

crylate melt dependent on time on different rough steel surfaces.

At the beginning (t =0 s), the contact angle of polyamide 6.6 is
78.8° on polished steel and 84.1° on ground steel. At the end,
the contact angle is 79.8° on polished steel and 84.1° on ground
steel. Polymethylmethacrylate exhibits a clear influence of sur-
face roughness on the wetting at the beginning (t =0 s), where
the contact angle is 108.5° on polished steel and 115.9° on
ground steel. The difference between the contact angle values
measured on different rough steel surfaces vanishes by the end
of the test run, where the contact angle of polymethylmethacry-
late is 71.3° on polished steel and 71.6° on ground steel.

Influence of the Different Solid Surfaces on the

Contact Angle

The effect of the different solid surfaces used on the wetting of
the polymer melts is represented in histograms showing the
contact angle at the start and the end of the test runs. The con-
tact angle values of high density polyethylene at a temperature
of 210 °C, of polypropylene at a temperature of 200 °C, of poly-
amide 6.6 at a temperature of 280 °C and of polymethylmetha-
crylate at a temperature of 250 °C are depicted in Figures 8-11.

At the start of the test procedure (t =0 s) the highest contact
angle of the high density polyethylene melt can be observed on
polished steel (0 =106°), and the lowest value occurs on CrN

140

oStart
130 BEnd

120
110
@
En r
S 100 H 1 H
Q
8 M f
5 90 1
(&]
80

gil mi=nl el

Polished Ground  PTFE TiAIN TiN CrN DLCA
steel  steel Kind of material

DLCB
Figure 8. Contact angle of the high density polyethylene melt on the dif-

ferent surfaces at a temperature of 210 °C at the start and the end of the
measuring procedure.
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Figure 9. Contact angle of the polypropylene melt on the different surfa-
ces at a temperature of 200 °C at the start and the end of the measuring
procedure.

(0=90.2°). The contact angle is smaller on PTFE (0= 101.5°)
which exhibits a low surface energy. TiN and TiAIN have the
highest surface energy and lead to a lower contact angle
(0 =96°). The contact angle values on ground steel and DLC A
exhibit a wider range (ground steel: = 97°, DLC A: 6 = 99.5°).
The contact angle is 97.5° on DLC B.

There is a decrease in the contact angle of high density polyeth-
ylene with a longer measuring time. A stable contact angle is
reached after approximately 600 s (on PTFE) to 900 s (on CrN)
depending onthe solid surface used. The highest value of the
stable contact angle is observed on PTFE (6 =75.3°) and pol-
ished steel (0=71.2°). Ground steel and the other coatings
show similar contact angle values at the end of the test runs.
The contact angle values of high density polyethylene are 65.1°
on ground steel, 67.4° on TiAIN, 67.8° on TiN, 66.3° on CrN,
67.7° on DLC A and 68.8° on DLC B.

Polypropylene generally has higher contact angle values com-
pared to high density polyethylene. They are similar at the
beginning of the measuring procedure and are in the range
between 133.3° on PTFE and 128.5° on ground steel.

140

OStart
130 BEnd

=
[~}
(=1

Y
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o
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Polished Ground  PTFE TiAIN TiN CrN
steel  steel Kind of material

DLCA DLCB

Figure 10. Contact angle of the polyamide 6.6 melt on the different surfa-

ces at a temperature of 280 °C at the start and the end of the measuring
procedure.
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Figure 11. Contact angle of the polymethylmethacrylate melt on the dif-
ferent surfaces at a temperature of 250 °C at the start and the end of the
measuring procedure.

There is a steeper decrease in the contact angle of polypropylene
with a longer measuring time compared to high density poly-
ethylene and no stable contact angle value can be reached.
There are only small differences between the contact angle val-
ues on the different surfaces at the end of the test runs, where
the contact angle is between 83.8° on PTFE and 76.4° on TiN.

Polyamide 6.6 behaves completely differently to high density
polyethylene and polypropylene. First of all, the contact angle is
stable from the beginning of the test (t =0 s). Only small differ-
ences between the contact angle at the start and the end of the
test procedure can be seen (Figure 10). Then, the differences in
the contact angle values of polyamide 6.6 on the surfaces are
larger than of the other polymeric materials investigated. At the
end of the test runs the highest contact angle was determined
on PTFE (0=94.4°) and a lower value was found on ground
steel (0 =84.1°). The contact angle values of polyamide 6.6 on
the other solid surfaces are similar: 79.8° on polished steel,
76.9° in TiAIN, 77.7° on TiN, 81.9° on CrN, 82.3° on DLC A
and 78.2° on DLC B.

Polymethylmethacrylate shows big differences in the wetting
behavior dependent on time. There is a decrease in the contact
angle of polymethylmethacrylate and a stable state can only be
reached very late. At the beginning (t =0 s), the contact angle
values on the surfaces are similar. The wettability of the solid
surfaces by polymethylmethacrylate is worse compared to high
density polyethylene but better than polypropylene. The contact
angle is between 115.9° on ground steel and 108.5° on polished
steel.

At the end of the test runs the highest contact angle was found
on PTFE (0 = 81.2°). The contact angle is on the other surfaces
between 69.2° on DLC B and 73° on CrN.

DISCUSSION

The obtained results show that the residence time in the high
temperature chamber and the composition of the measuring
atmosphere influence the wetting behavior of the polypropylene
melt on the solid surfaces. With the presence of oxygen in the
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Figure 12. Contact angle of the polypropylene and the high density polyethylene melt dependent on the surface energy of the solid substrates at the end

of the measuring procedure (R? = coefficient of determination).

measuring atmosphere a very low contact angle was observed.
The oxidation of hydrocarbons such as polypropylene and poly-
ethylene is well-known.'® The proposed hypothesis to explain
this observation is that in this experiment, oxidation takes place
in the outer surface layer of the polymer melt drop. Hence, the
polarity and surface tension of the polypropylene melt drop
change due to its reaction with oxygen. Furthermore, this oxi-
dation process is accompanied by a degradation of the polymer
chains. The lower contact angle on the steel substrate can be
related to the the change in polarity and surface tension of the
outer layer of the polymer melt drop.

When using a nitrogen atmosphere, a decrease in the contact
angle of polypropylene with a longer residence time can also be
observed, but the final contact angle is much higher compared
to air. High density polyethylene and polymethylmethacrylate
also show a decrease in the contact angle with time. Polyamide
6.6 has a stable contact angle from the start.

The decrease in the contact angle of polyethylene and polymethyl-
methacrylate is influenced by material degradation, too. Polypro-
pylene is more sensitive to degradation than polyethylene, because
polypropylene contains tertiary carbon atoms in the main chain,
where the removal of a hydrogen atom is easier than with pri-
mary or secondary carbon atoms.'” Thus explaining a lower
decrease in the contact angle over time and the reaching of a sta-
ble state after approx. 1200 s measuring time. Polymethylmetha-
crylate is also very sensitive to degradation.”"** Besides material
degradation, the decrease in the contact angle is influenced by the
time needed to reach a steady state. This result was reported by
Anastasiadis, who observed a time dependent contact angle of
high density polyethylene on steel and fluoropolymer coatings.'®

The results show that a higher temperature of the polypropylene
melt causes a lower contact angle on polished steel. Similar
findings were also reported by Yang.'? According to Young, the
contact angle O depends on the surface energy of the solid o,
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the surface tension of the liquid op and the surface energy
between the solid and the liquid og >

05— 0sL
cos = ——=.

(7)

(23
The surface tension of a liquid decreases linearly with a higher
temperature according to Eotvos®
0.227
Vm012/3

0= (Te=T), (8)
where Vo is the molar volume of the liquid, T. is a critical
temperature and T is the temperature of the liquid. Then eq.
(8) is introduced in eq. (7)

05— 0sL
0=———— 9
cos o (T-T) 9)
and ¢, is defined as
0.227
=—F-. 10
“ Vmulz/3 ( )

Equation (9) describes the obvious decrease in the contact angle
at higher temperatures. Furthermore, changes in the surface
energy of the solid can take place, which can also influence the
contact angle of the polymer melt at higher temperature.

The solid substrates used have different surface properties. CrN,
TiN, TiAIN, DLC A and DLC B exhibit a similar or higher sur-
face energy and polarity than polished steel. PTFE has a much
lower surface energy than polished steel and a low polarity. The
measured values are in good accordance with data reported in
the literature.> Correlations between the measured contact
angle and the surface energy as well as the polar fraction of sur-
face energy of the solid substrates were generated in order to
obtain more information on how the difference in wettability
can be explained. Figures 12 and 13 show the contact angle of
the polymer melts dependent on the surface energy of the solid
substrates used. The linear approximation functions of the
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Figure 13. Contact angle of the polyamide 6.6 and the polymethylmethacrylate melt dependent on the surface energy of the solid substrate at the end of

the measuring procedure (R? = coefficient of determination).

contact angle O dependent on the surface energy o, of the solid
substrate and the values of the coefficient of determination R’
are shown in Eq. (11) to Eq. (14).

HDPE : 0=81.7-0.4-0s, R?> = 0.66 (11)

PP: 0=89.6-0.3-05, R?> = 0.76 (12)
PMMA : 0=89.8-0.5-05, R> = 0.84 (13)
PA 6.6: 0=107.7-0.7 -5, R?> = 0.83 (14)

It has to be stated that the contact angle values of the polymer
melts decrease with higher surface energies of the solid surfaces.
This decrease can be explained by Young’s equation for the con-
tact angle [see eq. (7)], where the surface energy of the solid is
one of three parameters determining the contact angle between
the liquid and the solid."’> The slope of the linear regression
lines is negative, which means that wetting of the polymer melt
can be intensified by a higher surface energy of the solid.

The influence of the surface energy on the contact angle of the
polymer melts investigated is of different intensity. The polymer
melts can be ranked by increasing slope of the regression line as fol-
lows: polypropylene, high density polyethylene, polymethylmetha-
crylate and polyamide 6.6. This finding can be explained by the
different surface tension of the polymer melts measured with the
pendant drop method reported in literature.''> Polypropylene
exhibits the lowest surface tension oy (op = 15.9mN m™ ' at 200
°C), followed by high density polyethylene (o, = 24.7 mN m ™' at
210 °C) and polymethylmethacrylate (¢ = 23.6 mN m™ ' at 250
°C). A polyamide 6 melt, which is similar to polyamide 6.6, has a
surface tension of approx. 40 mN m ™' at 280 °C.

Figures 14 and 15 show that no clear dependence between the
contact angle of the polymer melts and the polar fraction of
surface energy of the solid could be found. Young’s equation
[see eq. (7)] considers only the total surface energy of the solid
to the air, which could help explain that."”
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Polyamide 6.6, polymethylmethacrylate and polypropylene show
an increase in the contact angle with higher surface roughness
of the solid steel, but high density polyethylene exhibits a
decrease. The PTFE surface has the highest roughness. When
including the contact angle values measured on PTFE into the
considerations all polymeric materials reveal an increase in the
contact angle with higher surface roughness. The higher contact
angle can be attributed to a decrease in the wetted contact area
between the liquid and the solid with higher roughness, as
described by Cassie and Baxter for the heterogeneous wetting
state [see eqs. (4) and (5), chapter Theoretical Bacl<ground].16’17
Furthermore, the results indicate that the effect of surface
roughness is intensified when a solid with a low surface energy
such as PTFE is used. The experiments reveal that the contact
angle of the polyamide 6.6 melt is influenced more by surface
roughness than the other polymeric materials. This result can
be explained by the higher surface tension and higher polarity
of polyamide 6.6."!

The difference between the contact angle values of polypropyl-
ene measured on steel surfaces with different surface roughness
decreases with a longer residence time in the measuring cham-
ber. A similar result was found for polymethylmethacrylate.
Wetting of these polymeric materials is improved due to mate-
rial degradation with longer residence time, which explains that
the influence of surface roughness becomes much smaller. High
density polyethylene and polyamide 6.6 do not show this behav-
ior. The difference between the contact angle values measured
on different rough steel surfaces remains fairly constant with
longer measuring times which can be related to a better stability
of these polymer melts.

Polypropylene exhibits a significant effect of temperature on the
contact angle. As a prospect for future work, further experi-
ments must be performed to investigate this temperature influ-
ence on other polymer melts and surfaces in more detail. From
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Figure 14. Contact angle of the polypropylene and the high density polyethylene melt dependent on the polar fraction of the surface energy of the solid

substrates at the end of the measuring procedure (R* = coefficient of determination).

extrusion experience, it is well known that, when using a new
screw, some running-in time is needed to achieve stable process
conditions. The surface properties of the screw and tool materi-
als and coatings can change with time while processing poly-
mers. This so-called pre-processing influence on the contact
angle must also be studied in future work.

CONCLUSIONS

In polymer processing, coatings such as TiAIN and CrN are
deposited on tools, molds, and screws in order to prevent mate-
rial debris and degradation, to improve the product quality as
well as to reduce wear. Furthermore, wall sliding of the polymer

melt and flow instabilities such as shark skin can be influenced
by the tool material.

All these phenomena are related to the contact angle of the
polymer melt on the solid surfaces. In this work it could be
shown that at the beginning of the experiment the contact angle
of melted polypropylene, high density polyethylene and polyme-
thylmethacrylate is between 90° and 130°. At the end of the
measuring runs these materials exhibit a much lower contact
angle between 65° and 84°. Only polyamide 6.6 has a nearly
time-independent contact angle, which is in the range between
77° and 94°.

100 T
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T A Polymethylemthacrylate, 250 °C
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e
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c
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Figure 15. Contact angle of the polyamide 6.6 and the polymethylmethacrylate melt dependent on the polar fraction of the surface energy of the solid

substrate at the end of the measuring procedure (R> = coefficient of determination).
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One of the main findings of this work is that the wettability of
PVD- and CVD- coatings with polymer melts is similar to steel.
These coatings exhibit in general a high surface energy, which
causes a rather low contact angle.

A roughening of the steel surface influences the wetting of poly-
mer melts more than using such coating. Ideally, the solid sur-
face should exhibit a high roughness and a low surface energy
to provide a low adhesion of the polymer melt. As an example,
a high contact angle was achieved on the PTFE coating due to
its low surface energy and high surface roughness. The effect of
roughness and the surface energy of the solid surface used on
the contact angle is also dependent on the surface tension of
the polymer melt. There are only slight differences in the wet-
ting of polypropylene on the solid surfaces because of its rather
low surface tension. The influence of the surface properties on
the contact angle of polyamide 6.6 is more intense due to its
higher surface tension.

Temperature, the residence time and the ambient atmosphere
have an important influence on the measured contact angle. A
better wetting of the polymer melt on the solid surfaces can be
achieved at higher temperature. A longer residence time, as can
occur in an extrusion tool, can cause material degradation.
Material degradation is accompanied by a decrease in the con-
tact angle of the polymer melt. The presence of oxygen causes a
much lower contact angle of polypropylene on polished steel.
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