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Abstract A comparative analysis of cross-country skis sliding surfaces made of ultra-high-molecular-weight
polyethylene, pure Teflon and Teflon with special conductive filler are presented in this paper. It is shown that the use of
Teflon sliding surface increases the coasting distance by 20-27%, and decreases the distance clearance time by 20%. Sliding
efficiency of cross-country skis with Teflon sliding surface is higher than of cross-country skis with
ultra-high-molecular-weight polyethylene sliding surface in wide range of temperatures (-15;0°C) and high snow humidity

(~97%).
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1. Introduction

Sliding surface of modern skis is made of
ultra-high-molecular-weight polyethylene with various
additives[1]. Before each contest the sliding surface is being
waxed to improve the sliding quality[2,3]. Today the most
widely used type of gliding wax is fluorine-contained
wax[4]. However, wax fluorine coatings are being
destroyed during skis exploitation, even with use of modern
coating technologies. That causes the repetition of coating
procedure before each race[5]. Because of absence of single
proven gliding wax selection method and of impartial
quantitative gliding wax effectiveness test, not always the
servicemen can choose the right wax, that worsens the
results of sporting events.

Today there is an active search for gliding waxes
compositions and the coating technologies that can improve
the effectiveness of cross-country skis sliding. Use of
gliding waxes has a number of restrictions[6,7,8], because
waxes:

- work at a short range of temperatures and air and
snow humidity;

- depend on a snow type and its structure;

- can’t provide the same effectiveness of skis sliding
on complex tracks with variable track conditions, such as
temperature and humidity, snow structure etc.;

- require the choice of a gliding wax before each race.

As a result, a new type of sliding surface is needed to
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provide effective sliding in wide range of track conditions
without gliding waxes.

For analysis of skis sliding on a snow a common theory
of snow crystals melting, based on heat emission during
friction and formation of melted water film between the skis
sliding surface and the snow surface, is used[9]. According
to this theory, two types of sliding conditions exist:
hydrodynamic and quasihydrodynamic. Hydrodynamic
condition works at snow temperature above -5°C and is
characterized by big amount of melted water between the
sliding surface and the snow surface; as a result, surfaces
are completely separated. Quasihydrodynamic condition
works at temperature below -5°C and is characterized by
small amount of melted water; as a result, top points of
undulations of skis sliding surface and snow surface begin
to connect, and part of the pressure is transferred to these
top points. Following the theory of sliding on a melted
water film, it is necessary in both conditions to use the
sliding surface with high hardness (sliding surface material
must be harder than snow crystals), water repellency
(adhesion between the sliding surface and the snow
decreases with the increase of water repellency) and low
thermal conductivity (low thermal conductivity of the
sliding surface saves the heat emitted from friction; this
heat produce additional amounts of gliding lubricant —
melted water).

Comparative analysis of modern materials used for
making the cross-country skis sliding surface and Teflon is
presented in Table 1.

Table 1 shows that the use of sliding surface made of
pure Teflon, as well as of filled conductive material (such
as PTFE CSC 1,2), provides low friction ratio and good
conductivity. The latter removes the problem of static
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charges[10,11] that takes place during the exploitation of
skis with Teflon sliding surface. On the one hand, low
friction ratio and weak adhesion of Teflon provide effective
sliding of cross-country skis in wide range of track
conditions. On the other hand, low adhesion leads to
restrictions in use of this material for making the skis
sliding surface, because it doesn’t provide the necessary
adhesive strength between monolith Teflon coating and skis
base[12].

The aim of this study is experimental testing of sliding
efficiency of cross-country skis with Teflon sliding surface.

2. Technology

A plasma-chemical technology of nanostructured
polymer coatings formation in two-phase gas flows with use
of plasma at atmospheric pressure has been developed In
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such as cross-linking, creation of double-bonds and polar
groups etc. With use of that a thin layer of a different
polymer material is formed on one side of a Teflon sliding
surface. Polymer molecules are covalently attached to
Teflon surface molecules. Monomer (or mix of monomers)
and carrier-gas are chosen based on their ability to perform
the radical (or anion/cation) polymerization of monomer or
mix of monomers by nucleation of radicals (or
anions/cations). Afterwards, Teflon tape’s modified side is
being attached to the surface by any known method. The
second side remains unmodified. This allows the use of
high water repellency and low adhesion of the outer side of
Teflon coating.

Structure chart of the experimental setup is shown on
Figure 1.

Tupolev’s Kazan National Research Technical University 2
(KNRTU-KAI). This technology provides Teflon tape
surface modification that imparts high adhesive properties
and ensures solid connection with ski base[13,14]. A N
plasma-chemical technology of nanostructured polymer
coatings formation in two-phase gas flows with use of
plasma at atmospheric pressure is based on the initiation of
grafting radical polymerization reaction of surface
molecules of Teflon with monomer molecules that form a
thin layer (up to monomolecular thickness, but not more Figure 1. Structure chart of the experimental setup
than 100 nm). It results in breaking of chemical bonds and
generation of free radicals (including long-lived radicals)
that undergo chemical and recombination transformations,
Table 1. Comparative Analysis of Modern Sliding Surface Materials and Teflon
. TermAaIA Breaking Hardness V91u@e Static friction Dynamic
Material conductivity strength (MPa) Contact angle (Shore D) resistivity ratio friction ratio
(W/m*K) g (Q*m)
Teflon 100% 0,24 20 120° 54 1018 0,08-0,1 0,06-0.08
+ 0,
Teflon +1,2% 0,24 >22 120° >60 104 0,08-0,1 0,06-0,08
conductive filler
UHMWPE 1 0
(P-TexR 4000) 0,4 ~30 105 67,3 105 ~0,17 ~0,15
UHMWPE 2
(P-TexR 2000 0,4 ~28 105° 65,7 106 ~0,15 ~0,13
Electra)
Carbon (wax) 0,1
Swix LF4
(-10/-200C) (wax) 478 0,12
Star wax Na8
(-8/-200C) (wax) S04 0,15
Table 2. The results of adhesion strength testing
No Adherent materle‘tls Adherence conditions Sample |Rupture load, Interlaminar Destruction type
Base Flexible Glue tocl P |t min | width, m P. kN strength, On olue laver| O1 adherent
material material ’ kg/sm® | ’ ’ F, kN/m g Y materials
1 Wood Teflon ED-8 105 5 20 0,05 0,095 2,1 + -
2 Wood Teflon ED-8 105 5 20 0,05 0,105 2,4 + -
3 Wood Teflon ED-8 105 5 20 0,05 0,1 2,2 + -
4 Wood Teflon ED-8 105 5 20 0,05 0,1 2,3 + -
5 Wood Teflon ED-8 | 105 5 20 0,05 0,1 22 + -
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Polymer film 1 was pulled by the stretch rolls 2 through
the discharge chamber 3 and monomer deposition chamber
4. The discharge chamber is made of two electrodes: plane
and needle. The distance between electrodes is varied from
1 to 2 cm with 10% accuracy. For extension of radicals
lifetime scale on the surface of polymer film and for
stabilization of corona discharge inert gas (Ar) inputs 5
were made in side walls of the discharge chamber.

Gas consumption through the side walls inputs was ~0.5
cm’/sec. Monomer particles were ejected into monomer
deposition chamber 4 with the ejector 7. Argon was used as
the carrier gas 8 for creation of two-phase gas flow. The
discharge chamber was installed in the exit nozzle of the
ejector 7 to provide the possibility of monomer particles
charging in the corona discharge. Power source’s output
voltage of the discharge chambers ranged between 0 and
50kV with 5% accuracy. Two-phase (monomer particles
and inert gas) gas flow’s consumption was regulated by
reducer 9, installed in the entrance of the mixing chamber.
Polymer film speed was determined by drive assembly 10 at
~15sm/sec. The distance | between the discharge chamber
and monomer deposition chambers was chosen according to
radicals lifetime scale on the surface of polymer film,
I~1sm.

In experimental studies a styrene was used as monomer
that creates a thin cohesive layer after polymerization.
Styrene was chosen because of its ability to perform radical
polymerization with formation of copolymer with surface
molecules of polymer (Teflon) film.

The testing of adhesion strength between monolith
Teflon tape and ski base took place on a testing stand
imitating the ski work in the ‘Laboratory of strength’ of
KNRTU-KAI (Figure 2).

Figure 2. Testing stand imitating the ski work

The adhesion strength was tested after 350000 cycles of
bending that corresponds to more than a 1000 km of skiing.
The results showed no signs of adhesion failure.

The adhesion interlaminar strength was tested on the
tearing machine IR 5046-5. Loading rate was
100-200mm/min. At least five samples were prepared from
a 1,5 mm thick Teflon tape, the size of samples was
50x125mm. The samples were pasted in the wooden bricks.
An epoxy-diane glue (ED-8) was applied on a 110 mm
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length; ends of a sample were fixed in the tearing machine’s
claws.

Interlaminar strength was defined by the formula:
P
F= 5 1)
where P — average load of tape delamination, N; b — glue
layer thickness, m.

An arithmetical mean of interlaminar strengths of all
samples was taken as a test result. Based on a gathered data,
the adhesion strength of surfaces’ interactions was
estimated. The results of testing are shown in Table 2. Thus,
adhesion interlaminar strength between modified Teflon
tape and wooden brick was at least 2 kH/m (kg/sm).

To estimate the efficiency of Teflon coating of a skis
sliding surface, a number of experiments on downhill
coasting distance with and without skier were performed.

3. Experiments

A series of experiments on downhill coasting distance of
weighted skis were made in the end of a 2012-2013 winter
season to gain a rough estimate of sliding effectiveness of
cross-country skis with Teflon sliding surface. The
experiments were made without a skier. The scheme is
shown on Figure 3.

2 3 4
1 1

LA L2 L3

Figure 3. The scheme of an experiment on downhill coasting distance of
weighted skis

On the Figure 3: 1 — start point; 2 — finish point of a ski
with waxed sliding surface; 3 — finish point of a ski with
sliding surface with pasted-in 50 micron thick Teflon film;
4 — finish point of a ski with sliding surface with pasted-in
Imm thick Teflon tape; H — slope height (H~1,5-2 m); L1 —
coasting distance of a ski with waxed sliding surface;
L1+L2 — coasting distance of a ski with sliding surface with
pasted-in Teflon film; L1+L2+L3 - a ski with sliding
surface with pasted-in Teflon tape.

The experimental conditions were:

- air temperature: ~0°C;

- snow temperature: ~-5°C;

- relative air humidity: ~80%;

- stable waterlogged snow cover.

Eighty-five experiments on downhill coasting distance
were made in total, using the scheme, shown on Figure 2. It
is worth nothing that thickness of cross-country skis is
usually 1 to 1,5 mm, so using of 50 micron thick film was
necessary only for optimization of pasting-in technology.
The results are presented in Table 3 (normalized velocity V
was calculated comparatively to the velocity of ski with
waxed sliding surface).
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Table 3. The results of experiments on downhill coasting distance (without a skier)

Parameter Ski with waxed sliding surface Ski slidi'ng surfgce with pasted-in Ski v&.fith sliding‘surface with
50 micron thick Teflon film pasted-in 1 mm thick Teflon tape
Weighted ski’s mass, kg 6,5 6,5 6,5
Surface area, sm’ 500 500 500
Coasting distance, m L1=20+0,01 L1+L2=25,5+0,01 L1+L2+L3=27,5+0,01
Distance clearance time, s T,=17,4+0,04 T,=14,0 £ 0,04 T;=14,6 £ 0,04
Average velocity, m/s V,=1,15+0,01 V,=1,82+0,01 V;=1,88+0,01
Normalized velocity, V, Vo=V/V=1 Vo=V./V,=1,6 Vo=V3/V,=1,7

Table 4. The results of experiments on downhill coasting distance (with a skier)

Skis Nel (VHMWPE) Skis Ne2 (Teflon) Skis Ne3 (PTFE+1,2% of conductive filler)
Position Position Position
Ne C.oastmg Distance Velocity, (based Cioastlng Distance Velocity, (based Cioastlng Distance Velocity, (based
distance, | clearance on distance, | clearance on distance, | clearance on
. m/sec . . m/sec . . m/sec .
m time, sec coasting m time, sec coasting m time, sec coasting
distance) distance) distance)
1 55.0 16.1 3.37 111 58.9 17.1 3.43 I 58.9 17.3 3.39 11
2 56.7 16.8 3.37 111 59.3 17.1 347 I 59.4 17.2 3.44 1
3 55.9 17.0 3.29 111 58.7 17.0 345 11 59.2 17.3 341 1
4 58.2 17.1 3.40 111 60.5 17.3 3.48 1I 61.6 17.2 3.57 1
5 57.4 17.0 3.37 111 58.8 17.2 341 I 59.5 17.3 3.43 1

{44
Figure 4. Cross-country skis with SS made of: 1 — PTFE+1,2% of
conductive filler; 2 — Teflon-4; 3 - UHMWPE

The experimental results analysis shows that the use of
Teflon as a sliding surface improves the coasting distance
by 20-27% and also improves distance clearance time speed
by 20% that indicates the increase of skis sliding efficiency.

For more thorough experimental research a test
cross-country skis for skate skiing with three different types
of a sliding surface (SS) were made (Figure 4):

1) SS made of ultra-high-molecular-weight
polyethylene with gliding wax for appropriate weather
conditions (skis Nel);

2) SS made of ‘pure’ PTFE (Teflon) (skis Ne2);

3) SS made of PTFE+1,2% of conductive filler (skis
Ne3).

Experimental studies took place in a time period from
January 11th, 2013 to January 21st, 2013 using the scheme,
shown on Figure 3. Test skis were preliminary
mechanically treated; all three pairs had the same pattern
marked on the sliding surface. Experiments were conducted

at different temperatures to realize two types of sliding
conditions:  hydrodynamic and  quasihydrodynamic.

Eighty-five experiments on downhill coasting distance were
made in total, using the scheme, shown on Figure 3. The
sliding efficiency was judged by skier’s coasting distance.
During experiments, estimations of time and distance
measuring inaccuracies were made. Measuring inaccuracy:
— of coasting distance 6;~1%
— of distance clearance time 6,~1%.

I3
- -
- it

Figure 5. Experiment on downhill coasting distance (with a skier)

The results of five experiments (Figure 5) are presented
in Table 4. The results of other eighty experiments were
similar to the presented five and with the same measuring
inaccuracies, so they are not presented for conciseness.

The results show that skis Ne2 and Ne3 had the longest
coasting distance and highest speed. The coasting distance
advantage was 2-9 m comparing to skis Nel. Skis Ne2 and
Ne3 were winning by turns, depending on the weather
conditions
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Conclusions

The results analysis shows that:

- the use of Teflon SS not only increases the coasting
distance by 20-27%, but also decrease the distance
clearance time by 20%; which is the evidence of increase
of sliding efficiency;

- efficiency of sliding of test skis with Teflon SS
depends on a weather conditions. A comparative analysis
of experimental results shows that sliding efficiency of
cross-country skis with Teflon SS is higher than of
cross-country skis with waxed UHMWPE SS in wide
range of temperatures (-15;0°C) and high snow humidity
(~97%). The results comply with the theoretical analysis
of sliding of skis with Teflon SS.

Thereby, use of Teflon SS is promising for different

sports equipment, such as sledge, snowboards etc.
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