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KEYWORI3 ABSTRACT

The sliding wear of blackfiber palm wood was first
investigated under dry conditions against smooth steel
Tests were carried out in two different configurations, i.e.
pin on disc and ring on plate. In both cases, thensverse,

\?\}'g;?g in plane fiber orientation resulted in the highest values of
Eriction friction coefficient and specific wear rate. The normal anc

parallel fiber orientations showed a better performance.
In all cases, the coefficient of friction was rather higt
(average range between 0.4 to 0.7) whereas the specifi
wear rates varied between 1@ to 105 (mm3/ Nm). The
latter are comparable to those of short fiber reinforced
thermoplastics. A following impregnation in various oils
reduced the wear rates, and the frictiorcoefficients went
down to values between 0.1 and 0.3. The differen
efficiency of the various oils was discussed

Fiber orientation
Black-fiber palm wood
Natural composite

Qil impregnation
Viscosity

1.0 INTRODUCTION

Many previous examples have shown that wood (being a natural composite) can be an
excellent material for applications inwhich friction and wear are critical issues. The advantages
over other types of materials in these applications include low cost, relative ease of fabrication,
and locd access to required materials $athre and Gorman, 200b

Wooden bearings supported a hige variety of stationary machines, from milling machinery, to
water wheels, pumps, and submarine main shafts (Figure 1a). Wood was plentiful in most
locations; it was strong and shafkindly, long lasting, and easy to replace. It was the natural choice
for most bearing purposes. Wood was also considered for conveying and processing mineral
products and abrasive chemical§¢Steurnagle, 2005.

For wood to serve best, the grain direction must be considered. If the shaft turns parallel to the
grain of the woodbearing, lubricant will flow parallel to the shaft, and will not provide friction
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reduction where it is needed. Improper grain direction is the most common design error in wood
bearings. Properly applied, the grain of a wood in the bearing lies normal tbe axis of the shaft,
i.e. endgrain should face the moving surface of the shaft. This presents the wood's natural-oil
delivery system directly to the journal, providing the best lubrication(Steurnagle, 2003.

Wood was also used as a material for brake®ne of the first types of brakes was a very crude
system which involved a brake lever that pressed a simple wooden block against the wheel in
order to slow a cart down by friction. In the Old West, the lever and block method was still
prevalent on stage caches(http://www.dbrake.com/braking -history.php).

The San Francisco cable cars from 1873 employed a series of mechanisms to assist in braking
the car and regulating its speed (Figure 1b). Wooden brake shoes are even today a proven
technology for new metro cars. The STM (Transport Society of Montreal, Caag has decided to
stay with the wooden brake shoe technology for the new AZUR metro cars, as it prevents early
wear of the steel wheels and produces a quieter braking actiqiyYoutube: Wooden brake shoés
About wood under abrasive wear conditions was alseeported by (Ohtani, 2008; Ohtani et al.,
2002; Ohtani et al., 2001; Chand and Fahim, 2008

a) Submarine Bearing . b) Track Brake

Figure 1: Examples of (a) a wooden aft main shaft strut bearing used in the world's first nuclear
powered submarine (http://www.core77.com/posts/25224/Lignum -Vitae-Wood-So-Bad-Ass
Its-Usedto-Make-ShaftBearingsfor-Nuclear-Submarinesand-More), and (b) a pine wood block
as a track brake of traditional San Francisco cable caifttp://cablecarmuseum.org/the -
brakes.html).

In the present study, the material under consideration was blackfiber palm wood
(http://imww.wood -database.com/black palm. Its black fibers (which are actually vascular
bundles (VB)) that give the wood its characteristic look and hardness, are embedded in a lighter
tan or light brown colored body. Fibers are more densely packed toward the outside of the tree
trunk, becoming more and more sparse toward the center of the tree. The VBs consist, in turn, of
thick-walled, longitudinal cells having a multilayered structure (Gibson, 2012; Fathiand
Frihwald, 2014; Sahari et al., 2012 Sahari et al., 201B). Further details are summarized in our
previous paper (Friedrich et al., 2017. There it was also demonstrated that the abrasive wear
properties can be correlated with the mechanical compressioproperties of the wood measured
transverse and parallel to the orientation of the fibers. Briefly, the high compression strength of
the wood in fiber direction resulted also in a better abrasive wear resistance when tested under
normal orientation.

Theobjective of this study was focused on the behavior of bladiber palm wood under sliding
wear conditions against smooth metallic counterparts.
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20 EXPERIMENTAL

2.1 Material investigated

The blackfiber palm wood was received in 2007 from Dr. Shusheng Rg of the Wood
Technology Research Center, Department of Chemical and Process Engineering, University of
Canterbury, Christchurch, New Zealand, who in turn received this wood from an unknown source
in Indonesia a few years before. To get some idea abouttleffect of wood aging, some of the
tribology tests were carried out in the year 2007, and were then repeated ten years later (i.e.
2017), after storage of the wood under laboratory environment, i.e. a temperature of 22°C and a
relative humidity of about 45%, on the average.

Using a hydrostatic balance, the density value of the wood was determined as 865 kg/(ne.
average close to the literature values given igSahari et al., 2013; Sahari et al., 201B) and in
(http://www.wood -database.com/black palm).

2.2 Microstructural characterization

A Computer MicraTomography System 3D, Type Nanotom (UCT) from Phoenixay systems
+ services GmbH, Germany, with a maximum resolution of <500 nm was used to look into the 3D
morphology of the palm wood.

Further studies were performed on broken test pieces with the help of a High Resolution
Scanning Electron Microscope (Zeiss, Supra 40, Germany).
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2.3 Sliding wear test

The sliding wear tests were carried out with two different piron-disc devices (Andes; Wazau)
according to DIN 50320 and 50324. The square cross section of the specimen pin (4 x 4 x 128jnm
was slid against apolished tool steel disc (DIN 17600: 100Cr6; steel number 1.2067) with an
initial surface roughness of R=220 nm, using a contact pressure of 0.5 MPa and a sliding velocity
of 1 m/s. During the tests, the actual test temperature was monitored by an ireconstantan
thermocouple positioned on the edge of the disc. The friction coefficient was calculated from the
measured tangential force, related to the normal load applied. The reduction in the height of the
specimen, measured by a displacement transducerpwad be used to characterize the wear
process. However, the reliability of the measurement was affected by the possible thermal
expansion of the sliding counterparts. Therefore, the mass loss of the specimen was also
measured to calculate the specific weanate (also called wear coefficient) by equation (1):
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load applied on the specimen during sliding, and L is the total sliding distancem/ mis equal to
OEA O11 Oi(HT, 201400 36
The difference between the two wear testing machines was as follows:
€) Andes (selfconstruction of IVW GmbH)
A stationary test pin is pressed from below against the rotating steel disc with a diameter
of 95 mm.
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(b) Wazau (machine from company Wazau, Berlin, Germany)
A test pin is pressed from above against the stationary steel disc and orbits on a circle
with a radius of 16.5 mm.

Additional sliding wear tests were performed with a noncommercial ring on plate
configuration (built in IVW GmbH, Kaiserslautern, Germany), by which a 100Gr&teel ring
(surface roughness R= 0.2 um) of 60 mm diameter and 25 mm width rotated against the fixed
plate of the wood (width between 15 and 17 mm) at different sliding directions (Figure 2).

Ring on Plate Configuration

1

R,=0.2 pm

Test Plate

Figure 2: Schematic of a ring on plate test configuration. The following test parameterge used:
v=1m/s; p=0.5MPa

After the wear test, the worn surfaces were examined using a scanning electron microscope
(SEM; JEOL 5400, Japan) and a white light profilometer, brand: FTR GmbH, Germany, with a lateral
resolution of 1 um, a verticalresolution of 3 nm, and a profile / topography as well as a light
reflection entry.

The following abbreviations N, P, and T were used to identify the orientation of the fibers
relative to the sliding direction: N-orientation = sliding on the xy-plane (Figure 3), i.e. fiber ends
are normal to the surface of the steel counterpart; $rientation = sliding on the xz-plane in z
direction, i.e. fibers are in plane and parallel to the scratch direction of the counterpart asperities;
T-orientation = sliding on the xz-plane in xdirection, i.e. fibers are in plane and transvers to the
scratch direction of the counterpart asperities.

2.4 Oil impregnation
For the tribological tests with oil impregnated wood, the following fluids were used (Table 1):

€) All Climate Motor Oil SAE 15WA0 (Liquid Moly)
This is a high quality conventional motor oil formulated for year round performance. It is
suitable for turbo and nonturbocharged diesel and petrol engines, i.e. useful in passenger
cars and light trucks.

(b) Sunflower Oil SB46 (SchafeiAdditivsysteme)
This is a biodegradable hydraulic oil that may be used in environmentally sensitive
locations such as agricultural land, forest floor, or ground near water courses. It has good
lubrication ability, wear reduction, and pressure stability.

(©) Hexadecan HD (Sigm&ldrich)
Hexadecan is the most important constituent of fuel oil, heavy oil, and many lubricating
oils. The latter are often used for corrosion protection due to their hydrophobic
properties.
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Tablel: Important properties of the liquids used for impregnation of palm wood (kinematic
viscosity ¥ = dynamic viscosityt / density ”).

Kinematic . .

Oil species Density (kg/m 3)  viscosity ;/e:fr?g:gtutrees'[( )
(mm 2/s)

Motor Oil SAE 15W40 882 109 40

SunflowerOil SB46 900 46 40

Hexadecan HD 773 4.3 20

The selection of the oils was based on the facts that they (a) represent a different kinematic
viscosity (and therefore a different potential for additional lubrication), and (b) have been used
for various lubrication purposes in many other applications.

Impregnation of the wooden specimens (pins of the size 44 _ 12 mm3) took place by

exposure of the pirsin the liquids over a period of three days. At the start of the tribological test,
a small drop d the fluid was put on the palm wood pis to enable the initial lubrication.

3.0 RESULTS AND DISCUSSION

3.1 Microstructural details

Figure 3 illustrates the internal structure of the black fiber palm wood in low and high
magnification. The diameters othe individual black fibers (vascular bundles) are different in size
(between 1 and 1.6 mm). It is known that thednsile strength of palm wood is dominated by the
strength and share (volume fraction, number and diameter) of the VB@-athi and Frihwald,
2014).

Each VB contains a continuous major vessel at the edge of each bundle. Within the cells of the
VBs secondary smaller vessels also exist. The vessels conduct water and mineral salts when the
tree is still alive. The volume fraction ¥of the black fbers in this particular segment amounts to
about 59 %.

From thermogravimetric analyses (TGA reported in (Friedrich et al., 2017, it turned out that
all samples exhibited an initial weight loss due tevater evaporation at around 10QC, associated
with a weight loss of 3.44. It was followed by further thermal degradation of hemicellulose,
cellulose, and lignin related components between 272 and 3@8, leading to a weight loss of about
17 %.

It should be mentioned here that all the mechanical tests (repoed in (Friedrich et al., 2017)
were carried out under almost the same environmental conditions as the wood was stored for
over the last 15 years (room temperature and ca. 45% humidity).
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Vascular Bundies
(Black Fibers)

Figure 3: Structure of the blackfiber palm wood investigated in this study:(a) Photo of the fiber
arrangement within the wooden block;(b) View on the top xy-plane with details of the vascular
bundles, the major vessels, and the porous foam structure tbfe ground tissue;(c) 3D #CT image

of a small section of the wooden block. General details about palm wood can be found in
(Butterfield and Meylan, 1980.

3.2 Sliding wear rate as a function of fiber orientation

3.2.1 Pin ondisc configuration

Figure 4 illustrates the specific sliding wear rates and the corresponding friction coefficients
of the black fiber palm wood pins tested in 2007 on the Andes machine configuration against the
100Cr6 steel disc. The Morientation proved to be only marginally betier than the P orientation,
whereas the TForientation gave the worst results. In all the three cases, the coefficient of friction
was nearly the same, i.e. 0.55 to 0.58.

A closer look at the worn surfaces did not show any remarkable differences between ttheee
orientations with regard to the wear mechanisms, except that details of the structural features,
characteristic for the different orientations, could be clearly detected. Figure 5 shows light optical
micrographs of the worn surfaces of specimens wlit N- vs. T- orientation. In both cases, sliding
xAAO OAOOI OAA ET A OiT1OEATEIC T &£ OEA xI T A8O0 00O/
asperities. Besides, wear damage occurred by crack formation along the interfaces of the vascular
bundles VB with the ground tissue GT (see small open arrow on Figure 5a). This is, in turn,
associated with material removal of cellulose fibers from the VB, resulting in smearirmut effects
of debris into the very porous structure of the GT (see area S on Figure 5a).
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Figure 4. Relation between specific sliding wear rate (based on weight reduction), friction
coefficient, and sliding orientation of blackfiber palm wood pins against a 100Cr6 steel disc
surface (Andes configuration; testing date 2007). The scatter bars ageresult of three different
tests under the same condition
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Figure 5: Light optical micrographs of the worn sliding surfaces of the palm wood under normal
(a) and transverse (b) orientation of the black fibers (VB) relative to the sliding directiorflarge
white arrow) of the steel asperities. The open arrow in b) indicates a vessel within a VB

Different magnifications by SEM of the sliding orientation P indicate in regions of the worn
vascular bundles (Figures 6a and b) their typical cell structurgsize and shape marked by the
dotted oval), whereby smaller cracks aligned in the sliding direction (large white arrow) were
preferably formed inside of the cells during the sliding action. On the other hand, dominant cracks
could be found in the regiondetween the VBs, i.e. in the cellular (spongy) structure of the ground
tissue (Figures 6¢ and d). Such cracks ran preferably along the boundaries. A fine structure of
parallel lines due to the scratching of the steel surface asperities could only hardly keen at
higher magnifications (2500x), as indicated on Figure 6d by the short dashed line.
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Sliding

Direction '

Figure 6: Different SEM magnifications of the worn surface of palm wood tested in P orientation.
The small, open arrow in b) indicates the small cracks that havauilt-up within the cells of the
VBs (Andes, 2007). Figure c) shows a magnification of the spongy region between the parallel
oriented VBs (lower right and upper left), with a dominant crack along the foam cells (SEM figures
were taken right after the weartests in 2007).

Two SEM magnifications of the N and T orientation are compared in Figure 7. Micrograph a),
representing the N orientation, is mainly composed of the end of one VB and the surrounding
ground tissue GT. The higher magnification b) shows th#undary region between the inner part
of the VB with its honeycomblike cell structure (having a diameter between 24 and 36 um) and
the ground tissue GT with its closeetell foam structure (Fathi and Frihwald, 2014). The small
open arrow indicates that along this boundary a continuous crack had developed during the
sliding action. Micrographs c) and d), representing the T orientation, exhibit similar features as
described for Figures 6a and b, except that now the emtation of the cells is perpendicular to the
sliding direction.

In comparison to Figure 4, the same tests on the Andes machine ten years later (2017)
exhibited almost the same tendency but with nearly half the values in the specific wear rate
(Figure 8). The coefficients of friction were, on the other hand, a bit higher than in 2007 (i.e.
between 0.59 to 0.66). The differences may be due to a lower humidity in the wood after 10 years
storage under the same environmental atmosphere as before. However, ataet explanation for
the differences in the tribological values of 2007 and 2017 is still missing.
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Figure 7: SEM micrographs of the worn sliding surfaces of the palm wood under normal (a and b)
and transverse (c and d) orientation of the black fibers dative to the sliding direction of the steel
asperities (Andes machine, SEM figures, 20Q7)
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Figure 8: Relation between specific sliding wear rate (based on weight reduction), friction
coefficient, and sliding orientation of blackfiber palm wood pins against a 100Cr6 steel disc
surface (Andes configuration; testing date 2017). The scatter bars are a result of three different
tests under the same condition

Using the Wazau sliding wear configuration, also here lower wear rates were measured

compared to the sliding wear data of 2007. Figure 9 shows a typical course of the friction
coefficient and the height reduction of the Wazau test samples (here fordtientation). A running
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in phase sometimes showed a slight increase in the length of the pins due tetmal expansion
until a constant contact temperature was reached. This temperature level was around 40 to 50 °C,
i.e. far below the temperature range at which thermal degradation of the palm wood occurred
(Friedrich et al., 2017. A summary of the specifievear rates and friction coefficients at different
orientations is given in Figure 10. Here a clear dominance in wear resistance is visible for the P
orientation. Also the friction coefficient was lowest, compared to the highest value measured for
the N-orientation. The differences compared to the 2017 Andes configuration cannot be fully
explained, except that the Andes has a heavier mass, therefore slightly less vibrations, and a lower
accumulation of wear debris on the ring surface (due to the pressing tife pins against the bottom

I £/ OEA Ol OAOET ¢ AEOAOQ8 "AOEAAOR 11 AEC AEAEAOAT AA
surfaces, as shown in Figure 11. In principle, the same features as described for Figures 6 and 7
were detected.
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Figure 9: Course of friction coefficient, height reduction and temperature of palm wood against
steel under N orientation of the VBs to the steel surface. Tests were carried out on the Wazau
configuration in the year 2017
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Figure 10: Relation between pecific sliding wear rate (based on volume los¥V, as determined
from cross section and height reduction), friction coefficient, and sliding orientation of blackber

palm wood pin against a 100Cr6 steel disc surface (Wazau configuration; testing datelZ). The
scatter bars are a result of two different tests under the same condition
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a) T Orientation {'b) T Orientation | &
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Figure 11: SEM micrographs of the worn sliding surfaces of the palm wood under transverse (a
and b), normal (c and d) and parallel (e and f) orientation of the blackfers relative to the sliding
direction of the steel asperities (Wazau, 2017)

A look at the Wazausteel discs exhibits a different material transfer for the different fiber
orientations (Figure 12). Compared to the unworn disc (Figure 12 a), the worn samples showed
irregular black lines in the sliding direction of the wooden pins (from lower left to yper right).
The amount of the black patches was lowest for the-&ientation that also possessed the lowest
wear rate and friction coefficient (Figure 12 c¢). The highest coefficient of friction was measured
for the N-orientation, for which one can also fid deep grooves on the surfaces of the steel rings
(Figure 12 d). It seems that the hard cells of the vascular bundles are strong enough to damage
the hardened steel counterpart when oriented normal to the surface.
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]

"a) New Disc |

Figure 12: SEM micrographs of the Wamasteel rings before (a) and after sliding wear against
palm wood under different orientations (cz d). Testing date 2017

3.2.2 Ring on plate configuration

The sliding tests carried out with the ring on plate configuration described in connection with
Figure 2, left sections of a cylinder on the surface of the wooden plates. The latter are shown in
Figure 13 as a function of fiber orientation. Tests carriedud in 2007 showed a clear reduction in
the span S and the depth h of the grooves over the scanned width bscan fromvik P- to N-
orientation. Considering the total width of the plates, the reduction in plate volume as a function
of testing time could be @termined and used for the calculation of the specific wear rate according
to the equation mentioned above. The corresponding friction and wear results are given in Figure
14. They lie in the same order of magnitude as the pin on disc results of 2007, butall the three
orientations on a clearly lower level This seems to be due to much less edge effects during wear
of the much larger contact areas of the plates compared to the 4x4 raoross sections of the pins.
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Figure 13: Evaluation of the white Ight profilometer traces of the wooden plates tested under ring
on platez configuration (in 2007) as a function of sliding orientation. The depth h and span s allow
the calculation of the worn cross section of the traces. bscan is the scanned width of ttezes, as
part of the total width of the plates tested (which varied between 15 and 17 mm). The yellow
arrows indicate the sliding direction of the steel shaft
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Figure 14: Relation between specific sliding wear rate (based on volume 10%¥), friction
coefficient, and sliding orientation of blackfiber palm wood plate against a 100Cr6 steel ring
surface. The scatter bars are a result of three different tests under the same conditioR:#15N;
v=1m/s;t=10 h; RT (testing date 2007)
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3.2.3 Wear comparison to polymeric materials

When compared to the dry sliding wear rate of a variety of polymeric materials (tested in a
pin-on-disc configuration) (Friedrich and Chang, 201Y, the wear rate of the palm wood is found
to be in the medium range, e.g. logr than the wear rate of neat ethylenetetrafluoroethylene
(ETFE) or polyphenylenesulfide (PPS), but higher than the short fiber filled versions of these and
other polymers (Figure 15).
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Figure 15: Specific sliding wear rate of blackiber palm wood in camparison to various
thermoplastics and their short glass (GF) or carbon (CF) fiber filled versions (the number in their
nomenclature refers to the fiber volume fraction). pvconditions between 0.5 and 3 MPa m/s (pin
on disc configuration only).

3.3 Sliding of oil filled palm wood

As indicated in the introduction, many of the woods used for various bearing applications
possess either a selfubricating ability (like lignum vitae) or are externally lubricated by (a)
previous oil impregnation or (b) addition of grease or oil into the bearing system from time to
time. In the present case, the wood samples were pimpregnated with different lubricants and
then tested over certain periods of time. Figure 16 illustrates that the coefficient of friction p is
drastically reduced from p = 0.63 (for dry sliding) down to u = 0.1z 0.23 for the samples
impregnated with three different fluidic lubricants. During the first four hours the greatest
reduction in p was measured for the low viscosity fluid Hexadecan. Bthis effect deteriorated
quickly so that after additional five hours the friction coefficient increased up to the level of the
dry sliding condition. This was associated with a drastic increase in the height lo¥s, i.e. with a
drastic increase in the sgcific wear rate. In addition, an increase in temperature by ca. 10 °C was
observed. This is clearly visible on Figure 17 which compares the development in friction
coefficient, bearing temperature and height reduction with time for the two lubricants Hexdgecan
and sunflower oil SB46. The latter has a higher kinematic viscosity than Hexadecan (Table 1) and
therefore the ability to better utilize the impregnated lubricant during the sliding process against
the steel counterpart. In all the cases, the woodesamples were tested under Norientation,
OAPOAOAT OET C OE Aelivery $ystdm@bedads®dd thelvery smallisecondary vessels
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within the individual cells of the VBs and the long and open major vessels in each of the VBs
perpendicular to the journal contact surface).

The same tendency is noticed for the comparison of SB46 with the motor oil 15%0) when
extending the tests over a period of 60 hours (Figure 18). Although the friction coefficient of the
15W-40 impregnated material did not increasewithin the first 20 hours, the specific wear rate
was much higher than in case of SB46, so that the tests with the 1540 samples were stopped
after 20 hours. It seems that a too high viscosity of the impregnating lubricant (as it was the case
for 15W-40, see Table 1) is too tough to penetrate into the smallest secondary channels of the VB
cells, resulting in a general lubrication due to the filled major vessels but in a higher wear of the
surrounding cells of the VBs. Additional measurements of the weigtgain per volume of the
samples during impregnation in the three different fluids over a period of 72 hours indicated, that
the higher viscosity motor oil exhibited the lowest value (0.0329 mg/mm), whereas the
sunflower oil possessed the highest value (0355 mg/mm3). The value for Hexadecan amounted
to 0.0460 mg/mma3. Figure 20 shows these values against the kinematic viscosity of the fluids, and
it seems that they follow a parabolic course. Various physical properties of the fluids, such as the
fluidity F (=ability to flow= inverse of the dynamic viscosity), the molecular weight M (inverse of
the evaporation rate), and the surface tensiog (proportional to the adhesion to the substrate)
can influence such a tendency, whereby the corresponding values weskéen from the literature
(viscopedia.com/viscosity-tables/substances/engine-oil/; Diamante and Lan, 2014; Aralaguppi
et al.,1991; Koosi and Kovats, 1981; Halpern, 1949; Mel&spinosa et al., 2011
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Figure 16: Variation in friction coefficient as dunction of testing duration for palm wood samples
against smooth steel after impregnation in different fluids (Andes configuration, testing date
2017).
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Figure 17: Variation in friction coefficient, height reduction and temperature of palm wood under

N- orientation against smooth steel (Andes configuration; testing date 2017) after impregnation
in two different fluids (SB vs. HD)
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Figure 18: Variation in friction coefficient, height reduction and temperature of palm wood under
N- orientation against snooth steel (Andes configuration; testing date 2017) after impregnation
in two different fluids (SB vs. 15W40).

Figure 19: Friction coefficient and specific wear rate (determined by mass loss) of palm wood
after impregnation in hydraulic oil SB46 as dunction of orientation against smooth steel (Andes
configuration; testing date 2017)
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