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Abstract

Vegetable oils have been used as lubricating fluid from ancient
Egypt, BC 1880. Recently, they are recognized as ecologically
acceptable lubricating fluids. Therefore they are expected to apply
machines where exposure of lubricating oil is a problem. Zinc
dialkyldithiophosphates (ZDTP) improve antiwear properties of
vegetable oils. The additive performance depends on quality of the
base oil. Careful analyses of base oils revealed that peroxide affects
the additive response, whereas peroxides themselves do not promote
wear. Vegetable oils have unsaturated carbon-carbon bonds, which
are ready to undergo autoxidation.

In this work, we 1nvestigated influence of degradation
products on performance of anti-wear additives. Our attention was
also paid to improve antiwear effect of additives by combination of
antioxidants. Oxidation test of vegetable oil was performed by
tracing peroxide value (POV) to understand the mechanism. Antiwear
properties of oxidized o1l were evaluated by means of four-ball wear
test, which is regulated by ASTM D 4172. Peroxide value (POV) of the
oxidized sample was obtained by the iodometric titration.

We found that POV increases rapidly at the beginning of
reaction. It reaches the maximum value of approximately 1500ppm
within 50 hours. Then it decreases to reach an equilibrium value of
400-500ppm within 200 hours. Decrease of POV can be explained by
the conversion of peroxides into organic oxides. Then at the
equilibrium stage, rate of peroxide generation, and the rate of
peroxide consumption are almost equal. Antioxidants were examined
to prevent the peroxide generation. Phenolic antioxidants and Zinc
dibutyldithiocarbamate (ZDTC) exhibit good results in preventing
peroxide generation, whereas aromatic amines and vitamin E gave

poor results. Almost no effect on antiwear was observed with
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antioxidant-free sample and VE-containing sample. PNA-containing
sample showed a little effect, however it is not an acceptable level.
Excellent wear reduction was observed with the oxidized sample in
the presence of phenolic antioxidants and ZDTC. The synergistic
effects of antioxidants with antiwear additives can be confirmed by

formulate better lubricants based on vegetable oils.

Keywords: Vegetable oi1ls, Anti-wear additives, Antioxidants,

Auto-oxidation, Peroxides,
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Table 1 Representative fatty acid of vegetable oils

Name

Rational formula

linolenic acid

21 Ny - i 16 T
c ex .(.ecancl)lc acl /\/\/\/\/\/\/\)LOH Ci16 0
& |palmitic acid
8
é octadecanoic acid 18 /\/\/\/\/\/\/\/\)OL C18 0
8 |stearic acid o
o
octadecenoic acid 18 \/\/\/\/_i/\/\/\)ol ’ C18 1
< |oleic acid — or
]
S 12 9 Q1
& | octadecadienoic acid 18 A~
% linoleic acid i e
o
<
8. . . . 18 15 12 9 Q1
o octadecatrienoic acid v_v_v_\/\/\/\)LOH C18 3
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Fig.11 Structure and abbreviations of additives
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Table2 Propeties of Rapeseed Qil

Total acid number, mg KOH/g 0.04
lodine value, g iodine per 100g sample 105.3
Peroxide value, ppm 1.2
Contents of erucic acid, % 48.1
Viscosity at 40 centigrade, mm?/s 35.4
Viscosity at 100 centigrade, mm?/s 6.8
Viscosity ldex, - 155

3.2

(ASTM D 4172)

Table 3 Fig.12
(WSD)
2 WSD 0.06mm
10 1
2_
10 WSD
(0.299mm) Delta wear(DW)
9)
Rotation

r_J

J

A

JJ

Ro

Fig.12 Detail of four
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Table 3 Conditions for the Four Ball Test

g Applied load, N 392
ol (Hertz contact stress, GPa) 3.0
& Hertz deformation indentation, mm) 0.299
&
= Rotation, rpm 1.2E+03
% Sliding velocity, m/s 0.80
g_ Qil temperature, 75
O Test duration, minute 60
_ Material SUJ2 (JIS)
8 Diameter, mm 12.7
E Hardness, HRc 62
Surface roughness Ra, pm 4.0x10°
3.3 (POV) (TAN)
716DMS
Table 4 30ml
KI 2g
0.01mol/l
2
(TAN) POV
Table4 Conditions for the POV measurement
Electrode Combined massive Pt electrode
0.01mol/l Na,S,05
Titrant acetic acid/2-propanol 1 1

K1 150g/100ml solution

Measuring point density 0
Minimum increment , pl 30 (blank 50)
Size of volume increment , ml/min max(60ml/min)
Signd drift, mV/min 10
Equilibrationtime, s 38 (blank 52)
Temperature,, 25
EPC(Equivalence point criterion) 5
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Fig.13
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Fig.13 Detail of oxidation test
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3.5 XPS

PV
10) Table 5
Fig.14
X (XPS )
Table 6

q III>

Road

Rotation

Fig.14 Detail of P-V block test

Table5 Conditions for the P-V Block Test

Applied load, N 192

g g (Hertz contact stress, GPa) 0.51

=] Rotation, rpm 290

g § Sliding velocity, m/s 0.96

Sl Oil temperature, room temperature
Test duration, minute 20

Table 6 Conditions for the X-ray Photoelectron Spectroscopy

X-ray source Monochromated-Al-karay
& 300
¢ 0.4 €llipse (Silt: 3)
Test area, mm 2x0.8 (Silt: 5)
Photoelectron of detection angle 45°
Test depth, nm 4
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Fig.15 POV trace during the oxidation test with additive-free

rapeseed oil
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Fig.16 Results of four-ball test with Oxid.240h+ZDTP
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4.2

2 ZDTP
Sbmmol/kg Fig.17
ZDTP
240 DW 0.18mm

DW 0.1mm

N

-

)

o
|

= RUN 1 -=-RUN 2

—
)
o

o1
o
o

Peroxide value, ppm
—
o o
S
S

o

0 50 100 150 200 2950
Reaction time, hour

Fig. 17 POV trace during the oxidation test with ZDTP
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240
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Fig.19
MBDBC Fig.20 DBPC
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TAN Table 7 POV
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Fig.18 POV trace during the oxidation test with various

antioxidants
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Fig.19 POV trace during the oxidation test with DBPC
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Fig.20 POV trace during the oxidation test with MBDBC
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Table7 POV amd TAN after oxidation test for 240 hour

Sample POV, ppm TAN, mg KOH/g
0 hour 240 hour
without antioxidants 470 0.04 9.35
VE 220 0.04 12.8
PNA 393 0.05 7.25
DBPC 367 0.05 0.16
MBDBC 363 0.04 0.58
ZDTC 0 0.05 0.69
240 ZDTP S5mmol/kg
Fig.21 VE PNA
POV DBPC MBDBC ZDTC
DW 0.lmm
ZDTC
Fig.22 ZDTC
11) 240
ZDTC ZDTC ZDTP S5mmol/kg
XPS Fig.23 Fig.26
Table 8 XPS Fig.27 Fig.28
ZDTC ZDTP
ZDTP
12 15) Table 7 Fig.21 POV
ZDTP Fig.21
VE PNA 3
TAN DBPC
MBDBC ZDTC TAN
Fig.18 POV
ZDTP 7,
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Fig.21 Combination effect of antioxidants and ZDTP on

antiwear properties

ZDTC ZDTC ZDTC Oxid.
Oxid. Oh Oxid. 240h 240h+ZDTP
DW = 0.237 mm DW = 0.136 mm DW = 0.085 mm
WSD = 0.536 mm (WSD = 0.445 mm) (WSD = 0.384 mm)

Fig.22 Morphology of worn surface (AO:ZDTC)
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Table8 Results of XPS with oxid.240h ZDTC

Binding Enargy (e

Sample Test area Unit |N(1s)| S(2p)| P(2p) | Zn (2p3)
We(asrlﬁ“rg’ce Atomic%| 1.04 | 062 | 0.78 | 0.27
oxid.ZDTC =
w?f‘;c‘; ("Svi?fs) Atomic%| 1.06 | 054 | N.D. | 040
wear surface .
XidZDTC Sit: 9 Atomic%| N.D. | 075 | 3.00 | 052
+ZDTP
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Fig.23 Result of XPS with Oxid.ZDTC+ZDTP (wear surface)
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Oxid.240 ZDTP+ZDTC (200p m)  Oxid.240 ZDTP+ZDTC (50u m)

Fig.27 Morphology of worn surface Oxid. ZDTP+ZDTC

Oxid.240 ZDTC (2004 m) Oxid.240 ZDTC (50u m)

Fig.28 Morphology of worn surface Oxid. ZDTC
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4.3
ZDTC+ZDTP DBPC+ZDTP MBDBC+ZDTP 3
Fig.29 240 POV

TAN Table 9

Table9 POV amd TAN after oxidation test for 240 houl

Sample POV, ppm TAN, mg KOH/g
ZDTP 0 0.15
DBPC+ZDTP 0 0.08
MBDBC+ZDTP 17 0.09
ZDTC+ZDTP 38 0.46
&
% 2000
N ——ZDTC+ZDTP
% 1500 -2~ DBPC+ZDTP
= -o- MIBDBC+ZDTP
= 1000
(D)
=
< 500
(@]
B t/‘—\!?@z]m_l
o 0
0 50 100 150 200 250

Reaction Time, hour

Fig.29 POV trace during the oxidation test with antioxidants

and ZDTP
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Fig.31 ZDTP ZDTC+ZDTP ZDTC 3
ZDTC+ZDTP ZDTP
ZDTC+ZDTP
ZDTC ZDTC
ZDTP ZDTC
Fig.32
DBPC+ZDTP MBDBC+ZDTP
7
ZDTP
£0.3
=
< 0.2
(D)
=
< 0.1
>
m 1 1
0 0.0
o o o
a a =
o O o @ 5
o
53 S 3 5 8
N N >0
g S 5
o S S
=

Fig.30 Effect of antioxidants on antiwear properties
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ZDTP ZDTC+ZDTP ZDTC

Oxid. 240h Oxid. 240h Oxid. 240h
DW = 0.178 mm DW = 0.184 mm DW = 0.146 mm
WSD = 0.477 mm WSD = 0.484 mm WSD = 0.445 mm

Fig.31 Morphology of worn surface (AO+ZDTP)

DBPC+ZDTP MBDBC+ZDTP
Oxid. 240h Oxid. 240h
DW = 0.129 mm DW = 0.136 mm
WSD = 0.428 mm WSD = 0.435mm

Fig.32 Morphology of worn surface (AO+ZDTP)
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Syner gistic effect of antioxidants and anti-wear additivesfor vegetable oils

Kazunori MIMURA *, SyotaMITSUMUNE 2, and Ichiro MINAMI 3

Kochi University of Technology,
185 Miyanokuchi Kami-gun Tosayamadacyo782-8502 Kochi, JAPAN

Although vegetable oils provide good lubricity, they still need optimization by certain additive technology for
practical applications. ZDTP improve antiwear properties of vegetable oils. However the additive performance
depends on quality of the base oil. Antioxidants were applied to prevent the auto-oxidation of vegetable oils. Good
synergistic effect of anti-wear and anti-oxidant additives was confirmed.

Keywords: Vegetable oils, Antiwear properties, Antioxidants, peroxide value

1. INTRODUCTION

Recently, vegetable oils have been recognized as
ecologically acceptable lubricating fluid. In our previous
work on improvement of vegetable oils as lubricating fluid,
we have found that certain additive technology may offer
practical solutions [1,2]. For example, friction modifiers and
antiwear additives much improve performance of vegetable
oils. However, vegetable oils are unstable when they are
compared to mineral based ones. Peroxides are generated
during the reaction. The intermediates show destructive
effect by decomposing antiwear additives. In this work, our
attention was paid to improve antiwear effect of additives by
inhibition of autoxidation during use.

2. EXPERIMENTAL

The properties of rapeseed oil are listed in Table 1.
Structure and abbreviations of additives are shown in Figure
1. Theantiwear properties of vegetable oils were evaluated
by means of the four-ball test, which is regulated by ASTM
D 4172. The delta wear, which is the difference between the
wear scar diameter and the Hertz diameter, is reported [3].
Oxidation test was performed by the following procedure.
500g of rapeseed oil were placed in a round-bottomed flask,
fitted with a gas inlet tube and a condenser. Dry air was
introduced at 200m/min at 100 . Then 10g of the resultant
oil were picked out at the scheduled sampling time. The
sample was subjected to the POV measurement and the
four-ball test.

Tablel Propertiesof rapeseed ail
— -
TAN, mgKOH/g| POV, ppm IScosity, mm? 218 \
40 100
0.04 309 35.4 6.8 155
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o -tocopherol N-phenyl-naphtylamine
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HO
4\;54\ Q o
HO

2,6-dibutyl-4-methylphenol methane bis(2,6-dibutyl-4-methylphenol)
DBPC MBDBC

e AT Jo
\/\/Nl( 2551("\/\/ \ro\z/s\zﬁs\z/o\’/

Zinc bis(N,N-dibuyldithiocarbamate) Zinc bis(O,0-diisopropyldithiophosphate)
ZDTC ZDTP

Figurel  Structureof the additives
3. RESULTSAND DISCUSSION

We previously reported that peroxides react with ZDTP to
give ineffective compounds as antiwear additives in mineral
oil solutions [4]. The same phenomena were observed in
vegetable oil solutions. As shown in Figure 2, additive effect
of ZDTP decreases with increase of POV. It has been
reported that peroxides may cause oxidative wear [5].
However, delta wear obtained by vegetable oil containing
peroxides less than 900 ppm, was approximately 0.3mm.
Therefore, peroxides themselves do not promote wear under
these conditions.
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Figure2 Effect of POV on antiwear with ZDTP

As Figure 3 shows, POV increases rapidly at the beginning
of the reaction. The POV reaches the maximum value of
approximately 1500 ppm within 50 hours after the reaction
start. Then the value decreases to reach an equilibrium value
of 400-500ppm. Total acid number and viscosity of the
oxidized ail increased during the equilibrium stage.

2000

ppm

" 1500 —m '~ RUN 1 = RUN 2 = RUN 3|
1000
500 M—————a
O [ [ [ [ [ [ [ |

0 50 100 150 200 250 300 350 400

Reaction time, hour

Peroxide value

Figure3 Resultsof the oxidation test

Results with antioxidants at 1wt% are shown in the Figure
4. VE exhibited almost no effect in preventing generation of
peroxides. Rate of POV increase with PNA showed little
letted. The maximum value of POV in the presence of PNA
was approximately 1000ppm. Rate of POV increase with
DBPC-containing and MBDBC-containing sample was
much lower. The sample did not reach the maximum value
even after 240 hours reaction. ZDTC-containing gave
excellent results.

Figure 5 shows antiwear effects of ZDTP in the oils after
240 hours oxidation. Almost no effect on antiwear was
observed with antioxidant-free, VE-containing
PNA-containing samples. Excellent wear reduction was
observed with DBPC, MBDBC, and ZDTC samples. Here
we achieved good synergy of antioxidant and antiwear
additives. No relationship between POV and wear
prevention can be find out from Figure 4 and Figure 5. It
seems to be inconsistent with the results presented by Figure
2. However, we understand that the phenomena are due to
difference of the oxidation stage. Figure 4 represents the
results at the initial stage of the oxidation, where contents of
organic oxides are negligible. On the contrary, Figure 5
represents “the equilibrium stage” where organic oxides are
present in the solution. As we have reported previously,
certain organic oxides promote decomposition of ZDTP [4].
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Figure5 Effect of ZDTP on antiwear

4. CONCLUSIONS

1. DBPC, MBDBC and ZDTC inhibit formation of
peroxides, where as PNA and VE gave poor results.

2. At an initial oxidation stage, AW properties of ZDTP
depend on POV. Less content of peroxides are desirable
for good wear reduction.

3. At an equilibrium stage of oxidation, AW
properties of ZDTP depend not only on POV.

4. Combination of AO and AW additives may
provide practical lubricants.
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Abstract Vegetable oils are recognized as ecologically acceptable lubricating fluids. Therefore they are expected to
apply machines where exposureof lubricatingoil is a problem. Zinc dialkyldithiophosphates (ZDTP) improve
antiwear properties of vegetable oils. The additive performance depends on quality of the base oil. Careful
analyses of baseoilsreveal edthat peroxide affects the additiveresponse,whereasperoxidesthemsel vesdonot
promote wear. Our attention was also paid to improve antiwear effect of additives by combination of
antioxidants. Oxidationtest of vegetableoilwasperformedbytracingperoxideval ue(POV) tounderstandthe
mechanism. We foundthat POV increasesrapidlyatthebeginning ofreaction.ltreachesthemaximumvalue
of approximately 1500ppm within 50 hours. Then itdecreases to reach an equilibrium value of 400-500ppm
within 200 hours. Antioxidants wereexamined to preventtheperoxidegeneration. Phenolic antioxidantsand
Zinc dibutyldithiocarbamate (ZDTC) exhibit good resultsinpreventingperoxidegeneration, whereas aromatic
aminesandvitamin E gave poor results. The synergisticeffectofantioxidantswithantiwearadditivescanbe
confirmedbyformul atebetterl ubri cantsbasedonvegetabl eoils.

1
4
(POV)
b 19
2.
2 3) 2-1
Table 1 o -
( E VE) 26- -tert-
ZDTP -4 (DBPC) 4-4-
(26 -tert- )
(MBDBC) (PNA)

Synergistic Effect of AntioxidantsandAnti-wear Additives for Vegetable Oils

By Kazunori MiMura, Graduate Student, Kochi University of Technology (185, Miyanokuchi, Tosayamada-cho, Kami-gun, Kochi
782-8502, E-mail :tribolab@env.kochi-tech.ac.jp), andlchiroMinami, Department of Material sScience and Engineering,Faculty of
Engineering,KochiUniversityof Technology (ditto)
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Table 2 ConditionsfortheFourBall Test

7 Applied load, N 392
DEPC & (Hertz contact stress, GPa) 3.0
§ (Hertz deformation indentation, mm) 0.299
@ g Rotation, rpm 1.2E+03
N % Sliding velocity, m/s 0.80
g Oil temperature, 75
o Test duration, minute 60
PNA Material SUR (JIS)
J\ T Diameter, mm 12.7
b /(‘)\0 s, s9% e Hardness, HRC &2
NSz PNz :
g Z”STSr \r g' Zn lPSl \I/ = Surface roughness Ra, um 4.0x102
ZpTC 2w Table3 Conditions for thePOV measurement
Fig.1 Structure and abbreviationoftheadditive
Electrode Combined massive Pt electrode
Tablel propeties of rapeseedoil 0.01mol/l N&S,04
. Titrant acetic acid/2-propanol 1 1
Total acid number, mg KOH/g 0.04 K1 150g/100m solution
lodine value, g iodine per 100g sample 105.3 Measuring point density 0
Peroxide value, ppm 12 Minimum increment , pl 30 (blank 50)
Contents of erucic acid, % 48.1 Size of volume increment , mi/min max(60ml/min)
Viscosity at 40 centigrade, mm?/s 354 Signal drift,, mV/min 10
Viscosity & 100 centigrade, T 6.8 Equilibration time, s 38 (blank 52)
Viscosity Idex, - 155 Wewpeef6y &
EPC(Equivalence point criterion) 5
- (ZDTC)
ZDTP Table4 Conditions for theP-VBlockTest
9, Applied load, N 192
Fig.1 c g (Hertz contact stress, GPa) 0.51
2 9 % B Rotation, rpm 290
- ] § Siiding valodity, mis 0.9
(ASTM Sl - Oil temperature, room temperature
D 4172) Test duration, minute 20
Table 2 (WSD) Table5ConditionsfortheX -rayPhotoel ectronSpectroscopy
2 X-ray source Monochromated-Al-karay
WSD 0.06mm 300
@ 04 dllipse (St 3)
UIC Ll 2x0.8 (Silt: 5)
10 Photoelectron of detection angle 45°
1 Test depth, nm 4
2-
10 Table 3
WSD (0.299mm) 30ml Kl
Delta wear (DW) 29 1
6)
2.3 (POV) (TAN) 0.01mol/l
716DMS 2

(TAN)
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2.4

200g
100 + 2
200ml/min
24 79 POV
2.5 XPS
PV K
Table 4
X
(XPS )
Table 5
3.
ZDTP POV
4
ZDTP
8)
POV
Fig.2 POV
50 1500ppm
400
500ppm POV
K POV
200
(TAN) Fig.3
ZDTP 5mmol/kg DW
0.37mm DWO0.3mm
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2000

|""RUN1 “~RUN2 A~ RUNS3

1500

1000

500

Peroxide value, ppm

0 50 100 150 200 250 300 350 400
Reaction time, hour

Fig.2 POVtrace during theoxidationtest
withadditive-freerapeseedoil

0.4
S
£ 0.3 e ————————— |
3
= 02 — -
8
201 . [
0.0 :
Fresh oil Oxid. 240h +ZDTP
Fig.3 Results offour-ball test withOxid.240h+ZDTP
2
ZDTP 5mmol/kg
Fig.4
240
DwW 0.18mm
DW 0.1mm
4
Fig.1
1wt% Fig.5
VE
PNA
POV
DBPC MBDBC POV
240
DBPC Fig.6
MBDBC Fig.7
DBPC
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é “~RUN 1--RUN j
s 1500
=
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k=
5 500
()
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Reaction time, hour
Fig.4 POVtraceduringtheoxidationtest with ZDTP
g 2000~
2 |'E'-VE <-PNA 2" DBPC < MBDBC —-ZDTC
o 1500
=
©
o 1000
=
3 500
)
o 0 |
0 50 100 150 200 250
Reaction time, hour
Fig.5 POV traceduringthe oxidation test
withvariousantioxidants
Table6 POV andTANaftertheoxidationtest
for 240hour
TAN, mg KOH/g
Sample POV, ppm
0 hour 240 hour
without antioxidants 470 0.04 935
VE 220 0.04 128
PNA 393 0.05 725
DBPC 367 0.05 0.16
MBDBC 363 0.04 058
ZDTC 0 0.05 0.69
ZDTC 240
POV
240
TAN Table 6 POV
PNA VE 7
12mgKOH/g

DBPC MBDBC ZzDTC
0.1 0.7mgKOH/g
240 ZDTP
5mmol/kg

Fig.8 VE PNA

£ 2000
& “~RUN 1'°‘RUNj
= 1500
=)
£ 1000
()
©
5 500 o
Q
0 1 | | | ]

0 50 100 150 200 250
Reaction time, hour

Fig.6 POV trace during theoxidationtestwithDBPC
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Fig.7 POV trace during theoxidationtestwithMBDBC
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Fig.8 Conbinationeffectofantioxidantsand
ZDTPonantiwearproperties
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Fig.9 ZDTC
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DTC ZDTC Oxid. ZDTC Oxid.
Oh 240h 240h+ZDTP
DW = 0.237mm DW = 0.146mm DW = 0.085mm

(WSD = 0.536 mm) WSD = 0.445 mm) (WSD = 0.384 mm)

Fig.9 Morphologyofwornsurface(AO:ZDTC)

Table7 Resultsof X PSwithoxid.240hZDTC

Sample Test area Unit [N (19| S(2p)| P(2p) | Zn(2p3)
wear surface .
. Atomic%| 1.04 | 0.62 | 0.78 0.27
oxid.ZDTC oé?()lft:v\:/)’;ar
surface (Silt: 5) Atomic%| 1.06 | 0.54 | N.D. 0.40
xidZDTC W‘gftugf"e Atomic%| N.D. | 0.75 | 3.00 | 052
+ZDTP out of wear )
surface (Silt: 5) Atomic%| 051 | 0.71 | 3.00 0.68
XPS
Tabe 7 ZDTC ZDTP
ZDTP
® " Table 6 Fig.8
POV ZDTP
Fig.8
VE PNA
3 TAN
DBPC
MBDBC ZzZDTC TAN
Fig.5
POV
ZDTP
%-
ZDTC+ZDTP DBPC+ZDTP MBDBC+ZDTP
3
Fig.10 240 POV
TAN Table 8
240
Fig.11
ZDTP
ZDTC+ZDTP

2000
g
2 1500
< -4 ZDTC+ZDTP
= -=-DBPC+ZDTP
g 1000 -~ MBDRC+ZDTR
3
< 500
o
L P — S - S
0 50 100 150 200 250
Reaction time, hour
Fig.10 POV traceduringtheoxidationtest
withantioxidants and ZDTP
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Fig.11 Effectofantioxidantsonantiwearproperties

Table8 POVandTANafteroxidationtestfor240hour

Sample POV, ppm | TAN, mg KOH/g
ZDTP 0 0.15
DBPC+ZDTP 0 0.08
MBDBC+ZDTP 17 0.09
ZDTC+ZDTP 38 0.46
Fig.12 ZDTP
ZDTC+ZDTP ZDTC 3
ZDTC+ZDTP ZDTP
ZDTC+ZDTP
ZDTC
ZDTC
ZDTP  ZDTC
Fig.13 DBPC+ZDTP
MBDBC+ZDTP
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ZDTP Oxid.
240h
DW = 0.178mm
(WSD = 0.477mm)

ZDTC+ZDTP Oxid

WSD = 0.484mm)

240h

0.184mm DW = 0.146mm
(WSD = 0.445 mm)

Fig.12 Morphologyofwornsurface(ZDTP+AOQ)

DBPC+ZDTP
Oxid 240h

DW = 0.129mm
(WSD = 0.428mm)

POV

MBDBC+ZDTP
Oxid. 240h

DW = 0.136mm
(WSD = 0.435mm)

Fig.13 Morphologyofwornsurface(ZDTP+AQ)
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