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ABSTRACT

The addition of molybdenum dithiocarbamate {MoDTC)
to engine oil improves the fuel consumption of vehicles.
However, this is also widely known to cause deposit
accretion in the Thermo-Cxidation Engine Oil Simulation
Test ({TEOST 33C). Thus the effects of additives on
TEQST 33C and elementz| analysis of the deposits were
evaluated to analyze the deposit formation mechanism
in TEOST 33C by engire oi containing MoDTC. An
elemental analysis of ceposits revealed that most
consisted of carbide and contained small amounts of
molybdenum compounds. Deposit accretion was not
caused due to the remarkable increase of compounds
derived from MoDTC. It wi s assumed that they acted as
a decomposition catalyst under high temperature .and
induced carbide fo be depaosited.

INTRODUCTION

In recent years, the red.ction of CO, emissions from
automobiles has been strongly demanded ac@ording to
the prevention of global \ arming. The efficiency of an
engine is helpful in imprcving the fuel/@onsumption of
vehicles and many advanced engine #eshnologies such
as variable valve timing, direct injection, furbochargers
and so forth, have teen [evalualed. While the
turbocharger can increast the powwer-and performance
of vehicles without significantly increasing the size or
weight, there is a problem whereby the engine oil which
lubricates the turbocharger, bearing is exposed fo
relatively high temperatures, espedially in air-cooled
turbochargers.*? Excéssivé oil degradation under high
temperatures can calse deposit 'bmlahm and lead to
bearing failure in some turbochargers.®

The Thermo-@xidafion Engine Qil Simulafion Test
{TEOST 33Cpwas/developed as a lubricant lesl i:lrlhe
evaluation /6f, turbocharger-coking properiies* ® This
test was required for the International Lubricant
Standardization and Approval Committee (ILSAC) GF-2
specification’ and is assur ed to apply to ILSAC GF-5,
the next gasoline engine ¢il spedification.? In this test, a
mass of its oceurrir g on the fest piece, called a
depositor rod, when the test lubricant passes the
depositor rod heated at 200 to 480°C, is evaluated.
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The e gine oil alsoplays an important role in improving
the fue | consuription of wehicles. There are two methods
which are widely \accepted for improving the fuel
efficier cy performance of engine oil. One is lowering the
viscosity of the lubricant and the other is an addition of
fricion modifiers. The addifion of friction modifiers helps
the engine oil o reduce engine fricion under boundary
lubricafions,_ Among friction modifiers, molybdenum
dithipcarbamates (MoDTC) is reported to be the most
effecline ' additive in decreasing engine friction and
engine, oil cmlanng MoDTC shows high fuel e'liﬂemy
properties.” ® On the other hand, we examine: the
effects of MoDTC concentraion on TEOST 33C and
report d that the mass of deposits in TEOST 33C was
significantly increased when accompanied with the
addition of MoDTC® Thus, there was a problem with
fuffiling both fuel economy and TEOST 33C
perforr ance for engine oil containing MoDTC.

In this report, the analysis of the deposit form ation
mechenism on TEOST 33C by engine oil contzining
MoDTC was evaluated to estimate the possibility of
having both fuel efficiency and acceptable turboche rger-
coking properties.

EXPERIMENTAL
TEST OILS

Table 1 summarizes the properties of the test oils used
in this study. The oil coded *HMO" was an American
Pefrole um Instifute (APl) SMALSAC GF4 OW-Z0 oil
contail ing MoDTC (Mo=700 ppm). It was prepared from
a combination of Group Il and Group IV base oil stocks
and had ZnDTP with 800 ppm of phosphorus content.
Other test oils were amranged by changing additive
formulations of HMO. The MoDTC and zinc
dithiophosphate (ZnDTP) treatment levels of LM( 1 to
LMO3 and LPO1 to LPO4 were adjusted respeclively.
TMO1 to TMO3 were formulated by replacing the
MoDTC of HMO with other molybdenum compounds to
the ler el of 500 ppm molybdenum content. Thest test
oils we re subjected to TEOST 33C.



Table 1 Test oil matrix

Name Mo Content | P Cor tent Mo Type TEQST 33C

{ppm} ppr ) {mg)
HMO 700 800 MoDTC 7.5
MO 0 800 MoDTC 245
LMO2 350 B0OD MoDTC 335
LMO3 500 B0OD MoDTC 44.6
TMO1 500 800 Mo Amine 496
TMO2Z 500 BOOD MoDTP 452
TMO3 500 8O0 MoP 42 .6
LPO1 700 0 MoDTC 252
LPO2 700 100 MoDTC 41.1
LPO3 700 200 MoDTC 51.3
LPO4 700 500 MoDTC 571

TEOST 33C

TEOST 33C was based or ASTM 6335 The test
condiions are summarized in Table 2. This test was
repeated for 12 cycles, from a depositor rod temperature
of 200°C to 480°C. (Figure 1) In this report, two modified
tests were camied out in addition to the standard TEOST
33C. One was set fo change the number of test cycles to
evaluate the effect of test duration. The other was set to
stabilize the temperature of the depositor rod for 24
minutes to estimate the effect of the depositor rod
temperature as shown in Table 2.

Table 2 Test condifions for TEOST 33C

TEQST 33C| Mod. 1 Mods2

Sample Volums ml 116 116 116
Catalyst (Fa) ppm 100 100 100
Reactor Temp. ji+] 100 100 100
Depositor Rod Temp. G 100-480 200-480_\1400, 440, 480
Test Cycle 12 ] 1
Test Duration min 114 28.5°6% 24
Pump Rats £/ min 04 04 04
Wet Air Flow ml_/min a5 a5 a5
N2O ml_/min a5 a5 a5

g 500

c 400

E 200 x 12 fimes

=114 min

B
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Figure 1 Depositor rod temperature cycle for TEOST 33C
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RESULTS AND DISCUSSION
ANALYSI OF DEPOSIT FORMATION FACTORS

Effects of engine oil additives

The test 1esults for HMO and LMO1 #6,L MO3 showe d
the relationship between MoDTC coricentration and tre
mass of deposits in TEOST 33C*(Figlre 2) The ma: s
of deposits increased along with increases in tre
addition ¢f MoDTC. In particular, With more than 3£0
ppm of nolybdenum content, the addiion of MoDTC
permitted a significant increase inrde posit formation.
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Figure | Effects of MoDTC content on TEOQST 33C

The effects of molybdenum type on TEOST 33C is
detailed it Figure 3. In Figure 3, all test oils contained
500 ppr of mol content. The type of
molybdenum compounds for LMO3, TMO1, TMO2 ard
TMO3 were MoDTC, molybdenum amine complex,
molybdenum dithiophosphate {MoDTP) ard
molybdenum phosphorus complex, respectively. All of
these prcvided the same level of deposit formaticn
regardles: of the molybdenum compound type. This
revealed that high concentrations of mol

compount s induced deposit accretion in TEOST 33C in

spite of their complex structure.
Mo Content=500ppm
40
20
0
LM 3 ™O1 ™02 ™M
{MoDTE {Mo Amine) {MoDTP) {MoP)

Figure 3 Effects of Mo type on TEOST 33C

The relationship between ZnDTP content and the mas s
of deposits in TEOST 33C was determined through tt e
test resulis for HMO and LPO1 to LPO4. (Figure 4) A
reduction of ZnDTP caused the suppression of depos it



formation. In particular, deposit formation was
significantly suppressed witt less than 200 ppm of
phosphorus content, even if tl e test oil contained a high
concentration of MoDTC. It was suggested that the
coexistence of MoDTC and ZnDTP would lead to an
increase in deposit formation on TEOST 33C.
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Figure 4 Effects of ZnDTP 1 ontent on TEQST 33C

Engine oil containing MoDTC and no ZnDTP was able fo
satisfy appropriate TEOST 33C properties. However, a
deterioration of antiwear perfc rmance was apprehended
due to the lack of ZnDTP." In addition, it was generally
accepted that the low fricion property mechanism of
MoDTC forms a molybdenum disulide (MoS.) layer
under boundary lubrication.' 2 In forming MoS; single
sheets, ZnDTP and other sulfurized compounds played
a significant role as a sulfur source for MoS;. Engine Gil
without ZnDTP could not maintain the low frigtion
properties of MoDTC during 1 ileage accumulation. The
addition of ZnDTP was essenfial for low friction retenfion
and oil without ZnDTP was not able to fulfil both,fuel
consumpfion and TEOST 33C performances.

Effects of test temperature

The depasitor rod temperature of TEOST83C Was set to
200 to 480°C. The maximun temperdiure Simulated a
very hot trbocharger impeler shaft® THe HMO was
subjected to TEOST 33C for which the depositor rod
1 alure was set to a stat le eondifion from 400°C to

'C for 24 minutes in order to evaluate the effects of
the test temperature. The dest results are shown in

Figure 5.
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Figure 5 Effects of Depositor Rod Temperature
on TEOST 33C
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When HA O was applied to the modified TEOST 33C
with a temperature of 4B0°C, the HMO caused a
substantizl amount of deposit (47.8 mg), although this
was not as much as standard test with, 735 mg.
However, the deposit formation was remarkablyreduce d
when the depositor temperature was set 10 a stable
temperature below 440°C. These resulis indicated that
the high femperature test conditioni sugh as 480°C
promoted deposit accretion by engife) oil containirg
MoDTC i TEOST 33C. As previously described, tte
coexistern e of MoDTC and ZnDTP. was suggested to
lead fo an increase in depoSit, formation on TEOST 331 .
They were reported fo (be thermally demn;nsed at
below 400°C."" It was) revealed that
decomposiion of MoDIC and ZnDTP wm.ld not
influence deposit accretion i TEOST 33C.

ELEMENT AL ANALYSIS OF DEPOSITS

After TEC ST 33C, the deposit was collected from tte
depositor rodand then subjected to CHN-O analysis,
fluorescert X-ray analysis and XPS to estmate tte
deposit ' rmation mechanism. Figure 6 showed tte
elemental \analysis results of the deposit from HM( |
LPOf and LPO4. In all test oils, 40 to 50% of the depos it
was ‘comy rised of C, H, N, O and the remainder were
elements derived from engine oil additives and ferric
naphtenate which was used as a catalyst. The elemental
analysis zlso suggested that the rafio of C, H, N, O in
the deposit increased along with the deposit accretion.

100%
B0%
60%
40%
20%

0%

(4.5mg) (57 1mg) (25 2mg)
B Elamants from oil additives and catalyst
BGC,HNO

Figure 6 Elemental analysis of deposit

The detailed elemental analysis results for the depos it
are described in Figure 7-9. Figure 10-12 shows tte
elemental composifion of each fresh oil. In compariscn
with the 1 lemental composition of fresh oil, elemental
analysis of the deposit indicated that Ca would te
deposited more easily than other elements derived from
oil additive s. Though coexistence of MoDTC and ZnDTP
induced deposit accretion, elements such as Mo, Zn ard
P derived from MoDTC and ZnDTP did not accumulate
in the deposit in excessive amounts. The deposits of
HMO, LPt 1 and LPO4 presented similar Mo contents in
spite of the deposit mass, and the ratio of Mo, Zn and P
o elemerts from oil addiives was at almost the sane



level as that in fresh oil. XI S analysis indicated that 33C. As previously described, a stable depositor rcd

mast of the Mo in the HMO de¢ posit existed as MoS; and temperaiure test showed that deposits were significanily
molybdenum trioxide (MoQ,). This revealed that deposit increased by the addition of MoDTC only tre
accretion by adding MoDTC was not caused due o a depositor rod temperature was set to 480° 5)
remarkable increase in molyt denum compounds in the The resulis of a test with a varying number also
deposit. The addition of MoDTC to engine oil was confirmed the behavior of Mo compo t.
assumed to accelerale deposit accrefon by (Figure 12) ®
accumulafing carbide in the di posit. &
P 0.08%
P 66% B 0.02%
5 11.1% 50.34%
Ca 16.7%
Ca 0.19%
Fo 28%
Zn 86% Zn0.0%
Mo 41% Mo 0.07

(73.5mg, P=800ppm)

8

n &
Mo 5.9%
Figure 8 Elemental analysis of deposit by .
LPO4 (57.1mg, P=500ppm) ‘h Figure 11 Elemental composition of LPO4
\ B0.02%
08.8%
N1.1% 516.0%
H26% \ : 50.25%
Ca295
* Ca0.19%
c
27 3% Fa 6.8% o 0.07%
Mo 8.0%
ph il analysis of deposit by LPO1 Figure 12 Elemental composition of LPO1
. ' Table 3 Changes in the neutralization numbers in
Though it ed that oxidative degradation of HMO
test oi deposit of carbide, litle change was
se ization nun bers of HMO after TEOST Fresh O After
33C. 3) Meanwhile, molybdenum compounds TEOQST 33C
were wi accepted to have a cafalytic effect. It was Add number mgKOH/g 213 1.59
o o e e oo |pase Number (c_imgtonty | 586 466
a I accretion. 5
idea was supported by the results of a modified TEOST Base Number (HCIO,) |mgKOH/g 6.54 6.44
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Weight in Deposit(g)
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In LMO1 which contained no MoDTC, an increased ratio
of deposit mass was reduced with an increase in test
cycles. In conftrast, the dejosit mass of HMO was
increased with an increase ir test cycles. The mass of
each element in the HMO deposit in tests of both 6 and
12 cycles was calculated bated on elemental analysis.
{Figure 14) The mass of elen ents with the exception of
C and O for the 12 cyde test was twice as much as that
of the 6 cycle test. The mass of C and O for the 12 cyde
test was significantly increased compared with that of
the 6 cyde test. This suggested that the increase
resulted in deposit accretion by engine oil containing
MoDTC. This result coinci ed with the result that
indicated the ratio of C and O in deposits was increased
with deposit accrefion. Thus, it was assumed that the
reactant of molybdenum ocompounds and ZnDTP
induced the oxidization or de composition of engine oil
under high temperatures such as 480°C and led fo
increased deposit formation by inducing deposits of
carbide in engine oil containing MoDTC.
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Figure 13 Effects of the number of test cycles
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Figure 14 Calculated'val. e of elemental mass in 6 and
12 cycle tests

CONCLUSION

In this( report, the analysis of the effects of engine oil
additives’ and deposit composition was evaluated in
order to apalyze the deposit formation mechanism in
TEOST 33C by engine oil containing MoDTC. The
conclusion is as follows.

4

» The addition of molybdenum compound and ZnDTP
| caw ed remarkable deposit accretion in TEOST
33C.

+ Engine oil containing MoDTC induced (h;n it
formation under high temperatures such.as 480°C.

+ Approximately half the deposit was comprised of
carbide and compounds derived, from MoDT( ;
ZnDTP did not accumulate in dépositsin excessive
amounts.

+ The ratio of C and O increased along with depos it
accretion.

+ The rafio of deposit ‘accrefion increased with &n
increzse in test duration for-engine oi containir g
MoDTC. C and O were especially induced to te
deposited.

These results”  indicated that the reactants of
molybdenumgeompotnds and ZnDTP induced ftte
oxidizatior Jor decomnposition of engine oil under hich
temperatiresisuch as 480°C and led to increased
deposit formation by inducing carbide to be deposited in
engine ol containing MoDTC. Meanwhile MoDTC ard
ZnDTP were essential for fuel efficiency properties. In
ILSACGF 4 spedificafion oils, no engine oil with more
than 500 ppm of mol has been confirmed to
show reletively good TEOST 33C performance (less
than 25 1 g of deposits”), which does not necessary
mean they cause deposit formation and lead to bearir g
failure in turbochargers.
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