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DESCRIPTION OF THE O, PRESSURE INFLUENCE ON THE
OXIDATION TIME OF MOTOR OILS

. *
R. Riesen and J. E. K. Schawe
Mettler-Toledo GmbH, Sonnenbergstrasse 74, CH-8603 Schwarzenbach, Switzerland

A characteristic index for the oxidation stability this is the oxidation induction time (OIT) which is defined by the time between the start
of oxygen exposure and the onset of oxidation. Pressure DSC is required to increase oxygen concentration in order to achieve faster re-
actions at lower temperatures. OIT measurements of reference engine oils have been used to study the influence of oxygen pressure in
the range from 0.1 to 10 MPa. A power law relationship was derived to describe this correlation between OIT and oxygen pressure.
From this a quantitation factor is proposed to represent the influence of stabilizer. The exponent describes the sensitivity of the oxida-
tion reaction of the oil towards the oxygen pressure and the term ‘inherent stability” is proposed for that.. This relationship characterizes
in more details the oxidation behavior. Extrapolation to higher pressures indicates, that the stabilization effects of additives can be over-

come by the inherent stability. This signifies, that the ranking of the oils can be affected by the oxygen pressure.
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Introduction

The determination of the stability of motor oils is one
of the key issues in reliable ranking of the quality.
Real time engine test cost about US$ 30,000 each and
there were 18-20 engine tests to qualify these oils.
Therefore, a fast screening tool is required to rate oils
regarding oxidation stability. In this investigation ox-
idation induction times and temperatures measured to
characterize reference engine oils.

The measurement of the oxidation induction time
(OIT) is a fast and standardized method to characterize
the stability of organic materials like polymers and oils
against oxygen attack [1]. This accelerated aging test is
performed isothermally at elevated temperature (typically
between 150 and 210°C) in an oxygen containing atmo-
sphere. The time from first oxygen exposure until the on-
set of oxidation is the OIT value. Modern synthetic oils
with anti-oxidative additives are designed to withstand
higher temperatures and longer exposure times than com-
mon mineral oil. In such cases, pressure DSC is required
to shorten analysis time by increasing oxygen concentra-
tion for faster reactions at lower temperatures and to sup-
press evaporation of volatile components. The optimal
temperature and time frame for the OIT measurements
have to carefully be optimized so that even small differ-
ences in stability can be identified. Influences of sample
preparation, experimental parameters and measurement
techniques are described in [2]. The influence of tempera-
ture at elevated oxygen pressure has been discussed in
[3]. In this paper an analysis of the pressure dependence
of OIT is given, based on a kinetic approach.
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Faster testing can be achieved using the oxygen
onset temperature method (OOT, [4]) where the start
temperature of oxidation during heating is measured by
DSC. The increase of O, pressure reduces the onset tem-
perature. But, differentiation of materials can be as-
sessed by the OOT method only if the stabilities of the
materials are not too close to each other, because the on-
set temperatures may be too close if usual heating rates
of 10 K min" are used. Kopsch [5] describes the de-
composition of lubricating oils and additives using the
peak temperatures of the dynamic DSC curves, and low
temperature oxidation of fuels were characterized at
various pressures using kinetic parameters derived from
Arrhenius equation. A car engine test of a lubricating oil
showed how the thermal stabilities measured by TG and
DSC were changing during the usage period [6].

The following study also deals with the ranking of
reference engine oils with respect to oxidation stability.
The influence of the oxygen pressure on the OIT was
determined to check if the ranking is affected by that. A
relationship between OIT and O, pressure should allow
for a better comparison of various oils.

Estimation of the oxygen pressure
dependence of OIT

If all the molecules reacting together are in the sample
the reaction kinetics can be described by

4 ke (1)
dt
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where o is the conversion, k is the temperature de-
pendent rate constant and f{o.) is the conversion func-
tion. Normally, the temperature dependence of & is
described by an Arrhenius-equation. For fla) several
different approaches are used [7]. For instance, the
conversion function is fla.) = (1-a)" for a n"™-order re-
action. In the case of the oxidation reaction the oil ac-
quires oxygen by diffusion. An inhibitor may react
with oxygen and reduces the O, activity for the oil ox-
idation. This should be considered by a modified
equation, e.g.

i—j‘k(ﬂﬂa)fo (co, (1) )

where ¢, (7) is the time dependent O, concentration
and f, is the accelerating function due to the oxygen
concentration in the sample. Equation (2) is a very
strong simplification, and can not hold for an overall
description of the reaction kinetics. However, in the
present situation we are interested in the OIT, tor.
Thus, the kinetics is only discussed for very small con-
version and relative short times. For this purpose
Eq. (2) may be sufficiently precise. For small conver-
sions the following approximations are used:
fo—0) =1 and £, (¢,, (1 >0)) =k cy, (¢), as a nor-
mal n™-order approach. As a consequence of these
conditions Eq. (2) becomes n"-order relating the re-
action rate to the oxygen concentration:

dot

= k(T)kcp, (1) )
dt ’

a—0

In the next step, the time dependence of ¢, has
to be estimated. An oxygen generation process, diffu-
sion, and a consumption process, €.g. a reaction with
the inhibitor; occurs. For the O, concentration follows

dco2
dt

where ¢, is the equilibrium O, concentration, D is the
diffusion coefficient between O, gas and oil, g is a ge-
ometry factor and 7; describes the reaction rate of the in-
hibitor with oxygen. In the case where the consumption
reaction follows n™ order the rate is r; = kicgz. In the

=Dg(c, _COZ)_ri(COZ) (4)

case of first order, the time dependence of the concen-
tration is

coz (t) = CeAc(lfeXp(fbct)) (5)

where b, = gD + k; and A. = gD/b..

If the loss of antioxidants due to evaporation is
taken into account in7; , the ¢, (7) gets a structure like
Eq. (5). However, the parameters b, and 4. are now
dependent on the concentration of the inhibitor con-
centration c;.

A more general approach for ¢, could be the
Avrami equation
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Co, (1) = cedo(1-exp(=bec™)) (6)

which describes the delay of the O, concentration in-
crease due to the inhibitor reaction at the begin of the
oxidation. Simulations of the reaction behavior using
Egs (5) and (6) in Eq. (2) show that both functions for
Co, (1) deliver a fast reaction after an induction period
in which the oxidation is practically not present.

For the discussion of OIT, ¢, (#) is only relevant
in the initial time range (zr —0). It follows from
Eqgs (5) and (6) that

Co, (t - o) = ceAcbct™" (7)

with m =1, 2, 3 for example.
Introducing Eq. (7) in (3) describes the rate at
the beginning by
do ik (b )m e em ®)
dt

Integration of Eq. (8)

%ot torr

[ da=kk (Ab)"c" | t™dr  (9)
0 0
delivers an expression for foyr:

(10)

n
torr = 4,¢, m+1

where 4, = (nm+1)oworrk 'k, (Acbe) ™)™

To get the relation between OIT and the partial
oxygen pressure, p, Henry’s law is used to describe
the pressure dependence of the equilibrium concen-
tration c.

p=Kye, an

where K} is Henry’s law constant. Finally, the combi-

nation of Eqs (10) and (11) describes the oxygen pres-
sure dependence of the OIT as a power law:

tOIT = Ap_q (12)
where 4 = 4,Ky and g = n/(mn+1).

The pre-factor 4 mainly depends on the diffu-
sion coefficient, the rate constants of the oxidation re-
action on the reaction of the inhibitor and the inhibitor
concentration. We suggest to define this factor as a
measure of the ‘quantity of oxidation resistance’ of
the oil. The exponent p represents the slope in an dou-
ble logarithmic log #o;r — logp diagram. If we set m=1,
q is only influenced by the order of the oxygen con-
sumption reaction, Eq. (3), and this parameter is be-
tween 1 and 0.5. If we allow for m to be larger (m>1)
it follows that 0<¢<1. For ¢=0, the oxidation is pres-
sure independent. In such a case oxygen does not play
an important role for the reaction. This is a fundamen-
tal discrepancy, nevertheless we can conclude that a
smaller value for ¢ indicates a larger oxygen resis-
tance behavior which may be called ‘inherent oxida-
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tion stability’. At g=1, every oxygen molecule react
with the oil. In this sense ¢ describes the quality of the
oxygen resistance of the oil. A higher ¢ indicates a
higher oxygen sensitivity.

Experimental

The following motor oils were investigated: SP287
(1006-2), SP288 (1008-1) and SP289 (443-1) from
ASTM TEST Monitoring Center, Pittsburgh PA.
SP289 and SP288 passed a number of Engine Tests
Sequence 111G with an average of 35 and 125% vis-
cosity increase. SP287 failed the tests with an average
of 245% viscosity increase.

The OIT and OOT were measured according to
the ASTM standards using samples of 3.0 to 3.3 mg
mass in open aluminum pans at 3.5 MPa pure oxygen
pressure [1, 4].

A Mettler Toledo STAR® system with HP DSC827°
was used to apply pressure during the DSC measure-
ments. The oxygen pressure was set at room tempera-
ture before starting the heating program. An oxygen
purge gas flow through the measuring cell was estab-
lished using a mass flow controller giving a flow rate of
50 mL min ' at ambient pressure. The pressure was kept
constant during the measurement using an electronic
pressure controller. The OIT method used the following
temperature program: heating from 35 to 195°C at a rate
of 40 K min ' followed by isothermal holding at 195°C
until the oxidation peak was detected. The measurements
were stopped automatically if the DSC signal reached a
value of 8 mW and a delay time of 1 min was added. The
OOT method used a linear heating from 35 to 300°C.

Results
Isothermal measurements (OIT)

The isothermal measurements of the oxidation stabil-
ity (OIT) show a clear ranking of the oils, as the Fig. 1
indicates. This corresponds to the ranking by the en-
gine tests where the SP289 is the most stable one. But,
the oil SP287 did not show a normal steep onset of ox-
idation but only a small exothermic peak after about
20 min. No further oxidation was shown even after
10 h measurement time. This behavior would give
difficulties in routine analysis where the DSC signals
must be bigger than 3 mW [1].

As it could be expected from Eq. (12), the in-
crease in pressure reduces the OIT dramatically
(Fig. 2). As a consequence the differentiation of vari-
ous oils can get more difficult if the times are too
short if selecting the temperature too high.
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Fig. 1 OIT of three reference engine oils. 3.5 MPa O, pres-
sure, 35 to 195°C at 40 K min™' followed by isothermal
holding at 195°C

The reproducibility of the OIT determination
was checked repeating the measurement five times for
each sample at different pressures. The variation of
the OIT values always were smaller than 3 min.

The relationship between the OIT and pressure is
given in Fig. 3, considering the data shown in Fig. 2
for one oil and similar measurements of the other oils.
The oil SP287 behaves differently than the other oils
and shows only a small oxidation peak (Fig. 1). There-
fore, the peak temperature was also determined and de-
scribed in Fig. 3. As a consequence of Eq. (12), the
data should show a linear relationship in the logtor —
logp diagram. Figure 3 shows the good agreement be-
tween the theoretical equation and the experimental
data. Fitting the measuring data according to Eq. (12) a
set of parameters A and ¢ are calculated for each oil
(Table 1).

The OIT at ambient pressure and at lower oxy-
gen concentration (low partial pressure) can be esti-
mated using these parameters. At and high pressure of
approx. 28 MPa the higher stable oils SP288 and
SP289 have the same OIT of approx. 20 min. Beyond
28 MPa, the SP288 seems to be more stable than
SP289, a fact which could be interpreted by the higher
inherent stability of the oil against oxidation. At the
same high pressure of approx. 26 MPa, the SP287
would show a so fast reaction of approx. 9 min that
the onset and peak time are approximately the same.
The parameters A (Table 1) clearly differentiate the
oils in terms of quantity of O, resistance. But, the ¢

Table 1 Fit parameters according Eq. (12) for the data given

in Fig. 3
A/min (MPa)? q
SP287 onset 48.21 0.514
SP287 peak 76.71 0.659
SP288 onset 90.69 0.447
SP289 onset 163.10 0.622
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Fig. 2 OIT measurements of SP288 reference engine oil at
various O, pressures. DSC method: 35 to 195°C at
40 K min™' followed by isothermal holding at 195°C

terms show that oil SP288 has a so-called higher in-
herent oxidation stability. With ¢ being as low as 0.44
this oil is much less sensitive to a change in O, pres-
sure. It can be assumed that the reaction order # for oil
SP289 is n~2 and for SP287 n~1, both with m~1. But
for SP288: m>1 and n~1.

All oxidation reactions of the oils measured show a
small exothermic reaction before the main strong oxida-
tion starts (Figs 2 and 3). These reactions are also influ-
enced by pressure, i.e. the peak or shoulder is reached
faster at high pressure. This may be interpreted as the re-

1007
g
£
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5 A SP287 onset
® SP288
m SP289
104
0.1 1 10
Oxygen pressure/MPa

Fig. 3 Correlation of OIT with oxygen pressure for the three
reference engine oils, measured at 195°C. The lines
represent the linear relationship according to Eq. (12)

action of the anti-oxidant and could also be used to char-
acterize such additives. But this behavior gives some
problems in the onset determination for the OIT. Espe-
cially if the main reaction is weak and the respective
slope of the inflection tangent is not so steep, a signifi-
cant shift in the results would follow.

Dynamic measurements (OOT)

Faster testing can be achieved if the oxidation onset
temperature (OOT), that is the start temperature of
oxidation, Toor, during heating is measured by DSC.
The results of the fast OOT measurements at ambient
and 3.5 MPa pure oxygen pressure are summarized in
Table 2. The three oils are clearly differentiated for
their stability against oxygen attack and show the
same ranking as the engine tests. The most stable
sample is SP289 with an OOT of 253°C. The least sta-
ble oil, SP287, shows an OOT of 232°C only. The
measurements at 0.1 MPa showed the same ranking,
but the results were more scattered. The standard de-
viations of the OOT results at 0.1 MPa are more than
10 times bigger than the standard deviations of the
OOT at 3.5 MPa oxygen pressure. As a conclusion,
OOT measurements require an increased oxygen
pressure for better reproducibility.

Conclusions

OIT makes a fast pre-selection possible of candidate
anti-oxidants in various base oils. Measurements at
ambient pressures need high temperatures to get rea-
sonable OIT values which could lead to evaporations.
The OIT determination at elevated oxygen pressure
proved to be highly reproducible with good ranking
capabilities.

The O, pressure dependence of 7oy follows a
power law. The resulting parameters allow a more de-
tailed understanding of the reaction condition related
to oxidation stability. Extrapolation to very high oxy-
gen pressures indicates that the less stable oil SP288
would be inherently more stable than the SP289. OIT
measurements at different pressures show the influ-

Table 2 Oxidation onset temperatures at two oxygen pressures, measured at 10 K min™

Measurement Too1/°C at 0.1 MPa Too1/°C at 3.5 MPa

SP287 SP288 SP289 SP287 SP288 SP289
1 265.3 280.5 281.0 2322 249.5 252.7
2 262.9 271.9 285.2 232.1 249.1 252.8
3 263.9 274.6 282.6 232.0 249.5 253.1
Mean/°C 264.0 275.7 282.9 232.1 249.4 252.9
Std. deviation/°C 1.21 4.40 2.12 0.10 0.23 0.21
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ence of the stabilizer on the autoacceleration reaction be-
fore the main oxidation starts.

Fast cooling times (approx. 14 min) of the high pres-
sure DSC used do not extend the experimental time in com-
parison to the often used measurements at ambient pres-
sure. OIT gives better differentiation and reproducibility
compared to OOT, but needs up to 100 min, typically.
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