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ABSTRACT

Time domain, also named lowfield nuclear magnetic resonance is used to monitor oil degradation by
measuring relaxation and diffusion. As quality control of oils is indispensable to optimize oil change
intervals while simultaneously preventing machinery damage, the technique was applied to detect the
degradation state of engine oils as time domain nuclear magnetic resonance is known as a well suited
tool to measure quality control parameters for example in food industry. Correlations with commonly
applied oil analytics like viscosity measurements and inductively coupled plasma optical emission spec
trometry allow to interpret relaxation and diffusion data in detail and finally to deepen the understanding
of oil aging processes. Additionally, the measurement temperature was varied to achieve the maximum
sensitivity towards oil aging. Low field NMR is not only realized in form of table top instruments, but also
in form of field cycling and single sided NMR devices. Fast field cycling as well as single sided NMR were
also explored to study oil aging and to provide valuable insight. The latter device was used to obtain

information about translational diffusion and transverse relaxation of oils simultaneously.

1. Introduction

Oils are an integral part of an engine and have a significant
influence on its functional and damage behavior. During engine
operation, the physico chemical properties and accordingly the
performance of the oils change with the environmental stress.
Changes predominantly occur due to particulate contamination,
oxidation, mechanical and thermal stress [1,2].

Engine oils mostly consist of a base oil and 5 20% of additives
[3]. The characteristic properties of lubricant oils are determined
by the additives and depend on the application. A deep under
standing of functionality and aging processes is indispensable also
because of the diversity of nowadays existing oils. Many com
monly accepted methods for oil analysis exist like infrared (IR)
spectroscopy, mass spectrometry coupled with gas chromatogra
phy (GC MS), inductively coupled plasma optical emission
spectrometry (ICP OES) and nuclear magnetic resonance (NMR)
spectroscopy. Previous studies proved high field NMR
spectroscopy to be a good method for the analysis of chemical
composition of oils [4 8]. Besides the degradation of additives also
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the formation of oxidation products is detected. In conventional 'H
one dimensional spectroscopy, the peak overlap complicates the
detailed interpretation of these 1D spectra.

An alternative to characterize motor oils came into the focus of
research and bases on the investigation of molecular dynamics
using low field NMR (LF NMR) relaxation and diffusion, often
called time domain NMR (TD NMR) combined with adequate data
modeling [5,9 11]. Also with the perspective of quality control
(QC) this approach is promising. These devices in contrast to
highfield NMR are much cheaper and robust regarding environ
mental influences. Especially in food industry TD NMR has become
an important tool for QC e.g. to analyze moisture and water
content in the presence of lipids [12 14] or to determine the solid
fat content in fat mixtures to name two prominent examples
[15 17].

This study targets the monitoring of engine oil degradation in a
motor test rig using NMR relaxation and diffusion. Correlations
between established analysis methods like viscosity measurement
and ICP OES and the NMR parameters are explored with respect to
the suitability as a tool for QC on oil degradation. In order to find
the maximum sensitivity regarding oil aging, diffusion and relax
ation were measured at different temperatures. As both, relaxation
and diffusion, show sensitivities towards oil aging which strongly
depend on the oil's composition and aging processes, a grouping
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of the measurement methods was attempted by exploiting single
sided NMR, too. It is well known that transverse relaxation and
diffusion determine the signal decay in multi echo sequences due
to the large static magnetic field gradients of these devices. These
measurements are complementary to the named ones and open
up the field to construct dedicated sensors for QC of engine oils.

2. Theory

In order to obtain characteristic NMR parameters to describe
the state of engine oils, data modeling is a common approach,
which essentially results in a reduction of the dimensionality of
the data sets. As oils are multi component systems, the question
arises how to model relaxation and diffusion decays adequately.
Commonly applied methods are modeling via exponentially decay
ing functions, the numerical approach of inverse Laplace transform
as well as the consideration of discrete distributions of relaxation
rates and diffusion coefficients.

In '"H NMR, most often the homonuclear dipolar couplings dom
inate longitudinal as well as transverse relaxation. However, para
magnetic relaxation enhancement (PRE) cannot be neglected if
magnetic moieties are present in a sample. Especially the trans
verse relaxation is enhanced considerably by (super ) paramag
netic particles, whereas the longitudinal relaxation is more
sensitive to small paramagnetic ions, molecules or clusters with
longer correlation times of the unpaired electronic states [18 21].

2.1. I distribution for describing relaxation and diffusion data

The main advantage of an analytical model considering explic
itly a distribution is its numerical stability when compared with
numerical inversion algorithms as inverse Laplace transform for
example. In the case of the I'" distribution mean values of relax
ation rate or diffusion coefficient and the corresponding distribu
tion width are obtained directly. The echo decay for diffusion can

be written within this model as [22]:
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where I, is the signal intensity corresponding to the condition
k (ygs)? (A 9 0,7 being the gyromagnetic ratio, g the gradient
amplitude, ¢ the gradient pulse duration and A the diffusion time. In
Eq. (1) (D) corresponds to the mean value of the self diffusion coef

ficient and o to the width of the Gamma distribution Pg (indicated
by “G”). Pg as a normalized distribution density has the inverse unit
of the described parameter, i.e. s/m? in the case of diffusion and s in
the case of relaxation distribution. Please note that the approach is
not limited to a single distribution, but can be extended to multi

modality. Similarly, in the case of transverse relaxation the magne

tization decay can be expressed as [5]:
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with the initial magnetization My, the mean transverse relaxation
rate (R,), and the distribution width og,. The magnetization M
depends on the time t of the NMR experiment.

Also the mean longitudinal relaxation rate (R;) and the distribu
tion width gg; can be obtained within the I' model withn 0 for
saturation recovery and n 1 for inversion recovery when model
ing the magnetization according to Eq. (3):
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2.2. Dispersion of spin lattice relaxation

The spin lattice relaxation (R,) shows a pronounced dispersion
as a function of Larmor frequency. It is sensitive to the dynamic
states of a molecular system, thus being a powerful tool for the
characterization of a variety of materials [23]. Measurements can
be conveniently performed by fast field cycling (FFC) NMR relax
ometry [23 25]. It was already used to study different motor oils
and their aging [20]. There are two main questions arising within
this context: (i) at which Larmor frequency the maximum sensitiv
ity to oil aging is expected (as observed by a change in spin lattice
relaxation) and (ii) is the dispersion of the spin lattice relaxation
sensitive to oil aging? Both aspects, as revealed by the measured
dispersion curves, can be conveniently quantified in terms of the
involved physico chemical parameters. In order to obtain the set
of parameters that characterize the sample, a model that consis
tently explains the observed dispersions is needed.

Apart from a possible PRE caused by abrasion, leading to
(super ) paramagnetic particles in the aged oils, 'H spin lattice
relaxation is dominated by homonuclear dipolar relaxation. As a
first approach, the 'H spin lattice relaxation dispersion can be
modeled by considering translational diffusion plus a Lorentzian
term for the account of molecular rotations (or functional groups
of them) [26].

2.2.1. Contribution of translational diffusion to R;

The translational diffusion of molecules statistically affects the
homonuclear dipolar interaction (also named dipol dipol interac
tion, therefore abbreviated as DD) on short time scales and there
fore leads to spin lattice relaxation [27,28]. To describe the spin
lattice relaxation due to translational diffusion RTTDD under the

assumption of random motion and small diffusion correlation
times 7p the following expression was found [24,26]:
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where Ap is a constant related to the dipolar couplings squared, and
J(x) is the spectral density given by:
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time 7p and @, 2mv, where vy is the Larmor frequency.
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2.2.2. Contribution of rotations and vibrations to R;

Both molecular motions are usually effective in relaxing nuclear
magnetization. In an extremely simplified picture, we may con
sider an average correlation time. Dominant Lorentzian processes
with correlation times in the range of 10® 10°s are usually
ascribed to rotations of molecules [26,29]. Fast motions and reori
entations of functional groups are usually non dispersive and char
acterized by shorter correlation times. The spin lattice relaxation

rate due to rotational motions R¥}, can be described as:
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where 7y is the rotational correlation time and Ag a constant again
determined by the dipolar couplings squared.

Assuming the statistical independence of these two contribu
tions, the total spin lattice relaxation rate due to homonuclear
dipolar relaxation can be written as [24]:

Riop  Ripp + Ri%p- (7)



3. Materials and methods

Nine engine oil samples of specific runtimes from an engine test
rig were investigated. The total runtime of the engine tggne Was
1452 h. Oil changes were performed after 665 h and 1251 h. The
density d,; of the fresh oil is 845 kg/m>. The kinematic viscosity
v was measured at 313 K (Table 1).

In order to get information about impurities in the oils, element
analysis was performed using ICP OES. ICP OES results do not give
information about the oxidation state and thus about the mag
netism of the measured elements. As it is well known that PRE is
rather strongly contributing to transverse and longitudinal relax
ation, and as additionally (super ) paramagnetic abrasion occurs
in engines, a first approach was made: The amounts of iron, copper
and molybdenum were summarized in a worst case scenario of
maximum (super ) paramagnetic concentration in Table 2. Cpara
then is the maximum total concentration of potentially paramag
netic compounds.

Longitudinal relaxation was measured via fast FFC NMR using
the Stelar SPINMASTER FFC2000 NMR relaxometer and with a Bru
ker “the minispec” mq20 time domain NMR with a 'H Larmor fre
quency of 20 MHz. R; dispersions obtained by FFC NMR were
measured in a Larmor frequency range from 30 kHz to 15 MHz.
Compensated pre polarized (PP) and non polarized (NP) sequences
[25] were applied. The measurement temperature was varied
between 283 K and 353 K and kept constant by active thermoset
ting the sample chamber in the corresponding NMR probes. R;
relaxation measurements at 20 MHz using the Bruker “the minis
pec” mq20 analyzer were performed by progressive saturation
recovery (Table 3). The measurement temperature for these mea
surements was varied between 293 K and 373 K.

Transverse relaxation was measured by the 20 MHz time
domain Bruker “the minispec” mq20 applying a CPMG (Carr
Purcell Meiboom Gill) multiecho sequence [30] (Table 3). As in
most of the LF TD NMR instruments no chemical shift resolution
is available, the echo maxima were processed for determination
of magnetization decay. Care was taken to not loose fast decaying
magnetization components via variation of the echo time, resulting
in the final value of 250 pus (Table 3). For modeling the magnetiza
tion decays, the I distribution approach was applied (Eq. (2)) [5].

Diffusion measurements were performed on a 200 MHz instru
ment (DRX, Bruker) equipped with a Diff30 probe with gradients
up to 12T/m using a Pulsed Field Gradient Stimulated Echo
sequence (PFG STE, for example [31]) (Table 4). Temperature was
varied between 293 and 373 K. It is given for each measurement
in the description of the figures.

The pseudo 2D data sets were 1D Fourier transformed along the
dimension of data acquisition. The signal attenuation in the spectra

was recorded as a function of g2 (ysg)?. Data was analyzed using

Table 1

the I" distribution model (Eq. (1)) [22]. To obtain a representative
measure for a possible QC application of diffusion NMR, only the
signal around 1.3 ppm in the aliphatic region was analyzed consid

ering that the most prominent peak in oil spectra is the peak of the
aliphatic CH, groups together with the nearby CHs3 groups which
mainly belong to the oil molecules, therefore exhibiting the same
diffusion coefficient. As the concentration of oils is much larger
than that of additives, no differentiation was made along the gra

dient axis. The gradient was stepped within the significant range
providing the complete range of signal attenuation. Care was taken
to avoid artefacts at small gradient amplitudes.

To investigate the possibilities of TD NMR in QC of oil all sam
ples were measured in their original state without any dilution. A
single sided NMR device inspired by the NMR MOUSE® (Mobile
Universal Surface Explorer), which has been developed at RWTH
Aachen [32], was used. Major advantages of these devices are the
small size, low costs, independence of sample geometry and there
fore the minimum sample preparation. As the sample tube only
has to be put onto the probe, the method is completely non
destructive and non invasive with low costs for sample handling,
preparation or dilution. Due to the high static magnetic field gradi
ents of these devices, relaxation and diffusion can be measured
simultaneously. Furthermore, there is no serious limitation in the
case of (super ) paramagnetic contaminants being present in aged
oils. CPMG was used while varying the echo time 27g, where 27; is
the time between two refocusing pulses, with the inherent possi
bility to differentiate the effect of translational diffusion from
transverse relaxation [33]. The magnetization decay directly
depends on the experiment time t nx* 27 and can be described
by:

M(©) Moexp (e +337°DE250))  Moexp( tRug)  (8)

with the static, effective field gradient g of the main magnetic field
By, the diffusion coefficient D and the effective transverse relaxation
rate Ry.;. As the magnetization decay depends mono exponentially
on the experiment time ¢t when assuming a simple liquid, combined
diffusion and transverse relaxation can be measured resulting in
Roer [33 35]. The device used in this work has a Larmor frequency
of 22.5 MHz, which corresponds to a magnetic field of 0.528 T. The
echo time 7; was varied between 0.15 ms and 0.95 ms in steps of
0.1 ms. For each echo time, 160 scans were acquired and averaged.
In order to obtain R, the data was analyzed using the T
distribution model while allowing for a small offset in the data.

In the following, no error bars are shown. However, it should be
noted at this point that the deviations of the measured data
amount to a maximum of 10%.

Characteristics of the investigated oil samples. The stars indicate the samples being used to calculate the relaxivities (see 4.1.3).

Oil sample Oil change interval Engine runtime tgpgine [h] Qil runtime tq; [h] Kinematic viscosity v [mm?/s] at 313 K
1* 1st interval 0 0 55.69
2 223 206 55.19
3 429 412 58.29
4 665 648 65.60
Oil change

5% 2nd interval 845 180 56.51
6 1072 407 59.31
7 1251 591 64.68
Oil change

8 3rd interval 1365 109 56.58
9* 1452 196 57.17




Table 2

Potentially paramagnetic compounds of the oil samples listed in Table 1, measured by ICP-OES.

Qil sample Qil change interval Iron Fe [g(Fe)/kg(total)] Molybdenum Mo [g(Mo)/kg(total)] Copper Cu [g(Cu)/kg(total)] Cpara [8(Cpara)/kg(total)]
1* 1st interval 0.001 0.046 0.001 0.048
2 0.011 0.051 0.022 0.084
3 0.020 0.057 0.032 0.109
4 0.032 0.063 0.040 0.135
Oil change
5* 2nd interval 0.008 0.053 0.011 0.072
6 0.014 0.058 0.015 0.087
7 0.019 0.061 0.017 0.097
Oil change
8* 3rd interval 0.006 0.051 0.005 0.062
9* 0.016 0.055 0.010 0.081

Table 3

Experimental parameters for R; and R, relaxation measurements using a Bruker “the minispec” mq 20 and the FFC-relaxometer.
Measurement parameter for Ry TD-NMR (progressive saturation) for R, TD-NMR (CPMG) for FFC-NMR
90° pulse duration 5.52 us 5.52 us 7 us
180° pulse duration 11.04 ps 11.04 ps -
Echo time t¢ - 250 ps -
First recovery delay 3ms - -
Increment factor 1.2 - -
Last recovery delay 1s (at 293 K)-3.7 s (at 373 K) - -
Polarization time - - 05s
Polarization field - - 15 MHz
Detection field - - 14.19 MHz
Profile points - - 20
Number of points per field 32 1200 (at 293 K)-11,000 (at 373 K) 16 blocks
Recycle delay 0.06 s 1s 03s
Number of scans 16 16 4

Table 4

Experimental parameters for diffusion measurements.
Measurement parameter Value
First delay 5ms

Gradient pulse duration &

5.5 ms (at 293 K, 303 K)
and 3 ms (at 313 K)

Maximum gradient amplitude g 3-10T/m
Diffusion time A 100 ms
Acquired data points 8192
Repetition time 15s

4. Results and discussion
4.1. NMR relaxation

First, the dispersion of Ry, second the R, relaxation rates will be
discussed and subsequently related to classic parameters like vis
cosity and paramagnetic impurities.

4.1.1. Dispersion of the longitudinal relaxation

Ry values were determined by a mono exponential fit on the
measured magnetization evolution. The application of the I fit
was exemplarily checked and led, independent of the Larmor fre
quency, to 10% higher mean relaxation rates compared to the rates
obtained by a mono exponential fit. The relaxation dispersion
shows clear signatures of aging, exemplarily shown for the first
oil change interval in Fig. 1a. With increasing runtime the relax
ation rates increase. The differences in R;(vo) between the oils
additionally increase with decreasing Larmor frequency. Regarding
R, as a function of the Larmor frequency vy and the engine runtime
tengine in Fig. 1b, also the oil changes can nicely be detected. Thus,
the largest differences between the aged oils are found at 30 kHz
leading to the conclusion that, when aiming for a sensitive analyt

ical QC tool exploiting R;, longitudinal relaxation has to be mea
sured at very low magnetic fields. According to Eq. (7), the
dipolar spin lattice relaxation dispersion of liquids is dominated
by the two main relaxation mechanisms, the translational diffusion
and the molecular motions. Applying these equations, the longitu
dinal relaxation dispersion (Fig. 1a) can be modeled with parame
ters summarized in Table 5 [26].

4.1.2. Transverse relaxation

In contrast to longitudinal relaxation, transverse relaxation is
less dependent on the external magnetic field. R, was measured
at 20 MHz using the Bruker “the minispec” mq20. The T
distribution model seemed to describe oil transverse relaxation
data in the physically most meaningful way [5]. Therefore, the
relaxation data has been processed using this model. With increas
ing engine runtime the magnetization decays faster, exemplarily
shown for the first oil change interval depicted in Fig. 2a. The cor
responding relaxation distributions (Fig. 2b) analyzed by the I
distribution model show an increase in the mean relaxation rate
as well as in the distribution width with increasing engine runtime
tEngine-

Changes in the distribution widths over the runtime are a first
sign for changes of the oils’ composition. Also oil changes can
nicely be detected as jumps in the mean transverse relaxation rate
(R;) after an oil change. (R;) starts to increase again with engine
time (Fig. 3).

4.1.3. Relation to viscosity and paramagnetic impurities

In order to correlate these findings to common analytical mea
sures in the field of oil QC, viscosity data as well as particulate
impurities were considered (Table 1). Both parameters increase
with increasing oil runtime to;. According to relaxation theory,
the most prominent 'H relaxation path in diamagnetic liquids is



40 - ' ' -
‘ -
25 E ep | Oil change 2
" i [ on changeI Bl 28
'. fy
s ] “ L 24
@ | .
T '. F20 =
> 201 1 il "
|I '” [T L w) F
| u'.wﬂ‘ Il “'HP‘\M\I ‘ll' ml | H' *
oot Al ”“ }
15 i r'ﬂ"“'ﬂ?ﬂ‘.\””'* “MI| i
Vol “:I‘IHMJ‘“‘MHU IMT M i
AR w“‘”\"“ i H 2
| “H“:l‘ }l’\”','”hl“h | H 107
\ ."Hu““‘fﬂ‘ ! ‘””H”" “ ‘ 2as
10 . . , Il el -
10¢ 105 10° 107 £ & >
Hz F §F 0+
VO[ ] &= Eroine [77]

Fig. 1. Relaxation dispersion of longitudinal relaxation rate between 30 kHz and 15 MHz measured by the FFC2000 NMR relaxometer. All data was measured at 298 K. (a)
Relaxation dispersion of longitudinal relaxation rate measured on fresh (0J) and three used oils - tggine= 223 h (O), 429 h (A) and 665 h (+) of the first interval. The points at
20 MHz (gray) were measured using the Bruker “the minispec” mq20. The black lines show the fit according to Eq. (7). (b) R as a function of the engine runtime tgg, and the
Larmor frequency vo. R; increases with increasing runtime, the biggest differences being at 30 kHz. Oil changes can be detected

Table 5
Parameters of the fits of Eq. (7) to the data in Fig. 1a (black lines).
Parameters Engine runtime tgpgine
Oh 223h 429 h 665 h
/Ap(kHz) 12+11 11+8 11+6 13+8
(107 s) 1.27 £0.76 1.74+0.74 2.03+0.45 2.12+0.63
VAr(kHz) 34:6 3515 364 365
7R(10 9 s) 291+0.17 2.84+0.18 3.04+0.11 3.22+0.20
(@) 1, : : : : : (b) 0.06 . : :
0.8 - 0051 |
— —, 0.044 |
L 064 . £,
3 R
E 0.03 + E
z %
= 04 : a
0.02 1 4
0.21 1 0.014 1
0.0 T T T T T 0.00 T T T
0.0 0.1 0.2 0.3 0.4 05 0.6 0 20 40 60 80
n 1 [s] R, [1/s]

Fig. 2. (a) Transverse magnetization decays for oils of the first oil change interval measured at 298 K: 0 h (black), 226 h (dark gray), 429 h (middle gray), 665 h (light gray).
With increasing runtime, the transverse magnetization decays faster. (b) The relaxation rate distribution P; depends on the engine runtime tggin, also shown for the first oil

change interval -
mean relaxation rate is observed.

due to fluctuations in the homonuclear dipolar couplings [27].
Paramagnetic substances lead to the additional non negligible
relaxation PRE. Thus, for oils containing paramagnetic particulate
contaminations, besides fluctuations of the '"H 'H dipolar interac
tion, those of the hyperfine interactions leading to PRE also have to
be taken into account.

In a first crude approximation, the paramagnetic relaxation
enhancement is related to the proportion of paramagnetic particu
late contaminants in the oil, and the dipolar interaction can be
related to viscosity. When measuring the relaxation rate and

0 h (black), 226 h (dark gray), 429 h (middle gray), 665 h (light gray). With increasing engine runtime, an increase in the distribution width as well in as the

knowing the viscosity as well as the concentration of paramagnetic
contaminants Cpar, the contribution of dipolar interaction and PRE
can be separated when first quantifying the PRE and second using
the analoguos equation to Eq. (7) for dipolar relaxation and PRE.
The relaxation rate due to PRE R;pre is known to be proportional
to the particles concentration and to their relaxivity r;:

Ri.PRE riCpara (9)

The mean relaxation rate now can be calculated in a first
approach by:
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Fig. 3. The mean transverse relaxation rate (R,) and its distribution width
(represented in form of error bars) depend on the engine runtime tgpgn., measured
at 298 K. With increasing runtime ty;, the mean relaxation rate increases. Oil
changes can be detected as (R,) drastically decreases after an oil change and then
starts to increase again.

0 500

Ripre + Ripp (10)

Due to the fact that four of the analysed oils show similar values
of viscosity v but different relaxation rates Ry, (R,) and cparq at the
same temperature of 313 K (Tables 1 and 2 marked with *), these
samples were well suited as a basis for an estimate of r; and r,.
In a linear fit of R; and respectively of (R,) versus Cpara (EQ. (9)),
the corresponding relaxivity are given by the slope. The longitudi

nal relaxivity has a value of r;

Ri,mean

51.22 "gy;@m”s, the transverse relax

&(cpara)

93.96 %, when assuming that the oxidation states
para

of Fe, Cu and Mo detected by ICP OES are completely paramag
netic. This assumption is a worst case estimation, as not all of
the amounts measured via ICP OES are necessarily paramagnetic.
Under this assumption the contribution of homonuclear dipolar
relaxation can be determined according to Eq. (10). It can nicely
be seen that the dipolar relaxation for both, longitudinal and trans
verse relaxation, stays almost constant (Fig. 4). Analyzing the PRE
relaxation rate as a function of the oil runtime ty;, the contamina
tion is slightly higher in the first interval than in the following

ivity of r,
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ones. As the motor was completely new at tgge 0 h, and abra
sion phenomena especially take place during the first operating
hours the highest amount of particulate contamination occurs in
the first interval. As expected for particulate paramagnetic impuri
ties, the PRE contribution has a larger influence on the total trans
verse relaxation rate than on the total longitudinal relaxation rate.

4.2. Diffusion

Diffusion measurements were performed at different tempera
tures and were analyzed within the I distribution model
(Eq. (1)) [22].

With increasing oil runtime t,; the mean diffusion coefficient
(D) clearly decreases (Fig. 5b). After 665 h and 1251 h, oil changes
were performed. As a consequence of adding fresh oil, (D) directly
increases drastically and then starts to decrease again. The same
behavior was observed for the third interval. The diffusion coeffi
cient distribution broadens slightly with increasing to; whereas
the distribution width of the oil sample after tg,g, 665 h again is
slightly smaller (Fig. 5a). Changes in the oil composition are the
reason for this change. 1D 'H spectra (not shown) e.g. revealed
changes in the aromatic spectral region, as polycyclic aromatic
hydrocarbons (PAH) are formed due to incomplete combustion.
Also the depletion of additives was detected [4,5]. Compared to
transverse and longitudinal relaxation at low magnetic fields, (D)
(measured at 200 MHz) is less sensitive towards oil aging in this
special case of engine oils. Furthermore, the opposite trend com
pared to (R,) is observed, as (D) decreases and (R,) increases with
increasing oil runtime.

Evaporation of volatile oil compounds and formation of oil
insoluble compounds might be the reason for the decrease in (D)
[8]. The diffusion coefficient is given by the squared mean displace
ment in a certain time period in the picture of thermal Brownian
motion and is directly related to viscosity. Many relations exist
[36]. A simple and simultaneously most common representation
is provided by the Stokes Einstein relation [37]:

ksT

67TV,iR (1)

with the Boltzmann constant kz, the absolute temperature T, the
kinematic viscosity v and the density J,; of the media. R is the
radius of diffusing moieties.

Plotting (D) over the inverse kinematic viscosity leads to the
expected increase in (D) with inverse viscosity v (Fig. 6). Applying
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Fig. 4. (a) Longitudinal relaxation rate and (b) transverse relaxation rate (black OJ) and the contributions of dipolar (light gray O) and paramagnetic relaxation (dark gray A)
as a function of the engine runtime tgngne. R and (R,) were measured at 313 K as was the viscosity. Dashed lines indicate the oil changes.
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Fig 5. (a) Distribution P; of the diffusion coefficient D for different engine runtimes tgyg in the first oil change interval measured at T=293 K - 0 h (black), 226 h (dark gray),
429 h (middle gray), 665 h (light gray). With increasing tgyin. a decrease in the distribution width was observed. The mean diffusion coefficient decreases with tggne. (b) Mean
diffusion coefficient (D) and distribution widths (presented in form of error bars) as a function of the engine runtime tgg,., measured at 293 K. Dashed lines indicate the oil

changes. (D)significantly changes over the runtime.
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Fig. 6. Mean diffusion coefficient as a function of the inverse of the kinematic
viscosity v, at 313 K. (J: the experimental data, the black line represents a fit of the
Stokes-Einstein relation to the data (Eq. (11)). The two experimental quantities
correlate nicely except for oils at engine runtimes of 0 h and 665 h.

the Stokes Einstein relation (Eq. (11)) as a very simplified approach
under consideration of the density of the oil 6,; 845kg/m?* and
using the radius R as a fit parameter, a linear correlation was found
(Fig. 6).

The experimental data can be described by the Stokes Einstein
relation, except for two points, which represent the data points for
the fresh (tgwgine Oh) and the most degraded oils (tgngine 665h).
This means, that at a certain mileage the macroscopic viscosity
does not correlate with the microscopic diffusion coefficient. The
same is valid for the initial oil.

4.3. Impact of measurement temperature

Not only the magnetic field but also the measurement temper
ature T has a significant influence on relaxation and diffusion. R;
and its dispersion decrease with T (Fig. 7a).

Regarding the sensitivity towards oil aging, no differences
depending on T were observed at 30 kHz (Fig. 7b). Transverse
relaxation however does not show large differences as a function
of T. With increasing T, (R,) decreases as well (Fig. 8a). The biggest
relative differences between the aged oils and the fresh one occur
at high temperatures (Fig. 8b), leading to the conclusion that the
highest sensitivity regarding oil aging measuring (R,) is found at
high temperatures for the investigated engine oils.

(D) increases with temperature for all investigated oil samples
(Fig. 9a). Normalizing the values of aged oils to that of the fresh
one, similar to R, no differences concerning T can be found regard
ing the sensitivity of the measurement to aging effects (Fig. 9b).
Depending on the measured NMR parameter, the measurement
temperature plays a significant role only for transverse relaxation.
The sensitivity of diffusion and longitudinal relaxation towards oil
aging seems to be almost independent of T for the investigated oils.
As R, is mainly sensitive to molecular fluctuations in the kHz range
whereas R; is in the range of the much larger Larmor frequency,
this finding leads us to the conclusion that the interesting fluctua
tions to detect chemical changes during oil aging are in the lower
frequency range. This finding is confirmed by the FFC results.

4.4. Single sided NMR

Both, NMR relaxation and diffusion are sensitive to aging pro
cesses in engine oils. In QC, high throughput, ease of measurement
and interpretation are essential. The question arises therefore
whether NMR measurements can be designed such that R; or R,
and D are recorded within one experiment. The parameters with
their different sensitivity towards aging could then be explored
at the same time. This possibility would lead to shorter measure
ment times and an easier interpretation. One major challenge is
to find the optimum measurement parameters as relaxation and
diffusion phenomena are influenced by different environmental
factors and therefore show different sensitivities regarding aging
effects.

In order to measure diffusion and transverse relaxation at the
same time, measurements with a single sided NMR device were
performed. The CPMG pulse sequence was used under variation
of the echo time 7r. The data was analyzed using the T
distribution model. With increasing echo time g, (Rey) increases
(Fig. 10a) while at first glance no clear trend is visible for the inves
tigated engine oils. With regard to QC, the echo time giving the
maximum differentiation between the oils has to be found.

Diffusion and transverse relaxation show opposite behavior
with increasing oil runtime to; (Fig. 3, Fig. 5b): the mean transverse
relaxation rate increases and the diffusion coefficient decreases for
the investigated oils. Taking into account, that both quantities
affect the measurements using the single sided NMR device, no
clear trend regarding the overall sensitivity was expected. To mea
sure only transverse relaxation of liquids by a single sided NMR
device, the echo time has to be chosen as short as possible to min
imize diffusion effects. Weighing of the two contributions to the
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(0 h) represented as a reference line. The biggest differences between the oils occur at high temperatures.
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(0 h) represented as a reference line. The differences between the oils nearly stay constant.
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Fig. 10. (a) Effective relaxation rate as a function of squared echo time exemplarily for the oils of the first oil change interval: 0 h (OJ), 223 h (O), 429 h (A), 665 h (+) at room
temperature. (b) Effective relaxation rate (R, ) over the total engine runtime tgygn. att; = 0.15 ms with increasing oil runtime, (R,ey) also increases. Oil changes are nicely

detectable while no sample preparation is needed.

transverse magnetization decay can be adjusted by the echo time.
Thus, the same trend as in the R, measurements at 20 MHz (Fig. 3)
results when plotting the mean effective relaxation rate (Ry) at
T¢ = 0.15 ms versus tgngne (Fig. 10b). That is, the effective transverse
relaxation rate increases with increasing oil runtime. After the oil
changes, the relaxation rate starts to increase again while the most
degraded oil sample is the oil after an engine runtime of 665 h. As a
first trial, single sided NMR devices show a nice accordance with
the measured transverse relaxation data using the Bruker “the
minispec” mq20 and can further be explored towards QC of aged
oils also at elevated temperatures, where the sensitivity towards
aging is even more pronounced.

5. Conclusion

Engine oils at different degradation levels were investigated by
diffusometry and time domain (TD) NMR relaxometry in order to
characterize them exploiting molecular dynamics and to investi
gate the possibilities of TD NMR in quality control (QC) of oils.

Largest sensitivities of R; to oil aging were measured at low
magnetic fields independent of measurement temperature, indi
cating that low frequency fluctuations are most sensitive to aging
induced changes in engine oils.

Diffusion measurements showed nice correlation with the com
monly measured kinematic viscosity. This indicates that the aver
age molecular mass does not change with aging in this case of
engine oils.

In relaxation and diffusion measurements, it was possible to
detect aging. In contrast to longitudinal relaxation and diffusion,
sensitivity towards oil aging increased with measurement temper
ature in case of transverse relaxation. Considering the particulate
contamination and viscosity in the description of the NMR
transverse and longitudinal relaxation rate, the contribution of
homonuclear dipolar relaxation characteristic for molecular
mobility as well as of paramagnetic relaxation enhancement
(PRE) could be estimated. NMR relaxometry therefore gives a
bunch of information about the oil state as well as about (super )
paramagnetic contaminants and aging processes in the engine
oil. The use of single sided NMR is promising to obtain information
about diffusion and relaxation simultaneously. In summary,
TD NMR techniques were shown to be a powerful tool to analyze
the degradation of oils also in the sense of QC.
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