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Abstract

The quartz crystal microbalance (QCM) was extended to investigate viscous liquids at elevated temperatures in both isothermal and nor
isothermal systems. An analysis of the frequency—temperature behavior of the QCM resulted in a new approach to compensate for the effect
the rate of temperature rise on the theoretical QCM temperature coefficients. The temperature-dependent viscosities of a series of liquids we
evaluated by measuring the damping voltage of QCM. Thermal degradation experiments on pentaerythritol tetrapelargonate based lubrican
demonstrated the potential application of QCM as an in situ sensor to evaluate the thermal stability of lubricants or other viscous fluids.
The solid residue deposition rates and liquid phase property changes (i.e., product of density and viscosity) were extensively investigate
by monitoring variations in the QCM frequency and damping voltage during the lubricant thermally stressing over a temperature range of
150-220C.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction has contributions from both rigid mass accumulation and lig-
uid property changes, while the motional resistance increase
The quartz crystal microbalance (QCM), as an in situ is generated only from liquid property chandés6]. The
sensor, has played important roles in probing interfacial pro- simultaneous measurement of frequency shift and motional
cesses both at surfaces and in thin films. The high mass sensiresistance changes during QCM operation with viscoelastic
tivity, conceptual simplicity, miniature size, high tolerance to films allows a separation of frequency contributions due to
extreme environments and low cost of the QCM portend its liquid property changes and mass changes on the electrode
development in a diverse variety of commercial and researchsurface.
applicationg1,2]. The QCM was first introduced for use in Pressure, temperature and roughness of the electrode sur-
a vacuum system for deposition measurements by Sauerface as well as mass load and viscous damping affect the
brey in the late 195083]. In 1982, Nomura and Okuhara resonant frequency of the quartz cryq@aB]. When a pol-

showed that the QCM can be made to oscillate in a lifuiid ished crystal is used in liquid under ambient pressure condi-
After that, increased attention was placed on the applicationtions, the effects of pressure and roughness can be neglected.
of the QCM for the study of solid—liquid interfacgs,2]. However, even though the commonly used AT-cut crystals

When a QCM sensor contacts a liquid, the frequency shift have lower temperature coefficients in the vicinity of room
temperature, the resonant frequency of the crystal becomes
* Corresponding author. Tel.: +1 919 515 2317; fax: +1 919 515 3465,  €XIreémely sensitive to temperature change at elevated tem-
E-mail address: grant@eos.ncsu.edu (C.S. Grant). peratures. Unfortunately, a temperature shift is unavoidable
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in a number of physical and chemical processes. Examples ofviscosity) of the fluid in contact with the crystal and (2) the
potential temperature variations include: (1) processes result-temperature and pressure of the crystal environnie2it
ing in a temperature shift due to chemical reactions or other The roughness of the electrode surface and the mechanical
heat generating events; (2) a required gradient temperaturestresses are also reported as parameters contributing to the
change in the process (e.g., heating or cooling down periods);resonant frequency shfit]. However, in most thin-film depo-
(3) systems in which the temperature is difficult to control at sition processes, the stress effect is small and its contribution
a constant value. canbe neglected. The frequency shift caused by the roughness
Recent technological advances in textiles, jet aircraft and effect can be neglected also when polished crystals are used.
engine industries have placed an ever increasing heat loadn addition, the pressure (that means the hydrostatic pressure)
on functional organic chemicals such as lubricants, coolantsin most liquid systems can be maintained at a constant value
and other kinds of processing ai@-11]. Exposure of these by always keeping the crystal immersed in a liquid at a con-
chemicals to high temperatures results in the formation of stant depth13]. In most cases, one is more interested in the
solid residues, often called vanish/char/coke, on hot solid sur-frequency change, rather than the absolute frequency value.
faces. The buildup of insolubles is of great concern becauseConsequently, the measured frequency shift can be written
of the resulting possibility of systems failure and subsequent as:
economic losses. A great deal of research has been conducted
to evaluate the solid residual deposition characteristics when®

the chemicals thermally degrade. However, previous experi-\yhere AF is the frequency change, the subscriptsT and
mental tests were generally conducted under accelerated tes} refer to the pure mass, temperature and viscosity effects
conditions due to the lack of a sensitive tool for in situ evalu- yegpectively.

ation of small amounts of deposits that occur when materials  The well known Sauerbrey equation presents the relation-

are thermally stressed. The major problem with acceleratedship between the mass load and the associated frequency shift
testing is that the temperature/oxygen concentration valuesagy3):

exceed the amounts expected during actual process condi-

tions. In addition, the mass deposition rate is commonly _ —2nFEAm @)

determined after the test, resulting in only an estimated aver-— " — (apg)*?

age deposition rate over the test duration. The increasing need )

for improving thermal stability of processing chemicals has WhereAm is the loaded mass per surface 1ariéathe unper-

promoted a strong requirement of a quantitative, in situ mea- {Urbed resonant frequencyq = 2.947x .101 g/(cm ) and

surement method to investigate solid residuals deposition onq = 2-648 g{crﬁ are the quartz shear stiffness and mass den-

metal surfaces. sity, respectively, and is the number of sides of the crystal
This paper presents: (1) a modeling method for the com- N contact with the I|qU|_o_I. To_ obtal_n the_amount of Ioad_ed

pensation of temperature effects in the QCM measurements af'ass with Eq(2), the critical issue is to find out the contri-

elevated temperatures; (2) a methodology to use the QCM asput!ons dge to the temperature effect and the viscous damping

an elevated temperature viscometer; (3) an approach to in sitndicated in Eq(1).

monitoring both mass deposition rates and property changes

of viscous liquids using the QCM at elevated temperatures. 2-2- Viscous damping

Studies are conducted under conditions of an increasing-

temperature scenario and at isothermal conditions. A pen- The viscous-effectAF,, describes the interaction of

taerythritol tetrapelargonate based lubricant was employedthe vibrating crystal with a viscous medium. This inter-

as a sample liquid to demonstrate the utilization of QCM action leads to a decrease in frequency. For a Newtonian

as an in situ sensor to monitor the mass deposition rate andluid, & mathematical expression was derived by Kanazawa

F = AF, + AF,+ AFr (1)

property changes of viscous liquids. apd Gprdon[l4_] to describe the relatior_15hip between the'
viscosity—density product and the associated frequency shift
as:

2. QCM approach in viscous liquid at elevated 12

32( PN
temperatures AF, = —nk, () 3
TThalq
2.1. Basic principles wherep andn refers to the density and viscosity of the fluid in

whichthe crystalisimmersed. The fluid properties, especially
The QCM is comprised of a thin quartz crystal sandwiched the viscosity, may change due to: (1) variations in temper-
between two metal electrodes that establish an alternatingature, (2) changes in concentration of the solution and (3)
electric field across the crystal, causing vibrational motion polymerization of the organic liquid during thermal degrada-
of the crystal at its resonant frequency. This resonant fre- tion. Itis clear that the measurement of the resonant frequency
quency is sensitive to mass changes on the electrode surfaceglone cannot distinguish changes in mass load from changes
and is also affected by: (1) the properties (i.e., density and in liquid properties.
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Onthe other hand, upon liquid loading, energy losses ariseof the sensing crystal, particularly with regard to the system
from the propagation of the standing acoustic wave into the thermal gradients. Although it is argued that using the refer-
liquid. For a completely wetted system, the power dissipation ence crystal is the best way to compensate for the temperature
is predominated by the bulk properties of the liqiidd]. effect[17], the following disadvantages limit the application
Muramatsy5] showed that for a QCM in contact with liquid,  of the reference crystal: (1) the difficulty to find two crys-
the motional resistance is proportional to the square root of tals that are identical; (2) the change in temperature of the
the liquid viscosity—density product. Martin et #] have covered reference crystal is somewhat delayed compared to
derived an analytical expression from which the resulting the temperature change of the sensing crystal; (3) the refer-
motional resistance is simply as follows: ence crystal is difficult to cover accurately to avoid the gas

diffusion onto the reference crystal surfaces; (4) using the
R = Ro + b(pn)"/2 ) reference crystal requires addii/ional QCM cell(vz)lumegand
wherer is the motional resistanc®g presents the motional ~ requires a more complicated electronic system. On the other
resistance for unperturbed QCM, while the second item hand, some of these problems can be avoided.
relates to the motional resistance due to liquid loadig. The frequency—temperature characteristics of an AT-cut
and the constarit can be calculated from the properties of crystal are usually described by a power series of the third
the quartz crystal6]. An increase of the density—viscosity ~order in the temperatuf@8]:
product of the liquid results in an increase in energy dissi-
pation and thus a proportional increaseRinAs a result, the
measurement of the motional resistance enables the calcul
tion of the value of fn)Y/2 (Eq.(4)). Further analysis enables
one to obtain the frequency shift attributable to the liquid
loading (Eq.(3)). In addition, if the density of the fluid does
not change significantly, the QCM can be used as an in situ
viscometer.

AFr = a3T® + asT? + a1T + ag (5)

&yhereT is the temperature’C), ag—a3 are the temperature
coefficients, which are reported to be dependent on angles
of cut, ratio of crystal dimensions, order of overtone, shape
of plate and type of mountinffl9]. The current research
indicates that these coefficients are not only functions of
aforementioned parameters but are also affected by the rate
of temperature change. The latter effect is critical to accu-
rately utilize the modeling compensation method, since the
coefficients are obtained from independent tests where tem-
perature changes may not occur at the same rate as actual
mass accumulation experiments. The dependencg-ag

§ 0N the rate of temperature change will be discussed exten-
sively in Sectio. 1

2.3. Compensation for temperature effect

The absolute temperature limit for the QCM measure-
ments is the Curie point of quartz (573), the point at which
the piezoelectric properties disappEEs]. The temperature
coefficients of crystals are critical functions of the angle o
the crystal cut. For AT-cut crystals, this temperature coeffi-
cient is very low around room temperatures. For example, a
frequency change of about 1 pptG/was observed inthe tem- .
perature range from 10 to 5C. However, the frequency is 3+ Experimental
very sensitive to temperature variations at high temperatures. )

Hence, the precision of the mass measurement is reduced af-/- Materials
elevated temperatures. ) )

There are basically two different approaches utilized to ~ Compressed helium (HP grade, 99.997%), nitrogen (UHP
compensate for the aforementioned temperature effect: (1)9rade, 99.999%) and air were purchased from National
using two QCM crystals, a reference crystal and a Ser1SmgWeIders and used as received. Organic sglvents of HPLC
crystal and (2) modeling. In the first approach, the reference 9rade ethanol, acetone, tetrahydrofuran, tridecane, hexade-
crystal is protected so that no mass loading or liquid damp- €an€ and 'heptadecane, were optalned from Sigma-—Aldrich.
ing occurs and therefore only temperature changes affect thecommercial grade pentaerythritol tetrapelargonate based
observed frequency. When the reference crystal frequency!UPricant, designated as EM, was obtained from Cognis and
is subtracted from the sensing crystal frequency, the tem-YS€d without any further purification.
perature effect is removed. The second approach is based
on the idea that the drift of the QCM frequency baseline 3.2. QCM apparatus and crystals
caused by the temperature effect follows a function that can be
modeled. The crystals utilized are 5 MHz AT-cut wafers with pol-

In order to effectively eliminate the temperature effect ished gold electrodes on both sides. All crystals are purchased
by using a reference crystal, the sensing and reference crysfrom International Crystal Manufacturing (ICM). The crystal
tals should fulfill the following conditions: (1) both crystals dimensions are: 1.36 cm blank diameter and 0.66 cm elec-
should be identical or very close in the basic frequency, elec- trode diameter. The quartz crystal is driven by a Lever Oscil-
trode area and temperature coefficient and (2) the thermallator (ICM). The Lever Oscillator is specially designed for
environment of the reference crystal must be identical to that QCMs operating in a viscous liquid and has been successfully
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utilized in previous work20]. The oscillator has two outputs: QCM feedthrough » Thermocouples
(1) afrequency output measured by an Agilent 225 MHz Uni- L )
versal Frequency Counter (model 5313A) and (2) adc voltage Gas sampling Liquid sampling
signal, proportional to motional resistanég,measured by Vent
a digital multimeter (model 34401A, Agilent Technologies).

The time-dependent frequency and voltage readings are writ- Lid
ten to a computer by means of Agilent Ituilink Connectivity
software.

Air inlet

3.3. Experimental methods

Heater 3
Stainless

3.3.1. Te ture d. d. the QCM
emperature dependence of the Q response Staa[ yEEsE]

The temperature dependence of the QCM frequency was
measured in a helium environment. Each quartz crystal was 9¢M
cyclic thermally treated (three cycles in a temperature range erystal '
of 35-250°C) and cleaned prior to use in the following
order: washing with deionized water, 0.4% sulfuric acid Magnetic g
solution, deionized water and ethanol; followed by drying St Bar
with flowing nitrogen gas; in the final step the crystal was | -
cleaned with an ultraviolet/ozone cleaner (Jelight Co. Model
42, Suprasil lamp). The clean crystal was placed in a small
stainless steel cell (dimensions 1.9 .8 cmx 0.8 cm). A
thermocouple probe was welded on the crystal holder andminimize gravitational effects. The thermal cell was heated
mounted into the cell to monitor the temperature change with a custom-made heater regulated by a temperature con-
inside the cell. Helium flowed through the cell at a very trollerviaathermocoupleimmersed inthe liquid. A magnetic
slow rate (2.0 ml/min). The cell was put into a gas chro- stirrer was used to minimize spatial temperature gradients.
matography oven to either maintain a constant temperatureThe liquid phase thermocouple probe and the QCM sensor
or to obtain a constant rate of temperature rise. The valueswere installed in positions the same distance to the wall of
of the QCM frequency and temperature were continuously the cell. In addition, the QCM sensor and the thermocouple
recorded (every second) while the oven was heated from 35 toprobe were placed very close (2 mm). Hence, the temperature
250°C. monitored by the thermocouple probe is considered the same

Two types of frequency—temperature behavior tests as that of the QCM sensor. The liquid temperature inside
were carried out, namely, a stepwise-increase test and ahe thermal cell was maintained #t0.1°C over a temper-
continuous-increase test. In the first case, the temperatureature range from room temperature (approximaté@5sto
was increased stepwise, that means keeping temperature é800°C.
each desired value until the steady value of frequency fluc-  Inatypical measurement, the cell was filled with 100 ml of
tuation (less thant1 Hz) was observed for 10 min. During  liquid and heated to a specific temperature, the values of the
the continuous-increase tests, the temperature was increasedc voltage signals were continuously recorded (every 5 min)
continuously at constant rates of 5, 10, 15 an@i@@nin. The until steady state (fluctuation of dc voltage value less than
first group of tests was conducted to ascertain the absolutet 0.001 V) was maintained for 10 min. The temperature set
temperature dependence of the QCM frequency. The latterpoint was then increased to a new value to obtain a new sta-
tests were done to investigate the delay in the response of thevilized voltage value.

QCM to temperature change. Duplicate experiments foreach  Three sets of measurements were conducted on the volt-
test condition were conducted to obtain average frequencyage values for different organic liquids over a range of

Fig. 1. Schematic of thermal cell.

data. temperatures: (1) tridecane, hexadecane and heptadecane
over a temperature range of 50-3@ (2) ethanol, ace-
3.3.2. Viscosity measurements with QCM tone and tetrahydrofuran at 2GQ; (3) lubricant EM over

The viscosity measurements with QCM for a series of a range of 150-220C. The measured voltage values of
organic solvents were carried out in a custom-made ther- ethanol, acetone, tetrahydrofuran, tridecane and hexadecane
mal cell Fig. 1). The thermal cell was a 215 ml stainless were used to generate a calibration curve for the relationship
steel vessel (6 cm i.d. and 7.6 cm high) with a thick stainless between fn)Y2 and the voltage value. The liquid prop-
steel lid. A custom-built QCM electrical feedthrough, gas erty values of these pure chemicals are available at spe-
phase inlet and outlet ports, and two thermocouple probescific temperatures from a handbo¢R1]. The viscosities
(one is immersed in the liquid phase and the second is sus-of hepatadecane and the lubricant EM were obtained from
pended in the gas phase) are mounted in through the lid.a calculation using the calibration curve generated in this
The crystal was suspended vertically in the liquid in order to work.
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3.3.3. Lubricant degradation In the elevated temperature range:
In the lubricant degradation experiments, the thermal cell 3 2
was filled with 136 ml of lubricant. The QCM crystal and cell AFr = 0001287~ — 0.32621"" + 36.52T + 15587 (7)

had the same configuration as mentioned above for the vis-  The temperature coefficients provided in i) are very
cosity tests. Pre-heated dry air was continuously fed into the ¢qse to the values reported in the literat{te,18,22,23]
cell at a constant flow rate of 21.0 ml/min. The lubricantwas Haowever. no literature data has been found in extended tem-
continuously heated from the room temperature to a set pomtperature ranges. The shift of temperature coefficients#)
of 220°C and was maintained at 2200.1°C for 10h. The  gpserved around 100-12G can be attributed to the change
resonant frequency, the dc voltage signal and the temperaturegy quartz thermal properties (e.g., expansion coefficient)
of the lubricant were recorded at 5 s intervals. occurring over this temperature rarigd].
As mentioned above, the data shown Hig. 2 were
obtained from the stepwise-increase tests, i.e., the rate of

4. Results and discussion temperature increase) (equals zero when the steady value
o of frequency was measured at each specific temperature set
4.1. Frequency—temperature characteristics point. Therefore, the coefficients derived in E(@).and(7)

express the sole effect of temperature on the QCM frequency.

The frequency—-temperature characteristics of an AT-cut yowever, it was observed in the current research that the tem-
quartz resonator operating in the temperature range ff6én perature coefficients—as (see Eq(5)), are also functions
to 80°C are usually described by a power series of the third of the rate of temperature increase in the case of a continu-
order in the temperatuf@?,18,22,23]Bechmann indicated o5 temperature increaség. 3shows the frequency change
that the third order expression for the frequency—temperatureyith temperature when the temperature increases at varying
characteristics satisfactorily describes the behavior of an AT- 5tes over the elevated temperature range. The observed fre-
cut quartz resonator within the limits 6£200 to 250°C; guency shift becomes smaller with the increase in the rate of
beyond this range higher order terms must be consid- temperature rise; the reduction is more pronounced at higher
ered [22]. It is found in the current research that the temperature. This observation indicates that there is a time
frequency—temperature data cannot be correlated utilizingde|ay in the QCM frequency response associated with the
the same cubic function in both the elevated temperaturetemperature change.
range (e.g., 100-26@) and in the lower temperature range The variation of the temperature coefficientsas),
(e.g., 20-100C). Fig. 2 shows the temperature-dependent optained from correlating the frequency—temperature data
frequency shift measured during the stepwise—increase—(pig_ 3) over a temperature range of 140—-220) with the

temperature tests described in Secti®®.1 The least-  rate of temperature increase is presenteim 4. In the
squares best-fitted equations for the _experlmental results intested rate range of 0—2G/min, the temperature coefficients
the different temperature ranges are listed below. can be correlated to the rates with the third polynomial rela-
In the lower temperature range: tions with good correlation coefficient values (Jeig. 4).
AFy = 0.00046&3 — 0.03062 + 0.84T + 47.7 ©6) During high temperature lubricant thermal degradation, the
10000 00— 77
8000 3500 G |
: 4000
6000 30009
:E 4000 & 25004 m;o 212 214 216 218 2
L
] 2000
2000
1500
04
1000 o . : . : :
-2000 : 150 160 170 180 190 200 210 220

T T T L T T
0 50 100 150 200 250 300 Temperaure, °C
Temperature, °C
Fig. 3. Frequency shift vs. temperature measured from the continuous-
Fig. 2. Plots of frequency shift vs. temperature measured from the stepwise-increase-temperature tests. The rates of temperature increase associated with
increase-temperature tests (in air). Open circles represent experimental valthe lines shown from left to right: 0, (stepwise-increase-temperature tests),
ues, solid and dot lines represent E@.and(7), respectively. 5,10 15 and 20C/min.
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Fig. 4. Correlation of temperature coefficients with rates of temperature increase (temperature range: “)0-@p@n circles represent val-

ues obtained fronFig. 3; solid lines represent least-square best-fitted correlation equations listed below. Least-squares best-fitted correlation equa-
tions: ap=0.37123 — 12.4152 + 146.74 — 2336.2;a1 = (—0.867%3 + 29.5822 — 327.18 + 4775.5)x 1072; ap = (0.3774° — 12.9542 + 154.43 — 3772.7)

x 1074; a3 =(—0.1090° + 3.4872 — 35.40-+ 1354.6)x 1076,

aforementioned correlations are used to calculate the temperThe responses of damping voltage to various liquid loadings
ature coefficientsjo—as, associated with the varying rates of are shown inFig. 5 The solid line represents the follow-
temperature increase. This enables a determination of the freing least-squares fit equation for the damping voltage and
quency shift due to the temperature effect. This work focuses viscosity—density product data:

on the frequency—temperature behavior in the elevated tem- 1/2

perature range corresponding to the lubricant degradationv = 1.3951+ 3.8611(n) (8)

experiments. In addition, no related previous research incor- - Thegretically, the intercept value 1.3951 (definedvas
porates the frequency—temperature behavior with the rate ofy\ere) should reflect the motional resistarig for an unper-

temperature increase. turbed QCM (Eq.(4)). The Ry can be calculated from an
equation derived by Martin et d6]. The value obtained is
4.2. In situ measurement of temperature dependence of 0.44Q for a5 MHz QCM in a fundamental mode. This value
VlSCOSlly
1.9

The determination of in situ viscosity values is important
to a variety of physical/chemical processes. This is especially
true during investigations of the thermal degradation of lubri- 181
cants, jet fuels and other chemical processing aids. In these .
applications, the real time viscosity values at elevated temper- g 1.7
atures are needed to accomplish the predictive modeling of ::
degradation mechanisnfd5]. In addition, real time viscos- o O Tridecane
ity values are essential in calculating the mass accumulation é. 1.6 A Hexadecane
when the QCM is used to monitor the adsorption, desorption & + Pentane
and deposition processes (see Efyand(3)). 5]  Hepane

According to the design of the Lever oscillator utilized % Decane
in this researcH20], the damping voltageV] is propor-
tional to the motional resistand® Hence, the value oV 44— T ,

. . . 0.00 0.05 0.10 0.15

should correlate to the square root of viscosity—density prod- o)™ goms™

uct of the liquid in a linear relationship (see EHd)). To
measure the VISCOS_lty using th_e QCM, th_e O_'a”_‘p'”g VOItfige Fig.5. Plotof measured damping voltage vs. square root of viscosity—density
Valuels were determlned.fpr various organic liquids f(?r which' product of listed chemicals in the temperature range of 202B08olid line

the viscosities and densities are available from the literature. represents least-squares best-fitted linear correlation.
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is negligibly small when compared with the total motional 0.025
resistanceR for a QCM immersed into a liquid. However, ]
the practical measured value of the motional resistance for ]
an unperturbed QCM (defined &5 here, and its value is 0.020+ 9 o QcM
55.3Q2 based on Martin’s work) is significantly greater than % Literature”
the calculated value aRg. This indicates the presence of 9 1 Q
energy losses other than the viscous damping, such as the § 00157 %
losses in the electrodes and in the crystal sensor mounting 2
[6]. It is apparent that the intercept obtained in above cor- % . 01
relation is significant; it is a value that cannot be neglected. 2
This observation is in agreement with the previous work by >
Martin et al., and Yang and Thomps¢®,15]. Due to the 0.005 - 8 ”
loss caused by the crystal sensor mounting, the individual B g
operating difference might induce the variatioriiy further R R
introducing an error in the viscosity measurement. To correct 0.000 . S : S
V1, the damping voltage of the crystal in air was measured @ 0 50 100150 200 250 300
for the crystal mounting in the present research: 0.025 1
Vair = V1 + 3.8611[(on)"/ ] 9) ]
Combining the density—viscosity product of air at the 00201
specific temperature, E¢8) can be rewritten utilizing the
expression for the modifietd; for our mounting configura- ‘é’ 0.015 4
tion: =
V= (Var - 3861200n) ) +3861260)"2  (10)  F 40!
A comparison between the QCM derived viscosity val- >
ues of heptadecane over a temperature range of 60300 0,005 ]
and those from literaturf21] indicates a good agreement
(Fig. 6a). Fig. 8 shows the temperature dependent viscosity
for the polyol ester lubricant EM determined using the QCM. 0.000 - : : :
140 160 180 200 220
4.3. Deposition kinetics of thermally stressed lubricant (b) Temperature, °C

Fig. 6. Temperature dependence of viscosity values for (a) heptadecane and

Previous investigations have proposed mechanlsms(b)lubricamEMmeasuredusingQCM'

related to oil (ester lubricants, mineral oils, fuels, etc.) ther-
mal degradation in the presence of oxyd8ri0,26] It is
generally agreed that the primary oxidation products forme
in the system undergo further polymerization producing
high molecular weight oxy-polymeric compounds that form
deposits. The QCM in the present work was used as an in
situ sensor to monitor the deposition rate of the solid residue 4.3.1. Phase A: initial temperature rise period

and the property changes in liquid during thermal degrada- In Phase A, the measured QCM frequenEig( 7b) and

tion experiments of lubricants. Representative signal profiles damping voltageKig. 7c) closely follow the temperature pro-
(shown inFig. 7) are extracted to demonstrate the acquisi- file (Fig. 7a) since the frequency of quartz and the viscosity
tion of pertinent parameters from QCM signals utilizing the of the lubricant are extremely sensitive to small changes in
approaches presented in Sectidns and 4.2 The temper- temperature. The frequency shift in Phase A has contribu-
ature of the lubricant increased from the room temperature tions from the temperature effect and viscous damping, as
(around 25C) to slightly higher than the set point (220); well as the mass accumulated on the electrode surfaces. To
the system then stabilized at the desired temperature. The resealculate the mass deposited on the electrode surface from the
onator ceased to vibrate in the initial heating period until the QCM theory (Eq.(2)), the frequency shifts caused by tem-
temperature reached a value of approximately “I&0This perature changed Fr, and viscosity changes,F,, must be

was attributed to the high viscosity of the lubricant over the determined first.

lower temperature rand&5]. Sensor signals during the initial The frequency shifts resulting from the temperature effect,
temperature rise (Phase A) and the isothermal stage (Phase BAFr, are calculated based on E§). The temperature coeffi-
were selected for discussion since the features (temperatureientsag—az are obtained from equations listedHiy. 4since

d effect and property changes) shown in Phases A and B are
significantly different. In following section, the two stages
will be discussed separately.
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Phase A ing in the heated lubricant. It should be pointed out that all
of the frequency shiftsAF, AFr, AF,, AF,) presented in
Fig. 8are the differences between the relative frequencies at
timet and time zero.

The liquid properties, here indicating the product of den-
sity and viscosity, change significantly over Phase A. These
property variations further affects the frequency shift con-
tribution, AF,,. The density—viscosity products are obtained
from the measured damping voltage valugig(7c) using the
calibration curve presented in E(L0). The values ofAF;,
are calculated from the density—viscosity products of the lig-
uid based on E(3). The derived time dependent frequency
shift, AF,, is shown inFig. 8

The frequency shiftAF,,, caused by mass deposited on
the electrode surfaces was obtained by subtractifg and
AF, from the total frequency shifhF. The time dependent
values of AF and AF,, are also presented Fig. 8 One of
the most important parameters we are interested in during

Temperature, °C

Frequency, MHz

> lubricant thermal degradation is the solid residual deposition
go rate. The following relationship between the rate of mass
G deposition and the frequency shiffF,, can be derived from
q.(2):
d@m):_(l) (dAFm> (11)
Time, hour dr Cn dr

_ _ 2 1/2 P )
Fig. 7. Time-dependenttemperature (g) and QCM response; (frequenpy (b);?llger:"leeffr]nod_ Wég”uf i(ii)z/e(gc{gqialclu-lrazg :f)]:algclir(;rcijvaat'fi‘vzgyz
and damping voltage (c)) recorded during thermal degradation of lubricant ) m
EM. Dashed line separates the two phases: Phase A represents the initiaff0M the data. The calculated time dependent values of mass
temperature rise; Phase B represents isothermal stage@220 deposition rate are shown iRig. 9. It is seen that there

is rapid solid residual deposition in the first few minutes;

the temperature of liquid increased continuously at rates thatthe rate of solid residual deposition decreases with heat-
changed gradually. The rates of temperature rise are calcuing time. The results from the gel permeation chromatog-
lated from the time dependent temperature dé&ig.(7a). raphy analysis indicate that the mass accumulation in the
The derived time dependent frequency shi¥ft’7, is shown jnitial heating stage was mainly caused by the adsorption
in Fig. 8 In the plots shown in this section, zero on the time  of pentaerythritol tetrapelargonaf27]. The deposits from
axis is defined as the moment when the Crystal started Vibrat-generated h|gh molecular We|ght Oxy-po|ymeric Compounds

should occur in the further thermal degradation of pentaery-
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Fig. 8. Total frequency shiftXF) and contributions from mass load £,,)
liquid load (A F,;) and temperature effech(7) during the initial temperature Fig. 9. Variation of solid residual deposition rate of EM during the initial
rise (Phase A ifrig. 7). temperature rise (Phase Afig. 7).
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Fig. 10. Structures of pentaerythritol tetrapelargonate (EM) and the major :% d(Am)/dt 4 0.004 %
degraded product of oxy-polymeric compounds. % 0.4 2
[a) >
. J0.002
thritol tetrapelargonate. Some of the most probable degraded 0.2
products include: dipentaerythritol ester, different linear and
branched polypentaerythritol esters in addition to different 0.0 . T , T T . 1 0.000

linear and branched polyest§?8,29] The structures of pen-
taerythritol tetrapelargonate and samples of polyesters and

polypentaerythritol ester are shownhig. 10 Fig. 12. Plots of solid residual deposition rate and viscosity—density product
versus heating time of EM in constant-temperature stage (Phade@ ir).

Time, hour

4.3.2. Phase B: isothermal period
For the constant-temperature degradation period (Phasdubricant thermal degradation behavior, are showfign 12
B), the total frequency shift was caused only by the viscous The data indicate that the mass deposition rate decreases with
damping and mass deposition. To emphasize the features irthe heating time within the 14 h heating duration. The liquid
constant-temperature period, we define: (1) the zero point onproperties remain relatively constant in the early isothermal
the time axis to represent the moment that the liquid temper- period followed by a gradual increase after approximately 4 h
ature becomes stable at 220, (2) the shifts of each defined  of heating at 220C.
frequency AF, AF,, AF,,) are the differences between the
relative frequencies attimand time zero. The values afF,
are obtained based on the E#j0) from the data represented 5. Conclusions
in Fig. 7(Phase B). The calculated time dependent values of
AF, AF, and AF,, are shown irFig. 11 It is obvious that The QCM was successfully extended to use in highly vis-
the total frequency shift mainly results from the solid residual cous liquids at elevated temperatures upwards o Z2@®
deposition. Therefore, the total frequency shift can be used asmodeling method of temperature compensation was proposed
a quick indicator for evaluating the mass deposition processfor calculating the temperature effects on resonant frequency
in the constant temperature conditions over the duration of for the processes in which the temperature changes con-
the current experiment. tinuously. It is revealed that the frequency shift resulting
Two of the most important parameters, the mass deposi-from the temperature change is also the function of the rate
tion rate and viscosity—density product that characterize the of temperature rise in the case of continuous temperature
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