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Abstract

The mechanical properties of an alkyd resin filled with zinc oxide pigment were studied at different
concentrations over a wide range of time scales using dynamic mechanical analysis, quartz crystal
rheometry and nanoindentation. The motivation for this work stems from the interest in accessing
the long-term properties of paint coatings by studying the mechanical properties of historic paints.
In this foundational work, we compare three different modalities of mechanical measurements and
systematically determine the effect of pigment filler loading on the measured properties. Quanti-
tative agreement between the methods is obtained when the characteristic time scales of each of
the methods is taken into account. While nanoindentation is the technique most readily applied to
historic paint samples, the theometric quartz crystal microbalance (rheo-QCM) is the best suited
for obtaining mechanistic information from measurements of paint properties over time, provided
that appropriate thin-film samples can be produced. In these studies we find that ZnO increases
the rate of oxidation of the alkyd during the initial stages of cure by an amount that depends on the
ZnO content.

1. Introduction

The pigments which give paints their distinctive colors are of obvious importance to the overall
paint formulation. These pigments can be organic or inorganic, and since each pigment has its own
chemical makeup, pigments interact chemically with paint binders in different ways [1, 2]. The
chemistry, particle shape/size and amount of pigment present in a paint will also affect the overall
paint properties and performance such as covering power, viscosity, and curing time. Previous
studies have demonstrated that properties of polymeric binder/pigment systems are dependent on
the pigment volume contained within the binder [3—5]. The inclusion of rigid pigment particles
in a flexible binder constrains its mobility, just as the stiff cross-links in the resin itself do [6]. A
critical pigment volume fraction can generally be identified for a given system, representing the
most densely packed distribution of pigment particles that can be obtained without the introduction
of voids [3, 6]. The stiffness of paint films increases with increasing pigment concentration, with
very strong effects observed near the critical concentration. This effect has been investigated quite
extensively in a variety of related materials systems, ranging from ceramic slurries to polymer
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emulsions. In situations where the particles are much stiffer than the continuous matrix phase,
the modulus increases with filler volume fraction. While a variety of functional forms have been
used to quantify this behavior in different systems [7—12], the following expression for the shear
modulus, G, similar to the form suggested by Krieger and Doherty for suspensions of monodisperse
spheres,[7] is representative:

G=Go(1-¢/9")"? M

Here G is the shear modulus of the unfilled matrix material and ¢* plays the role of a the critical
pigment concentration in a paint formulation. For a viscoelastic material a similar expression can
be used, with G replaced by the complex dynamic shear modulus, G*, which is now a function of
the frequency at which the measurement is performed. For viscoelastic materials the functional
form of the concentration dependence may be a function of the frequency, as is indeed the case for
the model paint systems investigated in this work.

Much of the complexity of pigmented systems originates from the fact that the pigment affects the
properties of the binding medium, so that Gy is now also a function of ¢. Systematic investigations
with model systems are therefore needed in order to decouple these effects, and to understand the
role that pigment particles have on modifying the intrinsic properties of the binder. These effects
are known to be quite important, including, for example the well-documented role of ZnO pigments
on the degradation of oil-based paints resulting from the formation of metal soaps. [13-18].

The aim of the work reported here is to investigate pigment-induced changes in the mechanical
properties of an alkyd binder by directly studying the mechanical response of a series of samples
filled with zinc oxide. Zinc oxide is a particularly relevant filler material that has been used as a
white pigment in artists’ paints since the late 18th century [14, 19]. In natural aging studies of
linseed oil pigmented with a variety of organic and inorganic pigments, the zinc oxide film was the
stiffest and most brittle of all of the films after 12—15 years of aging [20]. Marked brittleness was
also observed in alkyd resins containing zinc oxide, even in the presence of other pigments [1]. In
our work we utilize three characterization methods, each of which probes the material on different
length and time scales. Dynamic mechanical analysis is used to probe the response of macroscopic
samples at frequencies from 0.1 Hz to 10 Hz. Nanoindentation is used to probe sample volumes
with dimensions in the range of a micrometer, over time scales of ~ 1sec. Finally, we use Quartz
crystal rheometry, a newly developed technique that is well-suited for aging studies of polymer
films, to probe films with thickness of ~ 5 um, at a frequency of 15 MHz. Results from these
three techniques, which have been used individually in previous cultural heritage applications, are
compared in order to illustrate their complementary nature and to illustrate the sort of quantitative
information that can be obtained under appropriate conditions.

2. Materials and Methods

2.1. Materials

The alkyd films were prepared from Gamblin Artists Colors (Portland, OR) Galkyd mixed with
Fischer Z50 zinc oxide ranging from 0.05 to 0.60 wet weight fraction. When necessary to change



the viscosity for stirring or film formation, Gamsol odorless mineral spirits (Gamblin Artists Col-
ors) were mixed with the alkyd binder and zinc oxide. Samples were either ground with a mortar
and pestle for ten minutes or stirred in a high speed mixer (SpeedMixer, FlackTek, Inc., Landrum,
SC) for 1 minute at 2000rpm. The samples were then mixed with odorless mineral spirits to obtain
an appropriate viscosity for spin coating and stirred for 48 hours before making samples. This
procedure was found to produce a good dispersion of the ZnO particles as described in the supple-
mentary information. Actual ZnO weight fractions were determined by accounting for solvent in
the as-received alkyd resin, as discussed in Section 3.1.

2.2. Thermogravimetric Analysis

To determine the precise weight fraction, and subsequently the volume fraction of pigment dis-
tributed in the alkyd binder, each paint composition was subjected to thermogravimetric analysis
using a Mettler Toledo TGA SDTA 851e (Columbus, OH). Samples with a total mass of about
5 mg were analyzed after a cure time of five months. Analysis was performed under a nitrogen
atmosphere; samples were held at 30°C for 3 minutes before the temperature increased to 900°C
at a ramp rate of 10°C per minute.

2.3. Scanning Electron Microscopy

SEM images were taken of alkyd films with a Hitachi S-3400N-II scanning electron microscope
(Northridge, CA) using an accelerating voltage of 25 kV.

2.4. Dynamic Mechanical Analysis

Samples for dynamic mechanical analysis (DMA) were made by mixing zinc oxide with alkyd
to the stated weight percents. The mixtures were ground by hand in a mortar and pestle for 10
minutes and then stirred overnight. The solutions were cast onto porous polystyrene films using
a Sheen adjustable film applicator. A 0.80mm shim was used leading to a 0.42mm gap. Film
thicknesses after solvent evaporation ranged from 0.11mm to 0.15mm. Films were cured under
ambient conditions for two months before being removed from the polystyrene substrate and tested.
Data were collected from 0.1 to 10Hz from -45 to 70°C with an initial strain of 0.02 for 2vol% (5
wt%) and 4vol% (10wt%) samples, and an initial strain of 0.05 for 9 vol% (20wt%) samples.

2.5. Quartz Crystal Rheometry
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Figure 1: Schematic of the quartz crystal microbalance.



Quartz crystal rheometry is an adaptation of the use of the quartz crystal microbalance (QCM) that
provides the mass per area, modulus-density product at a fixed frequency (in our case 15 MHz),
and the viscoelastic phase angle at this same frequency for a film coated onto the electrode surface
of a vibrating quartz crystal. The device is illustrated schematically in Figure 1. The technique is
based on the fact that changes in the electrical impedance across the quartz crystal, after the film is
placed on it, are proportional to the load impedance of the film as expressed in the following way
[21]:

Afy iz o
f] 7'L'Zq

Here Af, is the complex frequency shift, given as Af, 4+ iAl',, where Af is the frequency shift and
AT is the shift in the bandwidth of the resonance peak. The subscript 7 indicates the order of the
harmonic, with f] is being the fundamental resonant frequency of the quartz crystal (5 MHz in our
case). The quantity Z, is the shear acoustic impedance of the quartz and Z, is the load impedance
associated with the film. In our case we measure the crystal resonance atn =1 (fj=5MHz) ,n =3
(f3 =15 MHz) and n = 5 (s =25 MHz). For simple cases where the film is very thin or very stiff,
the dissipative contribution of the impedance (AI,) is negligible, and the shift f;, decreases by the
Sauerbrey shift, Af;,, given by the following expression: [22].

2nf?
Zq

Afin = dp (3)
Here p is the film density and d is its thickness, with the product of these two quantities being
the mass per unit area of the film. For thicker films, the complex frequency shift deviates from
the Sauerbrey prediction in a manner that depends on two parameters: ¢,, the viscoelastic phase
angle of the film, and d/A,, the film thickness divided by wavelength of a shear wave within the
film. The full expression for the complex resonant frequency in this case is given by the following
expression [23, 24]:

Af;  —tan{(2md/A,) (1 —itan (9,/2))}
Afon (27d /) (1 — itan (¢,/2))

By measuring the frequency response at multiple harmonics and making a physically-based as-
sumption regarding the frequency dependence of A,, we are able to determine ¢, and A,. The
magnitude of the complex shear modulus, |G}| is then obtained from the following expression for
the shear wavelength:

“)

! \G:@)”z !
Ap = — 5
nfi ( p cos (¢,/2) )

In our analysis we assume the following relationship between the harmonic number, modulus, and
phase angle:

G¥| o 7 91/90 (6)
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This approximation is precise for a material exhibiting power law behavior, and does not add
significant error to the viscoelastic parameters obtained more generally at the third harmonic (15
MHz), which is the frequency for which we report our results. This conclusion, and the detailed
method used to obtain it, is described in detail by DeNolf et al.[25] Additional validation of the
approach with rubber systems was provided more recently by Delgado et al.[26]

The quartz crystals used were standard AT-cut quartz crystals from Inficon (Bad Ragaz, Switzer-
land) with a thickness of 333um and a diameter of 25.4mm. The electrodes were gold with a
titanium adhesion layer. Measurements were taken using a CHC-100 holder from Inficon. The
reference frequencies were measured individually for each crystal at the first three odd harmonics
by taking measurements every 30 seconds for an hour. These were repeated two more times for
each crystal after removing and replacing the crystal in the holder. Measurements of the alkyd
films were taken at the first three odd harmonics (n = 1, 3, 5), and two different types of calcu-
lations were used in the analysis. The first calculation, used to quantify the mass changes in the
early stages of cure, is referred to as a 1:3,3 calculation, and is obtained as the solution where the
measured and predicted values of Afj,Af; and Al'; are in agreement with one another. A similar
process was used to obtain the mass and mechanical properties at longer curing times, but in this
case agreement to the model was enforced for Af3, Afs and Al's. These combinations were chosen
because the third and fifth harmonics generally give the most reliable data, but the fifth harmonic
for the prepared film thicknesses was not resolvable during the early stages of cure.

The alkyd resin and zinc oxide were mixed either by grinding by hand for 10minutes or using a
FlackTek speed mixer for Iminute at 2000rpm. The resulting mixtures were thinned in mineral
spirits to obtain the desired viscosity for spin coating. The amount of mineral spirits added varied
with pigment concentration. The mixtures were then stirred for 48 hours. The solutions were spun
cast onto the quartz crystals using a Laurell model WS-650MZ-23NPP spin coater at 3000rpm
with a 200rpm/s acceleration for a total time of 120seconds. A 0% ZnO sample was prepared with
a 10-minute grinding step and 48 hours of stirring to provide a reference for what curing might
occur during the grinding and stirring process. The initial time in the experiments is the end of
spin coating. The resultant films had thicknesses from 4-8um as determined by quartz crystal
rheometry measurements and confirmed for some samples with profilometry.

The impedance spectra were collected with either a N2PK Vector Network Analyzer or a Saunders
& Associates 250B network analyzer. Coated quartz crystals were placed in a holder and measure-
ments were taken at intervals for at least 300 days. Samples were cured under ambient conditions
(usually 22-23°C and 21-25% RH). The fitting of the impedance spectra and calculations were
done using in-house MATLAB programs using the method described in DeNolf et al.[25] based
on the underlying principles described below.

2.6. Nanoindentation

Nanoindentation is a technique that involves pressing a hard indenter of known shape into a ma-
terial while monitoring the load and displacement in order to measure the hardness and elastic
modulus of the material. The hardness, H, of a material is given by the ratio of the load to the
projected contact area of the non-recoverable impression made in the material by the indenter. In
our case we obtain the hardness from the maximum load, P, (illustrated in Figure 2), and from



the corresponding projected area, A, of the hardness impression.
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Figure 2: A typical load-displacement experiment for the indentation of the polyester resin used to
embed the paint samples, labeled to illustrate the values of Py, Snax and S.

The projected area is related to the contact depth, &, by a relationship that depends on the shape
of the indenter [27]. For a Berkovich tip the appropriate relationship is:

A =24.58? ®)

We follow the procedure of Oliver and Pharr and use Equation 9 to estimate the contact depth, J,
which is the distance between the tip of the indenter and the contact plane (see Figure 3):

Pmax
8¢ = Opax —0.75 - 9)

Here 8,4y is the maximum penetration depth of the indenter tip and S is the contact stiffness,
determined experimentally as the initial slope of the linear portion of unloading curve (see Figure
2). Since the material is viscoelastic, a well-defined hold period is introduced before the unloading
to allow for relaxation. The stiffness is calculated from the unloading curve after this hold period.
Note that in our protocol & is fixed at 8,4, during the indentation, as opposed to constant-load
protocol where P remains fixed at Py, during the relaxation phase of the experiment. The constant
displacement protocol that we employ is more appropriate, since the boundary conditions of the
contact problem (in this case the contact area, A) is expected to remain fixed during the indentation,
resulting in a more well-defined contact mechanics problem and the determination of the most
meaningful modulus.

From the measured values of S, P, and &, Equations 8 and 9 are combined to determine A,
which represents the contact area between the nanoindenter tip and the sample surface. Young’s
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Figure 3: Schematic of an indentation experiment, illustrating the relationship between 8. and .

modulus can be calculated from the values obtained above through the use of a reduced modulus.
The reduced modulus is obtained from the following expression for the contact stiffness, assuming
the contact stiffness for a Berkovich tip is the same for a circular contact of the same area:

2
S= ﬁE,\/K (10)

Here E, accounts for the contributions from both the indenter and the sample, and is given as

follows:
L_(1-v)  (12%)
= = + (11)
E, E E;
where E and v are Young’s modulus and Poisson’s ratio for the paint coating, respectively, and E;
and v; are Young’s modulus and Poisson’s ratio for the indenter. In our case the indenter is much

stiffer than the paint coating (E; > E), so Equation 11 is approximated by:

E

B~ (12)
Films for nanoindentation were made by hand grinding zinc oxide pigment with alkyd resin with
a few drops of solvent and spreading the resulting mixture on glass slides. Samples were cast to a
dry thickness of ~ 250um and aged naturally and artificially. Naturally aged samples were allowed
to cure at room temperature for 10 months; mechanical data were collected monthly. One set of
samples was naturally aged for 6 months, and then thermally aged at 60 °C in an oven for 100
hours. Another set of samples naturally aged for 5.7 months was exposed to filtered xenon light
using a Nikon LH-M100C-1 High Pressure XBO lamp for 172 hours (LH-M100Melville, NY).
Ultraviolet and infrared wavelengths were filtered from the light during sample illumination, with
total illumination power at the surface of 0.03W over an illuminated area of 8mmx5mm. Films
were removed from the oven and light source to collect mechanical data after 5, 10, 25, 50, 75,
and 100 hours of artificial aging; these data were collected at room temperature. Nanoindentation
data were collected using a Hysitron TI 950 TriboIndenter (St. Eden Prairie, MN) outfitted with
a diamond Berkovich tip, the tip radius of which is about 150nm. Continuous load-displacement
measurements were recorded during indentation. The indenter penetrated the surface at a constant
displacement rate until a predetermined displacement depth of 1200 nm was achieved. After a 5-
second hold period, the load was removed from the sample at a constant rate. The reduced elastic
modulus, E,, and hardness values, H, were calculated from the average of up to six indents, each
separated by 100um, using the calculations described below for measurements in the context of
viscoelastic materials.



3. Results and Discussion

3.1. Thermogravimetric Determination of Pigment Volume Concentration

Samples were made by adding zinc oxide pigment particles to commercial alkyd formulation at
overall weight fractions of 0, 0.2, 0.4 and 0.6. These are the *wet” weight fractions, w’z”'gb, listed in
Table 1. Measurements of the initial weight loss of the unfilled alkyd indicated that 43 wt% of the
formulation consisted of volatile solvent that was not present in the dried film. Accounting for this
mass loss gives the ’dry’ weight fractions, W[Zl;)(’), as follows:

Wwet Wwel
dr y 7Zn0O 7Zn0O ( 1 3)

200 = et 300,57 (1—wher) — 0.43wheh +0.57

These weight fractions were then converted to volume fractions, @z,0 by assuming a density of
1.2g/cm? for the alkyd resin and a density of 5.6g/cm? [28] for the zinc oxide. This value for the
density of the unfilled resin was obtained from the measurements of the thickness, area, and mass
of an unpigmented DMA sample. The overall ZnO volume fraction is obtained from the following
expression:

dry
Wy /5.6

700 = : : (14)
(wiro/5.6) + (1-wir) ) /1.2
The density of the dry systems, py, is then given as follows:
Pary (g/cm’) = 5.6¢700 + 1.2 (1 — ¢700) (15)
Wet Weight Dry Weight Dry Volume Dry Density (dP) max
Fraction ZnO Fractign ZnO | Fraction ZnO (pd,y) (from QCM)
(Whet) (Wz0) (9z00) glem’ pm-g/em’
0 0 0 1.2 4.3
0.05 0.085 0.019 1.29 4.9
0.10 0.16 0.040 1.38 5.9
0.20 0.30 0.086 1.58 59
0.40 0.54 0.20 2.08 8.2
0.50 0.64 0.27 2.40 4.0
0.60 0.72 0.36 2.79 -

Table 1: Pigment composition of Galkyd model system. Density estimates were used to convert weight
percentages to volume percentages. Values of (dp), .. correspond to values obtained from the QCM
experiments on the thin-film samples.

max

Thermogravimetric (TGA) experiments were conducted on naturally aged S-month-old alkyd sam-
ples for four of the zinc oxide filler loadings listed in Table 1 to confirm the amount of zinc oxide
pigment present relative to the binder after solvent evaporation. These results are shown in Figure
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4. The primary degradation steps of the alkyd resin are observed from 250-480°C [2, 29]. These
mass decreases are attributed to oxidative degradation of the alkyd and alkyd combustion [2, 30]. A
large mass loss with a steep slope that corresponds to the primary degradation was observed in the
0 vol% ZnO sample (the solid curve in Figure 4), and subsequently in each sample of increasing
zinc oxide concentration. The pure alkyd resin did not completely volatilize during the TGA ex-
periment, but left a residue that corresponds to approximately 9% of the dry sample’s total weight.
The mass remaining at 500 °C, which we refer to as w(500) is consistent with the presence of all
of the zinc oxide in addition to 9% of the alkyd resin, as calculated from the following expression:

w(500) = wirey +0.09 (1 iy, (16)

These values for w(500) are included as the crosses in Figure 4. These are a consistency check on
our result that 43 wt% of the wet alkyd resin is a volatile fraction that evaporates soon after the
films are formed, and that 9% of the remaining fraction of the dried alkyd consists of components
that do not volatilize until much higher temperatures. For the rest of this paper, the samples will
be indicated using the ZnO volume fraction, which ranges from 0 to 0.37.

100

80
60

40 ¢

Weight (%)

20 |

0 200 400 600 800
Temperature (°C)

Figure 4: TGA results for the model alkyd system with wet weight percents from 0 to 60 wt% zinc
oxide. The crosses correspond to the values obtained from Equation 16.

3.2. Dynamic Mechanical Characterization

Figure 5 shows the results of DMA measurements on pigmented alkyd films, naturally aged for
two months. The DMA curves were shifted to a reference temperature of 20 °C by applying a
temperature-dependent shift factor az in order to show the response over a wide range of frequen-
cies. These shift factors are plotted in Figure 5c. Figure 5a shows |E*|, the magnitude of the
complex Young’s modulus measured by DMA, as a function of ar f. The unpigmented sample
begins at low frequencies in the rubbery regime, going through the glass transition to the glassy
regime at higher frequencies, as indicated by the decrease in the phase angle and plateauing of
the modulus. The unpigmented sample has a modulus of about 10°Pa in the glassy regime. The
pigmented samples have higher moduli than the unpigmented sample at the same frequencies and
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at the lowest frequency they are already leaving the rubbery regime. In Figure 5b, the phase angles
are shown as a function of ar f. Each sample shows a peak in the phase angle, corresponding
to the glass transition, which occurs at lower frequencies for higher pigment concentrations. The
frequency at which the peak occurs decreases from 7-1072Hz to 6- 10~*Hz. This shift in peak
indicates that the T, increases with pigment content. As the pigment concentration increases, the
height of the peak decreases from 55° for the unpigmented film to 30° for the 9 vol% film, in-
dicating that the relaxation time distribution broadens as filler is added to the sample. The Tg
shift and broadening of the relaxation time distribution are both consistent with a slowing down
of the polymer dynamics in the vicinity of the filler particles, an effect that is well documented in
nanocomposite systems [31].

(a) (b) (c)

7 ‘o 009002
9 | = — ®z,0= 0.
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et g 30 & o
w & 20 4 -1
= 107 4 20 10
— ®z,0=0
— ®z,0=0.02 10 4
— ®z,0=0.04 1073 |
106 — 0= 0.09 0
1073 100 108 108 1073 100 103 106 0 20 40
far (™) far (s™1) T( °)

Figure 5: Time-temperature superposition results for alkyd films containing 0%, 2%, 4%, and 9% zinc
oxide by volume, after curing at ambient conditions for two months. (a) and (b) show the absolute value
of the Young’s modulus and the phase angle, respectively, as a function of the measurement frequency
multiplied by the shift factor ar. (c) shows the values of the shift factor ar as a function of temperature.
The arrow in (a) and (b) shows the progression of the curves according to increasing ¢z,0. The data are
color coded according to temperature, with the colors in (a) and (b) corresponding to the temperatures
with the same color in (c).

3.3. High-Frequency Mechanical Characterization (Quartz Crystal Rheometry)

The first piece of information that is obtained from the QCM experiments is the change in total
sample mass, which is plotted for the different samples in Figure 6. The mass initially increases as
oxygen is incorporated into the film during the initial, oxidative curing steps of the material. This
occurs over the first day of cure, with the measured mass increase correlating with the decrease in
aliphatic double bonds as quantified by Raman spectroscopy[32]. The mass eventually begins to
decrease as volatile compounds are formed and released from the coating. These effects have been
discussed in some detail in our previous work with the base, unfilled alkyd[32]. The important
and novel aspect point from the point of view of our current work is that the time required to
reach the maximum mass is a quantitative measure of the kinetics of the oxidation reactions taking
place during the early stages of the curing process. These kinetics are measurably increased by
the presence of ZnO, as indicated by the details of the mass changes in the vicinity of the mass
maximum, shown in Figure 6b. The time at which the mass is maximized decreases monotonically
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with added ZnO, decreasing from ~20 hrs. for ¢z,0 = 0 to ~10 hrs for ¢z,0 = 0.27, indicating a
doubling of the rate of oxidation over this range of ZnO concentrations.

(a) (b)

1.001
1.000 |
0.999 - /
—¥— Oz0=0 B
~0 0200=0.02 §  g9g. f
- 070=004 <
—— 0z,0=0.09 T 0.997 -
—A— ®z0=0.20
—— ¥z,0=0.27 0.996
. . . : 0.995
1071 10° 10! 102 567810 15 20 30 4050
time (days) time (hours)

Figure 6: Normalized film mass as a function of curing time for the samples with different filler frac-
tions: a) The entire curve over the range of measured times; b) detail of the data near the maximum in
the mass, illustrating the enhanced curing rate as the zinc oxide fraction increases. The symbols in part
(b) indicate the maximum on the mass curve, which occurs for shorter times as ¢z,o increases. Values
of (dp),,,. for each sample are listed in Table 1.

The ability of the QCM to quantify the oxidation kinetics in the alkyd system originates from two
features of the this technique. The first is the thin film nature of the technique, which ensures that
oxygen diffuses throughout the entire film on time-scales that are much shorter than the time-scale
of the measurement. In practical terms, 'skin’ effects are avoided because the entire sample can
be viewed as the skin layer that would be obtained from a measurement performed on a much
thicker sample. The second aspect of the QCM technique is its extraordinary sensitivity to very
small mass changes, able to accurately measure mass changes of 1 part in 10,000, as illustrated
by Figure 6b. Note that relative mass changes can still be reliably measured, even when a more
approximate analysis based on the Sauerbrey equation (Eq. 3) is used to extract the data. Consider,
for example, a sample with dp = 5um- g/cm3, G§|p =10° Pa-g/cm3, and ¢ = 90°, values that
are typical of the films studied here. The frequency decrease for the third harmonic as obtained
from Eq. 4 for this set of parameters is 91,598 Hz, 8 % larger than the Sauerbrey prediction of Eq.
84,841 Hz obtained from Eq. 3. Straightforward application of the Sauerbrey equation to interpret
the mass data in the vicinity of the mass maximum will simply shift the mass curve downward by
8%, which when normalized by the maximum value will give curves virtually identical to those
shown in Figure 6.

Deviations from the Sauerbrey equation are still important, however, in that they enable the me-
chanical properties to be accurately quantified. This ability emerges from the additional informa-
tion obtained from the dissipation (I' in our notation) and the ability to quantify the difference
between the measured value of the frequency shift and the Sauerbrey prediction. These differ-
ences are only meaningful when data from two harmonics, typically n = 3 and n = 5 are obtained.
This is because the mass itself is unknown initially, so deviations from the Sauerbrey scaling are
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quantified as deviations from the linear scaling between n and Afj, that is predicted by Eq. 3. In
Figure 7 we show the properties obtained by forcing the measured values of Af3, Afs and AI'; to
the values predicted from Eq. 4. We refer to this calculation as a 3:5,3 calculation, and it is the
most reliable calculation for this particular set of material properties. A 1:3,3 calculation was used
to generate the data in Figure 6 because because the resonance peak for n =5 cannot be reliably
obtained during the early stages of cure in these materials.

1e9 (a) (b)
g —— mZnO = 0
o —0— Oz,0=0.02 o
& 24 —— 0z,0=0.04 z
o —#— ®z,0=0.09 A
*gm —h— ®z,0=0.20 6 -

14 —— ¥z,0=0.27
T T T 4 1 T T T
10° 10! 102 10° 10! 10?2
time (days) time (days)

Figure 7: High frequency rheometric data for an alkyd resin filled with zinc oxide: a) product of the
film density and the magnitude of the complex shear modulus of the film at 15 MHz (b) phase angle of
the complex shear modulus at 15 MHz.

The data in Figure 7 indicate that the time evolution of the mechanical properties during the later
stages of cure are qualitatively similar, with the magnitude of the complex shear modulus showing
a similar increase over time for all filler loadings. The effect of the filler is to stiffen the system
in a way that is largely consistent with Eq. 1, as illustrated in Figure 8. Here we plot relationship
between |G§| and ¢zp0 at a cure time of 20 days, using the data from Figure 7a and the densities
listed in Table 1. The data are described by Eq. 1, using |G§| for G and with Go=7.1x10® Pa and
¢*=0.64. This is by no means a unique functional form, but is given as point of comparison to a
commonly used filler model. Deviations are observed at the highest ZnO concentrations, which
we attribute to the non-ideal nature of the particles and the difficulty in getting a macroscopically
uniform sample for the quantitative QCM experiment for this particular sample.

3.4. Nanoindentation

While the QCM and DMA techniques are very well suited for investigations of well-controlled
model films with defined geometries, these techniques are generally ill-suited for investigations of
historic paint films due to the size-limited nature of samples that can be taken from works of art.
Nanoindentation can be performed on very small samples, and is a technique that is well-positioned
to impact the field of conservation science[33]. SEM images of some of the ZnO-filled systems
investigated here are shown in Figure9. Figure 9a depicts the small zinc oxide particles (in white)
scattered throughout the alkyd matrix (in gray); there are portions of pigment-poor matrix clearly
visible. The paint film appears to be more homogeneously filled in the 20 vol% zinc oxide sample
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Figure 8: Shear moduli determined from the QCM experiments at a cure time of 20 days. The solid
line corresponds to Eq. 1, with Go= 7.1x108 Pa and ¢*=0.64.

(Figure9b). In the 37 vol% zinc oxide film, the matrix is very densely packed with an even more
homogeneous distribution of pigment particles (Figure9c). As a point of comparison, the critical
pigment volume concentration for a zinc-oxide commercial paint is is ~ 50% or less. Previous
work on Ripolin, an early oil-based paint used by many avant-garde artists including Pablo Picasso
(1881-1973) was shown to have a similarly homogeneously packed distribution of ZnO pigment
particles. Furthermore, thermogravimetric analysis of Ripolin paints gave values of 63.5 wt% solid
residue (assumed to be mostly pigment) and 36.5% binder [34].

30 pm

: TR

[T R

(a) 9 vol% (b) 20 vol% (¢) 37 vol%

Figure 9: Pigment particle packing at different volume fractions in samples for nanoindentation: 9%
(a), 20% (b), and 37% (c). As the pigment content increases, pigment particles pack more closely and
begin to aggregate.

The reduced modulus and hardness of naturally and artificially aged pigmented films were mea-
sured over time. As with DMA, films could not be measured as soon as they were made because
the films were insufficiently stiff, so the first measurements were made after one month of curing.
Figure10 shows the mechanical properties of alkyd resins with different pigment concentrations
plotted as a function of time. Figure 10a shows the results of natural aging, at room temperature
and ambient humidity. These plots show that the reduced modulus and hardness increase with
pigment concentration and with time. While all films show increasing modulus and hardness with
time and pigment content, the largest increase is observed in the 9 vol% sample between 0 and 150
days. Both modulus and hardness increase by approximately one order of magnitude, suggesting
that the 9 vol% films behave as if they have a higher filler content.
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Figure 10: Mechanical properties of alkyd model systems over time. (a) reduced modulus and hardness
of paint films with increasing pigment content aged for 10 months; (b) reduced modulus and hardness
of paint films aged up to 100 hours in a dry oven after 6 months of curing at room temperature; (c)
reduced modulus and hardness of films aged up to 172 hours with a xenon lamp after 5.7 months of
curing at room temperature.

Figure 10b shows the effects of aging in a 60°C oven after 6 months of natural aging. The trend
is towards increased modulus and hardness with exposure to higher temperatures, but there is
significant scatter in the data and longer times need to be investigated to verify and quantify the
effect. Figure10c shows the effects of aging with a xenon lamp on pigmented films after 5.7 months
of natural aging. After 172 hours of light exposure there is no significant change in the modulus,
and the hardness only increases for the 9 vol% sample. At these time scales there are no significant
differences between the aging effects of the different pigment concentrations.

Regardless of the age of the paint film or the mode of artificial aging to which it was subjected,
the normalized modulus and hardness values increase with increasing zinc oxide content, with
very little change in the modulus of the unfilled polymer, for which G ~ 10° Pa in nearly all
cases. In a measurement of a historic paint sample, the local properties will be most strongly
affected by the inorganic content, which is generally not known. Fortunately, other properties
can be extracted from an indentation experiment, including the creep or stress relaxation behavior
[33], and these experiments are likely to play a role in the future. Also, looking at the effects
of the temperature on an aged sample, or the effect of very high humidity or solvent vapor on
the mechanical properties of the film can also provide information. These approaches have been
utilized in our QCM work[26, 32, 35], and a similar philosophy is likely to be valuable for future
nanoindentation experiments as well.
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3.5. Technique Comparison

Each of the three techniques employed here provides a different type of information about the
mechanical properties of ZnO-pigmented alkyd resins. DMA measurements span the widest range
of frequencies, with nanoindentation probing only the low-frequency response and quartz crystal
rheometry probing only the high-frequency response. All of these techniques show an increase in
the elastic stiffness of the material with increasing pigment concentration. To compare the values
measured by each of these techniques in a quantitative way, however, some conversions have to be
made. DMA measures E*, nanoindentation E,, and quartz crystal rheometry |G*|p and ¢. Since no
phase angle information was obtained from the nanoindentation data, the comparison must consist
of the magnitude of the modulus only. The reduced modulus, E,, can be converted to a value of E*
by assuming E, = |E*| / (1 — v2) consistent with Equation 12. Poisson’s ratio is generally close to
0.5 for the situations of interest to us. A lower bound for Poisson’s ratio is obtained by assuming a
value of K ~3.510° Pa for the bulk compressive modulus, close to the value obtained for both neat
polystyrene and polystyrene with 10 wt.% silica filler [36]. We then obtain v from the following
expression, with this fixed value of K:

_3-2(G°|/K

- 6+2|G*| /K 17

In the rubbery regime G/K is small enough so that v for our purposes is indistinguishable from
0.5. In the glassy regime, G/K =~ 0.3, which gives v ~ 0.36.

Similarly, the following equation can be used to convert |G*| to |E*|:

E°| = 2/G*|(1+V) (18)

When comparing the quartz crystal rheometry and nanoindentation results, it is important to ac-
count for the orders of magnitude difference in the frequency at which these measurements were
taken. Fortunately, the dynamic mechanical measurements provide a bridge between these two
techniques. This point is illustrated by the data in Figure 11, where we plot the frequency depen-
dence of |[E*| for data obtained by nanoindentation, quartz crystal rheometry and DMA, referenced
to room temperature. The nanoindentation measurements were not taken cyclically, but based on
the indentation rate they are plotted here at a frequency of 1Hz, since the timescale of the unload-
ing portion of the experiment from which the modulus is determined is about 1 second. When the
relevant time scales of the different experiments are accounted for appropriately, we see that the
moduli measured by the different techniques are in good agreement with one another.

A convenient way to plot dynamic mechanical data without accounting for frequency-dependent
or time-dependent shift factors is to plot the phase angle as a function of the magnitude of the
modulus. These plots, closely related to van Gurp-Palmen plots that have been used previously
as a test of the validity of time-temperature superposition[37, 38], give a useful representation
of dynamic mechanical data. The DMA and QCM data from our experiments are plotted in this
form in Figure 11b. For a given sample, one moves from left to right on the van Gurp-Palmen
plot either by decreasing the temperature or increasing the frequency. The maximum in the phase
angle is proportional to the maximum in the slope of log (|E*|) vs. log(far),[26]. This slope is
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in turn related to the distribution of relaxation times in the material, with a lower slope indicative
of a broader relaxation time distribution. Two additional aspects of Figure 11b are noteworthy.
First, the van Gurp-Palmen curves from the DMA measurements at frequencies from 0.1 to 10
Hz overlap with one another in the glassy regime, indicating that these glassy systems share some
features that are independent of the filler content. Second, the QCM data obtained at a frequency
of 15 MHz are shifted to higher moduli by a factor of about 2 in comparison to the DMA data,
reminiscent of the behavior observed in filled silicone systems consisting of nanoscale regions with
different dynamic properties [39]. These results are an excellent starting point for further detailed
investigations of the mechanics of these systems, ideally including model systems that are more
fully understood than the commercial alkyd system used in our experiments.
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Figure 11: a) DMA data from Figure 5a, plotted along with the moduli extracted from the quartz crystal
rheometry measurements at a frequency of 15 MHz, and the nanoindentation data, where we assume an
effective frequency of ~1 Hz. b) DMA and QCM data plotted in the van Gurp-Palmen form. All data
were obtained from samples that had been cured for two months.

4. Conclusions

We have used three different mechanical experiments (DMA, QCM, and nanoindentation) to probe
the mechanical response over time of a commercial alkyd system filled with different concen-
trations of ZnO. Dynamic mechanical analysis can probe a wide range of frequencies, but the
measurements require a large amount of sample and are only possible once the material forms
a free-standing film. The quartz crystal rheometer gives viscoelastic measurements at a single
frequency and additionally provides mass data and is able to measure changes in time from the
onset of the cure process. It also uses very thin films, avoiding skin effects that plague thicker
samples needed for the DMA experiments. These thin films, however, can be very difficult to
obtain for the high filler loadings that are typical of many commercially viable paints. Nanoin-
dentation probes the Young’s modulus and hardness at low frequencies, and these measurements
are the ones most comparable to hardness measurements common in the paint community. Films
must be already partially cured before nanoindentation can be performed, but a number of mea-
surements can be taken simultaneously and the sample required is small. Quartz crystal rheometry
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measures at very high frequencies (15 MHz), and gives results in good agreement with the DMA
and nanoindentation when the timescale of each measurement is taken into account. The following
materials-related conclusions emerged from this work.

 The elastic modulus of the samples increases with ZnO concentration and with curing time
in ways that can be described by existing models of the elastic properties of filled polymers.

* The ZnO filled samples have a higher glass transition temperature and broader relaxation
time distribution than the unfilled samples, a result that is consistent with a slowing of the
polymer dynamics in the immediate vicinity of a ZnO surface.

* Oxidation of the polymer during the early stages of cure as measured by the QCM occurs
more quickly with increasing ZnO filler fractions. At the highest filler fractions this process
happens about twice as fast when compared with the unfilled system.

The last of these results is particularly noteworthy in that it shows that the quartz crystal rheometer
can be a particularly valuable tool for assessing the long-term aging of paint coatings. Effects that
can be investigated include the effect of environmental conditions and of specific additives on cure
behavior at all stages of the curing process, provided that samples with a thickness of ~ 5 um and
a macroscopic lateral homogeneity over ~ lcm can be produced. These experiments complement
nanoindentation measurements in paint films at high particle concentration (such as in historic
paint films) which can be performed on small samples of historic paint samples but are affected by
the filler fraction and details of the filler particle dispersion.
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