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The correlation between the adhesive strength of joints of aluminum alloys and the 
wettability of their surfaces was studied. Two alloys, A1-1100 and Al-2024, were 
used, with two commercial epoxy adhesives, FM-73 and FM-300K, and the BR-127 
primer. The wettability of the surfaces was modified by applying coatings of silicone 
oil and stearic acid at various concentrations. Wettability was characterized by the 
“complete spreading concentration” (CSC) method and by advancing contact angles. 
The CSC method was proven to be more reliable than contact angle measurements 
in detecting variations in the surface energy of the aluminum alloys studied. The 
adhesive strength was measured by the lap shear strength (LSS) and by the T-peel 
strength. The adhesive strength is only mildly sensitive to the concentration of 
silicone oil for the two adhesive systems. For FM-300K, the LSS decreases when the 
concentration of stearic acid in the coating increases. For FM-73, the LSS is only 
mildly sensitive to the concentration of stearic acid, but the T-peel strength shows 
appreciable sensitivity. The failure mode becomes more adhesive as the concentra- 
tion of stearic acid and thereby the CSC increase. It is only mildly dependent on the 
concentration of silicone oil. The results indicate that silicone oil probably interacts 
with either the primer or an adhesive component in a way which counteracts the 
expected decrease in adhesive strength due to the reduction in surface energy and 
wettability of the adherends. However, the effect of stearic acid on the adhesive 
strength is associated with decreased wettability. All cases for which a pronounced 
decrease in the adhesive strength was measured are associated with contact angles 
larger than 90” and with either high CSC values or nonspreading situations. 

KEY WORDS Effect of contamination; epoxy film adhesives; joint strength; 
silicone oil; stearic acid; wettability characterization. 
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140 A. MARMUR, H. DODIUK AND D. PESACH 

INTRODUCTION 

It is generally accepted'-" that adhesion is closely related to the 
interfacial properties of the adherends. As the purpose of an 
adhesive is to bridge between two solid surfaces by forming an 
intimate contact with each of them, good wetting of the solids by 
the adhesive is a natural perequisite. 

To establish a correlation between the adhesive strength and the 
wettability of the surfaces of the adherends, reliable measures of 
these properties are required. While reasonable standardization 
exists regarding measures of adhesive ~ t r e n g t h , ~  the characterization 
of wettability is still fraught with some difficulties. Contact angle 
measurements have been frequently used for characterizing the 
surface energy of solids," however a major difficulty is caused by 
the phenomenon of contact angle hysteresis, which may lead to a 
large range of possible contact angles. The interpretation of the 
measured contact angle is therefore uncertain, especially under 
conditions which enhance hysteresis, such as surface roughness or 
contamination, which frequently occur in industrial practice. 

A method which has gained popularity in characterizing the 
surface energy of solids was developed by Zisman and coworkers. l2 

This method involves measurements of contact angles of a homolo- 
gous series of liquids on the solid to be characterized. The results 
are plotted in the form of cosOvs. y, where 0 is the measured 
contact angle and y is the surface tension of the liquid. Extrapola- 
tion of the curve to cosO= 1 defines a corresponding surface 
tension, which is termed the critical surface tension. The latter is 
used to characterize the surface of the solid, in the sense that every 
liquid of y smaller than the critical surface tension will completely 
wet the solid. This method involves the same uncertainty as 
mentioned above, regarding the identification of the true value of 
the contact angle within the hysteresis range. 

A possible way to overcome the uncertainty in contact angle 
measurements is to look for a liquid, the equilibrium contact angle 
of which is exactly zero on the surface which is studied. The 
equilibrium zero contact angle which is required for the charac- 
terization of a surface should not be confused with the apparent 
zero contact angle, which may be shown by a liquid of sufficiently 
low surface tension, while dynamically spreading on the solid. It is 
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CONTAMINATION AND ADHESIVE STRENGTH 141 

unlikely, however, to find a suitable pure liquid for each solid 
surface, which will have 0 = 0 at equilibrium. Therefore, it is 
natural to solve the problem by using a binary mixture of liquids, 
one which completely spreads on the solid surface and one which 
does not. By adjusting the concentration of the mixture, it is 
possible to reach the transition point between non-zero contact 
angles and complete spreading, which may be assumed to represent 
the situation of 0 = 0 at equilibrium. The surface energy of the 
solid can then be empirically characterized by the lowest concentra- 
tion of the less polar component which induces complete spreading. 
This concentration is termed the “complete spreading concentra- 
tion” (CSC). Two typical mixtures which may cover a wide range of 
situations are water-ethanol and ethanol-octane. The CSC for the 
former is defined as the lowest ethanol concentration which leads to 
complete spreading, and for the latter it is the lowest octane 
concentration. The use of mixtures rather than pure liquids may 
involve some additional complications, such as selective adsorption 
or evaporation of one of the components. Therefore, the method 
should be carefully studied and empirically tested. 

The CSC method has been used in industry, but its sensitivity and 
reliability have been tested only in a limited number of cases.1s15 
For polyethylene, for example, it was found that the CSC method 
was much more sensitive to variations in the surface energy due to 
oxidation than contact angle measurements. l3 The CSC method 
appears similar to Zisman’s method, however two major differences 
exist between them: (a) the point of 0 = 0  is experimentally 
identified in the CSC method, rather than by graphical extrapola- 
tion; (b) no instrumental measurement of contact angles is being 
made in the CSC method, since the CSC can be easily determined 
by visual inspection. Zisman and coworkers’* also used mixtures of 
liquids in their studies, in addition to homologous series of pure 
liquids. However, they were used to characterize surfaces which 
were lower in surface energy than the surface tension of either of 
the components in the mixture. Thus, the condition O = 0 was again 
found by extrapolation and not by direct experimental observation, 
as in the CSC method. 

Recently, a series of studies on surface characterization of 
aluminum alloys (Al-1100 and A1-2024) treated by various anodiz- 
ing processes has been published. The microstructure of aluminum 
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142 A. MARMUR, H. DODIUK AND D. PESACH 

oxide and aluminum oxide-primer-adhesive interfaces have been 
evaluated, using various spectroscopy techniques (ESCA, SIMS, 
Auger, FTIR, SEM and EDXA), and its correlation with the 
adhesive strength has been elucidated.'&*" It is of practical interest 
to correlate the adhesive strength of these aluminum adhesive joints 
with the wettability of the treated surfaces, since the latter can be 
characterized by techniques which are much simpler than the above 
mentioned spectroscopy methods. 

The purpose of this paper is thus twofold: first, to establish the 
use of the CSC method and its reliability in characterizing surfaces 
of aluminum alloys treated with various controlled contaminations; 
and mainly, to correlate the CSC with the adhesive strength. 

EXPERIMENTAL 

Contact angle measurement 

The measurement of contact angles was performed with a direct 
reading contact angle meter (Kernco Instruments Co. Inc.). A drop 
of distilled water, about 3p1 in volume, was placed on the test 
surface, using a micrometric syringe. The drop volume was slowly 
increased by adding water, and the advancing angle was recorded. 
The latter was defined as the highest equilibrium contact angle 
which could be assumed by the drop, given an initial drop volume. 
Three samples were used for each measurement. 

Complete spreading concentration (CSC) determination 

The determination of the CSC was based entirely on visual 
inspection, since it is easy and accurate to determine the existence 
of complete spreading. This was accomplished by noting the large 
basal area of the drop and the time required for spreading. In 
situations involving a non-zero contact angle, the equilibrium 
configuration is usually attained within less than a second. In 
complete spreading situations, the motion usually continues for 
about 10 sec or more. 

Ethanol-water mixtures of various concentrations were prepared 
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CONTAMINATION AND ADHESIVE STRENGTH 143 

and carefully stored, to avoid significant changes due to evapora- 
tion. A drop of each was put on a test surface (one drop only on 
each surface), in a monotonic order of concentrations, until the 
lowest concentration of ethanol which led to complete spreading 
was identified. The surface was characterized at this point by two 
limiting solutions: one with the lowest ethanol concentration which 
led to complete spreading, and the other with the highest ethanol 
concentration which still led to a non-zero contact angle. Fine 
tuning between these limiting solutions could be made by decreas- 
ing the concentration intervals between two successive solutions, 
until satisfactory differentiation was reached. Three samples were 
used for each final measurement. The CSC values reported in the 
tables below are the concentrations of the limiting solutions. The 
CSC values are given in volume percent of ethanol, referring to the 
volumes of the liquids prior to their mixing. 

Adherends and adhesives 

Two adherends were used for the present study: A1-1100 and 
A1-2024, both chromic acid anodized without sealing, in accordance 
with MIL-B-8625. 

Two commercial film adhesives were studied: FM-73, a tough- 
ened, supported, modified epoxy film adhesive for 250°F service; 
and FM-300K, a supported, modified epoxy film adhesive for 350°F 
service (Bloomingdale Division of American Cyanamid). The 
primer was BR-127 (Bloomingdale Division of American Cyanamid). 

A thin layer of the BR-127 primer was applied by spraying and 
cured for 30 min at room temperature, followed by 1 hour at 120°C. 
FM-73 was cured at 120°C and 0.25 MPa for 1.5 hours. FM-300K 
was cured at 177°C and 0.25 MPa for 2 hours. 

Mechanical tests 

Tensile lap shear specimens were prepared according to ASTM 
D-1002-72. T-peel specimens were prepared according to ASTM 
D-3167-73T. Five specimens were fabricated for each test, using a 
special mold under compression. Bondline thickness for all speci- 
mens was 0.10 + 0.03 mm. 

The bond strength was measured by using an Instron Mechanical 
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144 A. MARMUR, H. DODIUK AND D. PESACH 

Tester (crosshead speed was 2mm/min for lap shear strength and 
200mm/min for T-peel strength) at 25°C. The mode of failure 
(adhesive or cohesive) was evaluated by visual inspection. 

Cleaning and coating procedures 

Cleaning was achieved by immersing the samples in air plasma at 
0.2 torr, formed by applying 3 kV AC, at 50 Hz, for a predeter- 
mined period. 

The coating solutions consisted of silicone oil or stearic acid, 
dissolved in chloroform. The concentration of each coating solution 
is expressed by volume percentage, in terms of the volumes of the 
constituents prior to their mixing. Coating of the samples for the lap 
shear tests was performed by dipping into the solution for 10min. 
The T-peel samples were large, and therefore their coating was 
done by slowly pouring about 75 ml of solution on each side. 

RESULTS AND DISCUSSION 

The main purpose of the present paper is to present the correlation 
between the adhesive strength and the wettability of the surfaces of 
the adherends, measured in terms of the “complete spreading 
concentration” (CSC). However, it is first of interest to establish 
the usefulness of the CSC method for characterizing the surface 
energy of treated surfaces of aluminum alloys, in comparison with 
the well known technique of contact angle measurement. 

Figure 1 presents the CSC us. the advancing contact angles for 
two aluminum alloys, A1-1100 and Al-2024, and two types of 
controlled contamination, silicone oil and stearic acid. It is clear 
that, in general, a reasonable correlation exists between the two 
measurements, in the sense that the advancing contact angle tends 
to increase when the CSC increases. Specifically, both methods 
show that the surface energy of the stearic acid coating is lower than 
that of the silicone oil coating. However, a detailed examination of 
these results, with reference to the concentrations of contaminants 
as reported in Tables I and 11, reveals further details. It can be seen 
that, in some cases, very different contact angles correspond to the 
same CSC. The reason is that the CSC varies monotonically with 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
3
5
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



CONTAMINATION AND ADHESIVE STRENGTH 145 

20 
40 60 80 100 120 140 

Advancing Contact Angle, Degrees 

FIGURE 1 The correlation between the CSC and the advancing contact angle. 
S A I - 1 1 0 0  samples. 0-Al-2024 samples. Full symbols-silicone oil. Empty 
symbolsstearic acid. Divided symbols-plasma cleaning. 

the concentration of the contaminant, while the advancing contact 
angle is not always a unique function of the latter. For example, the 
CSC for A1-1100 increases with the concentration of silicone oiI in 
the coating solution, while the contact angle for 1% silicone oil is 
smaller than for lo-*%. Thus, the CSC is more reliable in 
characterizing the wettability of the surfaces studied here than the 
advancing contact angle, in accordance with previously published 
data on other  system^.'^,'^ 

It is also of interest to note that the advancing angles reported 
here for high concentrations of stearic acid are higher than 
previously reported for packed monolayers of similar species. l2 This 
can be explained in terms of contact angle hysteresis, by realizing 
that the solid surfaces used here were rougher than those usually 
used for monolayer deposition, and that the present coating 
procedure most probably led to a nonuniform coating. This 
observation may serve to emphasize again the advantage of the CSC 
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TABLE I 
Wettability, lap shear strength (LSS) and failure mode" of treated AI-1100 

LSS, MPa LSS, MPa 
Surface CSC FM73 + BR127 FM300K + BR127 

Treatmentb 0" % (Failure mode) (Failure mode) 

Plasma Cleaning 44 35-40 2.51 f 0.17 2.03 f 0.02 

so 66 40-45 3.35 f 0.08 2.40 f 0.07 
(60%A) (70%A) 

(20TuA) (35%A) 
so 10.2% 75 45-50 3.17 f 0.06 2.51 f 0.06 

(15%A) (40%A) 

(20%A) (50%A) 

(20%A) (50%A) 

(35%A) (95%A) 

(70%A) (100%A) 

so I %  68 65-70 3.01 f 0.03 2.33 f 0.05 

SA 93 50-55 3.48 f 1.45 2.42 f 0.02 

SA 10 '% 130 70-75 2.82 f 0.10 0.87 f 0.12 

SA 10-'% 113 NS' 2.94 f 0.17 0.66 f 0.06 

Failure mode in %A (percentage adhesive failure) is defined as the percentage 
of exposed substrate area which is devoid of adhesive. ' Abbreviations used in identifying surface coatings are: SO--silicone oil; SA- 
stearic acid. Contaminants were dissolved in chloroform, at the volumetric per- 
centage indicated. Coating was performed by dipping. 

NS-no spreading even with pure ethanol. 

TABLE I1 
Wettability, lap shear strength (LSS) and failure mode" of treated Al-2024 

Surface 
Treatmentb 0" 

csc 
% 

LSS, MPa 
FM73 + BR127 
(Failure mode) 

Plasma Cleaning 

so 10-5% 

so 10-2% 

so 1% 

SA loT5% 

SA 

SA 10 '% 

41 

76 

70 

92 

72 

117 

155 

20-25 

35-40 

55-60 

60-65 

40-45 

55-60 

N S' 

3.06 f 0.10 
(20%A) 

2.97 f 0.10 
(20%A) 

3.28 f 0.12 
(25%A) 

3.00 i 0.51 
(30%A) 

3.17 f 0.15 
(25% A) 

3.06 f 0.09 
(35%A) 

2.88 f 0.1 1 
(70%A) 

LSS, MPa 
FM300K + BR127 

(Failure mode) 

2.27 f 0 . 1 3  
(30%A) 

2.42 f 0.05 
(45%A) 

2.59 f 0.06 

2.44 f 0.13 
(50%A) 

2.48 * 0.02 
(50%A) 

2.06 f 0.19 
(80%A) 

0.65 f 0.11 
(l(X)%A) 

(50%1A) 

"Failure mode in %A (percentage adhesive failure) is defined as the percentage 
of exposed substrate area which is devoid of adhesive. 

Abbreviations used in identifying surface coatings are: SOliilicone oil; SA- 
stearic acid. Contaminants were dissolved in chloroform, at the volumetric per- 
centage indicated. Coating was performed by dipping. 

NS-no spreading even with pure ethanol. 
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FIGURE 2 The effect of cleaning time in plasam on the CSC. Samples initially 
contaminated by silicone oil at various concentrations: 0-10- '%, A-lO-'% and 
O-10-3%. 

method for systems of practical interest, where contact angle 
hysteresis may interfere with surface characterization due to rough- 
ness and chemical heterogeneity. 

To further establish the usefulness of the CSC method and its 
sensitivity to surface treatments, the cleaning of A1-1100 substrates 
was followed. Figure 2 shows the CSC us. the cleaning time in 
plasma, for various initial concentrations of silicone oil. The 
decrease in CSC with the progress of the cleaning process is clearly 
seen. 

Having established the usefulness of the CSC method for the 
present systems, the main goal of this paper i.e., the elucidation of 
the correlation between the adhesive strength and the CSC, can be 
discussed. The results are summarized in Tables 1-111 and Figures 3 
and 4. In order to present a complete picture, the advancing contact 
angles were also measured for the samples used for the Lap Shear 
Strength (LSS). Unfortunately, the T-peel samples were too large 
for the contact angle goniometer. The correlation of the adhesive 
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148 A. MARMUK, H. DODIUK AND D. PESACH 

TABLE 111 
Wettabihty, peel strength (T-peel) and failure mode” of 

treated Al-2024 

T-peel, N/mm 
CSC FM73 + BR127 

Surface coatingb % (Failure mode) 
_____ ~ 

“As received” 40-45 8.12 f 0.25 

so 10 5% 45-50 x 4 9 f 0  21 

so lo-% 75-80 10 82 f 0.26 

so 1% NS‘ 10.59 f 0.21 

SA 10 ’% 55-60 8.31 f 0 . 1 4  

SA 10 ’% 95- 100 7.32 f 0.30 

SA lo-’% NS 2 99 f 0.33 

(O%A) 

(()%A) 

(O%A) 

(O%A) 

(O%,A) 

(20%A) 

(95%A) 
~~ ~~ 

“Failure mode in %A (percentage adhesive failure) is 
defined as the percentage of exposed substrate area which is 
devoid of adhesive . 

Abbreviations used in identifying surface coatings are: 
S k i l i c o n e  oil; SA-stearic acid. Contaminants were dis- 
solved in chloroform, at the volumetric percentage indicated. 
Coating was performed by dipping. 

NS-no spreading even with pure ethanol. 

strength with the CSC is presented only in the tables and not in the 
figures, since some of the pronounced changes in the adhesive 
strength occurred at non-spreading situations, i. e. beyond a CSC of 
100%. 

The results show that the LSS for the FM-73 adhesive is only 
mildly sensitive to the contaminant concentration, for the two 
coatings which were studied. With the FM-300K adhesive, the LSS 
is mildly sensitive to the contaminant concentration for the samples 
coated with silicone oil, while a marked decrease in the LSS is seen 
for high concentrations of stearic acid. Similar trends, in terms of 
the dependence of the adhesive strength on the presence of 
contamination, were previously observed,’ although for different 
adherends and with different specific dependence on the type of 
contamination. As Figures 3 and 4 show, a decrease in LSS is 
correlated with contact angles higher than 90“. From Tables I and I1 
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0 '  I I I I 1 
40 60 80 100 120 140 

Advancing Contact Angle, Degrees 

FIGURE 3 The dependence of LSS on the advancing contact angle for AI-1100. 
C-FM73. 0-FM300K. Full symbols-silicone oil. Empty symbols--stearic acid. 
Divided symbols-plasma cleaning. 

it can also be concluded that the decrease in LSS is associated with 
high CSC values of over 70%, and mostly with non-spreading 
situations. These observations indicate that a decrease in the LSS is 
clearly associated with a diminished wetting of the solid by the 
adhesive. However, the low sensitivity of the LSS to the concentra- 
tion of the contaminant in some cases needs to be explained. In 
general, a low sensitivity may stem either from the mechanism of 
adhesion or from the test method itself. For rough surfaces, the LSS 
may be increased by mechanical interlocking of the adhesive in the 
surface grooves, thus masking the decrease in strength, which 
should have resulted from lowering the wettability of the adherends 
by the contaminants. On the other hand, a low sensitivity of the 
LSS to the concentration of a contaminant may also be due to an 
interaction between the contaminant and either the primer or an 
adhesive component, which may compensate for the decreased 
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wettability. Clearly, some additional information is required in 
order to resolve this question, as discussed below. 

It is also interesting to notice that the AI-1100 cleaned by plasma 
performed worse than the coated samples of this material. This may 
be attributed to the adsorption of Contamination from the environ- 
ment sometime during the handling of the samples. This explana- 
tion is supported by the CSC value of 35-40, which is much higher 
than usual for clean A1-1100, as shown above (Figure 2). These 
results demonstrate the possible effect of random contamination on 
the adhesive strength, and the usefulness of the CSC method in 
identifying its existence. 

The failure mode is presented in Tables I and I1 in terms of the 
percentage of adhesive failure. These tables show that the per- 
centage of adhesive failure increases with the concentration of 
stearic acid, but depends only mildly on the concentration of 
silicone oil. The failure mode is also shown to be more adhesive for 
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CONTAMINATION AND ADHESIVE STRENGTH 151 

coatings of stearic acid than for silicone oil. These observations 
suggest a clue to the question which was posed above. Since both 
the LSS and the failure mode for the samples coated with silicone 
oil depend only mildly on its concentration, it is reasonable to 
assume that some interaction exists between the silicone oil and 
either the primer or an adhesive component, which counteracts the 
effect of decreased wettability. In contrast, the effect of stearic acid 
seems to be directly related to the reduction in the surface energy 
(and thereby in the wettability) of the adherends, since the failure 
mode becomes more adhesive, even when the LSS is not much 
decreased. 

Table I11 presents the results for the T-peel strength. Only the 
FM-73 adhesive was used, since the FM-300K adhesive is known to 
have a very low peel strength. Similarly to the LSS, the T-peel 
strength depends only mildly on the concentration of silicone oil. 
However, an appreciable decrease in strength is apparent for high 
concentrations of stearic acid. The T-peel strength is expected to be 
more sensitive to surface contamination than the LSS, since it is less 
influenced by mechanical interlocking than the latter. Thus, the 
hypothesis that the insensitivity of the adhesive strength to the 
presence of silicone oil is due to some interaction with either the 
primer or an adhesive component, is supported by the fact that the 
T-peel strength is also insensitive to this coating. In addition, since 
the T-peel strength is more sensitive to the concentration of stearic 
acid than the LSS, it can be concluded that the effect of stearic acid 
is indeed to decrease the surface energy of the solid and thereby its 
wettability by the adhesive. The dependence of the failure mode on 
the concentration of contamination, as determined by testing T-peel 
failure surfaces, is similar to the corresponding results for the lap 
shear tests: for the samples coated with stearic acid, the failure 
mode becomes more adhesive as the CSC increases. 

SUMMARY AND CONCLUSIONS 

1. The CSC method was proven to be sensitive to variations in the 
surface energy of the aluminum alloys studied. It was shown to be 
more reliable than contact angle measurements, while the perfor- 
mance of the test is much easier and simpler than the latter. In 
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addition, the CSC method is not limited by the size and geometry of 
the samples, in contrast with contact angle measurements, where 
these factors may determine the feasibility and convenience of the 
measurements. 
2. The LSS as well as the T-peel strength are only mildly sensitive 
to the concentration of silicone oil in the systems studied. These 
observations suggest some interaction of the silicone oil with either 
the primer or an adhesive component, in a way which compensates 
for the decrease in surface energy and wettability of the adherends. 
3. The LSS is markedly sensitive to the concentration of stearic acid 
for the FM-300K adhesive, and mildly sensitive to the concentration 
of stearic acid for FM-73. However, the peel strength for the latter 
shows appreciable sensitivity. Since the T-peel strength is more 
sensitive to the wetting of the adherend by the adhesive than the 
LSS, these observations indicate that the effect of stearic acid on the 
adhesive strength is related to the reduction in surface energy of the 
adherends. 
4. The failure mode becomes more adhesive as the concentration of 
stearic acid and thereby the CSC increase. It is almost insensitive to 
the concentration of silicone oil. 
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