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A precision capacitance cell for measurement of thin film out-of-plane
expansion. II. Hygrothermal expansion
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The data reduction techniques necessary for utilizing the capacitance cell described previously by us
for thickness measurements@C. R. Snyder and F. I. Mopsik, Rev. Sci. Instrum.69, 3889~1998!# in
a humid environment are presented. It is demonstrated that our data reduction techniques provide
thicknesses that are equivalent to those measured under dry conditions within the expected
experimental uncertainty. The utility of this technique is demonstrated by the measurement of the
hygrothermal expansion~swelling! of a bisphenol-A based epoxy with novolac hardener and fused
silica filler. Our technique is shown to have a higher sensitivity than most current thermomechanical
analysis techniques and is readily amenable to humid conditions.@S0034-6748~99!01705-0#
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I. INTRODUCTION

One of the main concerns for plastic integrated circ
surface mount devices~SMDs! is the effect of moisture in-
side the plastic package during the solder reflow proc
e.g., infrared, convection, or vapor phase reflow.1 Most of
the damage is due to the pressure caused by the rapid ex
sion of the moisture as the high solder reflow temperatu
~in excess of 200 °C) rapidly volatilize it. The most seve
case is known colloquially as the ‘‘popcorn’’ phenomeno
due to the fact that the internal stresses cause the packa
bulge and then crack with a ‘‘popping’’ sound.2,3 Some ex-
amples of less severe damage caused by the pressure
the moisture are internal cracks which do not propagate
the surface, delamination of the polymer from the chip, bo
damage, bond lifting, cratering beneath the bonds, an
wire necking.1 An additional issue regarding moisture upta
in electronic packaging is the hygrothermal expansion co
ficient ~the degree of swelling due to moisture uptake a
function of temperature!. This is important since mechanica
stresses build up when the polymeric resin expands m
than the conductor~e.g., copper! or substrate to which it is
bound.4

There have been a large number of studies on the e
of moisture on epoxy resins~neat, filled, and in composites!.
These studies have examined the rate of moisture uptake5–10

the effect of moisture on the glass transitio
temperature,11–13 the irreversible effects of hygrotherma
aging,14 and the nature of moisture in the epoxy.15–19

In the electronic packaging industry, there is an e
present drive towards denser packages and hence, th
polymeric films. With the increased use of thinner films the
is a need for better metrology techniques. Current techniq
such as thermomechanical analysis~TMA ! do not have the
sensitivity required to measure either the coefficient of th
mal expansion~CTEs! or the hygrothermal expansion coe
ficients of these thin polymeric films perpendicular to t

a!Electronic mail: chad.snyder@nist.gov
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plane of the film.20 Furthermore, these techniques are or
narily not readily amenable to varying environmental con
tions.

We shall demonstrate in this work that our capacitan
cell technique is easily utilized with varying humidity con
ditions and that its sensitivity is such that phenomena wh
cannot be readily observed by techniques such as TMA
easily seen with our cell. In the first article in this serie
henceforth referred to as I, we introduced the design of
capacitance cell and introduced the necessary equation
data reduction for a dry air atmosphere.21 In this article, we
will provide the necessary techniques for data reduction i
humid environment, examine the errors associated with m
surements performed in a humid environment, and report
behavior of a commercial epoxy-molding compound when
is exposed to varying degrees of moisture.

II. EXPERIMENT

A. Material

The molding compound was B8 epoxy obtained fro
Plastkon.22 The compound is a bisphenol-A based epo
with novolac hardener and fused silica filler. The manufa
turer cured the molding compound at 160 °C for 4 h.

B. Thickness measurements

All thickness measurements were performed in the
pacitance cell described in our previous publication.21 The
cell was assembled in a laminar flow hood equipped wit
high efficiency particle arresting~HEPA! filter to minimize
dust uptake. The cell and sample surface were cleaned
ethanol and distilled water and dried with lens tissue. For
measurements performed in this article, the total surface
supporting the top electrode was determined to be 16
cm2. With the top electrode having a mass of 223.3 g,
load was determined to be 1.366 kPa.
4
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C. Zerodur

To verify the validity of our calculations, with respect t
calculation of the plate separation under humid conditio
measurements were performed on the Zerodur22,23 wedges
which were used for calibration of the electrode area in
ticle I. Measurements were performed at 60 °C at relat
humidities of 0%, 19%, 38%, 57%, and 75%.

D. Thermal analysis

Thermogravimetric Analysis~TGA! was performed on a
Perkin–Elmer TGA7. Differential scanning calorimet
~DSC! was performed on a Perkin–Elmer DSC7 at a heat
rate of 10 °C/min. Temperature and enthalpy calibration
the DSC was performed with tin and indium standards~both
of purity 99.999%, obtained from Aldrich Chemical Com
pany!. A sample size of 23.33 mg was used for the DS
measurements.

E. Mass uptake

All mass uptake measurements were performed on
analytical mass balance sensitive to 0.1 mg. These mea
ments were performed on a coupon~sample with dimensions
of approximately 10.00 cm3 4.45 cm3 0.0393 cm! of the
B8 epoxy that was free standing in the environmental cha
ber. Measurements were taken after the capacitance ce
dicated equilibration, i.e., no apparent increase/decreas
film thickness.

F. Temperature/humidity calibration

The sample and the capacitance cell were placed
environmental chamber that used a platinum resistance
mometer and solid state humidity sensor. Both sensors w
calibrated prior to use.

1. Temperature calibration

The temperature of the cell was calibrated in terms of
environmental chamber temperature with a resistance t
perature device~RTD! mounted to the cell with thermally
conducting paste. The RTD was calibrated against an N
certified ITS-90 standard reference thermometer.

2. Humidity calibration

It is important to note that the humidity/temperatu
chamber was equipped with a dry air purge with a manuf
turer’s quoted dew point of290 °C ~this corresponds to a
vapor pressure of 9.331023 Pa!. The relative humidity of
the chamber was calibrated by the following method. T
humidity of the chamber was equilibrated until the fluctu
tions in humidity were as low as possible. The outlet of t
chamber was then passed through a tube into a cold fi
immersed in a temperature bath with a temperature rang
240– 100 °C, with a temperature control of60.1 °C. The
bath was allowed to equilibrate at each temperature, and
bath temperature at which condensation appeared on th
side of the cold finger was recorded. From this dew point a
the known temperature of the chamber, the relative humi
was determined. This was performed over a range of t
s,
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peratures and humidities. The relative humidity of the cha
ber was controlled to within60.5%. Vapor pressure wa
determined from reference data~see Sec. III A! and an exter-
nal pressure sensor.

G. Dielectric spectroscopy

Dielectric spectroscopy was performed using the ti
domain dielectric spectrometer, described by one of us p
viously, over times ranging from 1025 to 3000 s.24 These
time domain data were converted to the equivalent freque
domain data (1024 Hz–10 kHz! by a Laplace transform
Temperature was controlled to60.01 °C. The sample desig
nated as ‘‘neat’’ was tested as received from the manu
turer after drying overnight under vacuum at room tempe
ture. The sample was metallized with aluminum to elimina
air layer effects.

H. Environmental history

Two temperatures were studied: 40 and 60 °C. Figur
shows the environmental history at both temperatures
terms of the relative humidities~or partial pressure! experi-
enced by the epoxy.

III. RESULTS AND DISCUSSION

A. Data reduction

In article I we presented the necessary equations for a
lyzing the capacitance data for samples measured unde
conditions. For the case of varying humidity conditions, t
data reduction is more involved.

1. Digital filtering

The first problem that was encountered was due to
fact that the humidity sensor was not at the same location
the capacitance measurement, therefore spikes in the hu
ity did not correspond directly to spikes in the capacitan
To account for this fact, we utilized the technique of digit
filtering. This is superior to a moving average because tre
are not obscured by the filter and spikes do not unnatur
bias the results. We chose a double-pole Bessel filter du
the fact that Bessel filters are well behaved in the time
main. The filtering equation is given by25

FIG. 1. Environmental profile used in the experiments on the epoxy. R
tive humidity and partial pressure are shown for both temperatures ex
ined: ~a! 40 °C and~b! 60 °C.
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gi5A3~ f i12 f i 211 f i 22!1B3gi 211C3gi 22 , ~1!

whereA, B, andC are the filter coefficients,f x is thexth raw
experimental datum, andgx is the xth filtered datum. The
initial values ofgi 21 andgi 22 were obtained with a 50 poin
moving average to accelerate the response of the filter.
Bessel filter coefficients are given by26,27

A5
vc

2

u
, ~2!

B5
1

u S 2vc
22

2vc

tan~tvc/2! D , ~3!

C5
1

u H F vc

tan~tvc/2!G
2

1vc
22a

vc
2

tan~tvc/2!J , ~4!

whereu is given by

u5S vc

tan~tvc/2! D
2

1vc
21a

vc
2

tan~tvc/2!
. ~5!

In the above equationst is the time interval between
samples, a is a constant for the Bessel filter (a
51.732 051), andvc is given by

vc52pncb, ~6!

whereb is the 3 dB cutoff multiplier (b51.272) andnc is
the cutoff frequency in Hertz~for t510 s, we chosenc

50.001 Hz!.

2. Calculation of the dielectric constant of air
containing water vapor

For calculation of the sample thickness, we utilized t
following equation for a parallel plate capacitor:

d5
ee0A

C
, ~7!

whereC is the measured capacitance,A is the electrode area
~the calibration of which is described in article I!, e0 is the
permittivity of free space (e058.854 pF/m!, and e is the
dielectric constant of the medium separating the plates.
determinee in the above equation, the molar polarization p
unit volume is needed. In article I, we used the molar po
ization of dry air from the literature (Pair54.316 0131023

L/mol!.28 To convert this value to the proper units, the mo
polarization was divided by the molar volumev given by the
ideal gas law to be

v5
RT

p
, ~8!

whereT is the temperature,p is the pressure, andR is the gas
constant (R58.314 507 L kPa/mol K!.29 As stated in the pre-
vious article, the error in using the ideal gas law for air
well below the resolution of our technique. This is not t
case for water vapor.

The sensor in the environmental chamber recorded t
perature and relative humidity. An external sensor measu
atmospheric pressurepatm. For calculations, the relative hu
midity must be converted into a partial pressure of air. F
this, the saturation pressurepsat of the water vapor must be
he
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known at the temperature corresponding to the tempera
at the humidity sensor. The vapor pressure equation that
utilized30

psat5expS F0

Tchamber
1F11F2Tchamber1F3Tchamber

2

1F4~ ln Tchamber! D ~9!

yields the pressure in units of Pascal, where (F0

526043.6117, F1518.931 883 3, F2522.823 859 4
31022, F351.724 112 931025, and F452.858 487, and
whereTchamberis the temperature of the chamber in Kelvi
~Note that where no subscript is present onT it refers to the
temperature of the capacitance cell.! The partial pressurepw

is then calculated by

pw5psat3
RH

100
, ~10!

where the relative humidity (RH) is assumed to be in %
The molar polarization of water is temperature depend
and is given in the literature to be28

Pw5
20.847 K L mol21

T
10.0039 L mol21 , ~11!

whereT is the temperature of the cell. The partial pressure
air is given by

pair5patm2pw . ~12!

As was mentioned previously, the ideal gas law can
be used for water vapor due the errors it introduces ine.
Figure 2 shows the error ine as a function of temperatur
and relative humidity due to the use of the ideal gas la
This calculation was performed by comparison of ideal g
law predictions with steam table data.31 It is apparent that the
error in epsilon due to the use of the ideal gas law is co
pletely unacceptable at temperatures above 70 °C. There
it was deemed necessary to account for the difference
tween the ideal gas law predictions and the true water va
behavior.

FIG. 2. Error ine due to the use of the ideal gas law. Comparison has b
made with calculations performed using data obtained from steam tabl
25%, 85%, and 100%~i.e., saturation! relative humidities.
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To properly determinee, the compressibility factor (z
5pv/RT) for saturated water vapor was calculated as
function of temperature~see Fig. 3! from steam table data.31

This was fit well to a cubic equation between 0 and 150
of the form

z5
pv
RT

5AT31BT21CT1D, ~13!

where A521.02631028 °C 23, B521.28931027 °C 22,
C523.38231025 °C 21, D50.9998, andT is the tempera-
ture of the cell. However, the compressibility factor will in
crease towards unity at lower relative humidities, theref
the relative humidity corrected value of the compressibi
factor (z8) is32

z8512S ~12z!3
RH

100D . ~14!

The molar polarizability per unit volume is

Pw

vw
5Pw3S pw

z8RT
D . ~15!

We then assumed additivity for the molar polarizabilitie
i.e.,

Ptotal5~Pwv/vw!1~Pairv/vair!5Pwxw1Pairxair , ~16!

wherex i is the mole fraction of theith component and from
this, the dielectric constant of the medium was calcula
through the definition

e21

e12
v5Ptotal. ~17!

It should be apparent that Eqs.~8!–~17! serve to define the
dielectric constant as a function of relative humidity. Fro
the combined equation, which is too lengthy to include he
the error ine due to a standard deviation of61% in the RH
can be calculated, i.e.,de/d(RH). While it is a strong func-
tion of temperature, it is weakly relative humidity depende
which can be see in Fig. 4 which is a plot ofde/d(RH)
versus temperature at relative humidities of 10%and 90
For constant error in RH, the error ine increases with in-
creasing temperature. This error sets the ultimate sensit

FIG. 3. Compressibility factor of saturated water vapor (z5pv/RT) as a
function of temperature. The solid line corresponds to a cubic polynomia
to the compressibility factor calculated from steam table data~solid circles!.
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of our technique, as this relative error in epsilon carries o
directly to the calculation of thickness@Eq. ~7!#.

B. Zerodur results

The data obtained from the experiments performed
the Zerodur were reduced using the above equations.
results of the calculations are shown in Fig. 5. The error b
on the thickness at a relative humidity of 0% are the b
estimate of two standard deviations in the experimental
certainty obtained from previous measurements on Zero
The error bars on the thickness at higher humidities co
spond to the standard uncertainty in the thicknesses wi
coverage factor of 2 assuming a 1% error in the RH
calculated from the data in Fig. 4. It is apparent that there
no differences between the calculated thicknesses within
experimental error. This demonstrates the validity of our d
reduction technique.

tFIG. 4. Error in epsilon due to a standard deviation in the relative humid
(RH) of 61%, i.e.,de/d(RH), as a function of temperatureT at 10% and
90% relative humidity.

FIG. 5. Calculated thickness of Zerodur spacers as a function of rela
humidity. ~The error bars correspond to the best estimate of the experim
tal standard deviation with a coverage factor of 2. The error bars on
thickness at a relative humidity of 0% were estimated from previous res
on Zerodur. The error bars on the thicknesses corresponding to higher
tive humidities were estimated by assuming a standard deviation in
relative humidity of61%; see Fig. 4.!
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C. Bisphenol-A epoxy results

Initially, the sample was examined at 40 °C at a relat
humidity of 0%. The change in sample thickness with tim
was too great, so the temperature was raised to 100 °C. A
several days at 100 °C, the sample was still dimension
changing, so the temperature was raised to 120 °C.~It was
reasoned that the film might contain some moisture t
could not be driven out at 100 °C or that there might be so
residual curing taking place.! The sample was stabilized b
heating to 120 °C for 3 days to remove any residual moist
and to minimize the possibility of further curing at 40 an
60 °C. The mass of the coupon in the oven was determi
after cooling to room temperature under an argon purge.
chamber was then lowered to 40 °C and the humidity pro
shown in Fig. 1 was followed.

In Figs. 6 and 7, we have plotted the results of the mo
ture uptake measurements; as there are disagreem
whether partial pressure or relative humidity~related to an

FIG. 6. Relative mass increase~relative to dried epoxy! of the B8 epoxy as
a function of relative humidity. Note: At 40 °C, the second run refers t
decrease in humidity from the previous data point. At 60 °C, the second
refers to a reduction to 0% relative humidity followed by a subsequ
increase in humidity.~The best estimate of two standard uncertainties
Dm/m corresponds to6 3131026 which is less than the size of the plo
symbols.!

FIG. 7. Relative mass increase~relative to dried epoxy! of the B8 epoxy as
a function of partial pressure of water. Note: At 40 °C, the second run re
to a decrease in humidity from the previous data point. At 60 °C, the sec
run refers to a reduction to 0% relative humidity followed by a subsequ
increase in humidity.~The best estimate of two standard uncertainties
Dm/m corresponds to6 3131026 which is less than the size of the plo
symbols.!
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activity term! is the correct parameter to plot moisture upta
against, we have plotted against both. The fact that the m
uptake retraced~with one exception! at 40 and 60 °C de-
scribed in the Sec. II A, indicates that our criterion for equ
bration~i.e., no change in film thickness as a function of tim
as measured by the capacitance cell! was sufficient. The ex-
ception was that the second mass uptake measurement
formed at 40 °C and a partial pressure of water of 1.48 k
(RH540%) was not equal to the first measurement with
experimental error. This will be discussed at a later point
this article.

The observed initial dimensional instability of the mat
rial at 40 °C and a relative humidity of 0% was consider
to be an important issue. It is important because we w
uncertain whether this was caused by residual moisture in
epoxy causing plasticization or whether the resin was
fully cured. If it were the latter, there would be importa
implications regarding the possible molecular interactions
the resin with the moisture. Therefore, TGA and DSC we
performed on a piece of the as-received epoxy materia
determine if there were large amounts of moisture presen
the resin. TGA does not display a large loss of mass u
approximately 350 °C~see Fig. 8!. The DSC trace~Fig. 9!
does not show the endothermic peak that would be expe
for moisture boiling off. However, the data indicate that
residual exotherm spanning the range of 100– 250 °C ma

n
t

rs
d
t

FIG. 8. Thermogravimetric analysis~TGA! scan of B8 epoxy. A heating
rate of 10 °C/min was utilized.

FIG. 9. DSC scan of B8 epoxy. A heating rate of 10 °C/min was utilize
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present. Due to the inconclusive nature of the DSC d
dielectric spectra were obtained for the material at 50 °
Figure 10 shows the dielectric spectrum of the material dr
under vacuum at ambient temperatures overnight and a
1.5 days at 185 °C. It is apparent from the spectra that
magnitude of the relaxation has decreased; this indicat
decrease in mobility. Thus, it is apparent that the mate
was not fully cured as received and therefore, there are
doubtedly free hydroxyl groups present in the material.

Figure 11 shows the sample thickness as a function
partial pressure of water at 40 °C. As can be seen from
plot, the sample expands~swells! with increasing moisture
uptake up to a partial pressure of water of 4.43 kPa. Ho
ever, upon increasing the relative humidity from 60%~vapor
pressure of water54.43 kPa! to 80% ~vapor pressure o
water5 5.90 kPa! two events were observed simultaneous
~1! The sample rapidly contracted, even though the m
uptake curve displayed an increase, and~2! the sample began
to ‘‘creep,’’ i.e., the thickness decreased as a function of ti
~see Fig. 12!. To verify that the first event was not creep, t

FIG. 10. Dielectric spectrum of B8 epoxy at 50 °C. The squares corresp
to the sample as received after drying under vacuum at room tempera
The open circles correspond to the sample after annealing at 185 °C fo
days.

FIG. 11. Thickness of the B8 epoxy at 40 °C as a function of the par
pressure of water. Note that the open square is the 1.48 kPa (20%!
thickness corrected by the thickness change in the 4.43 kPa (60%!
measurements. Also note that the error bars corresponding to the bes
mate of two standard uncertainties in the thickness are smaller than the
symbols.
a,
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.
ss
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humidity was decreased to a partial pressure of water at 4
kPa. The final thickness increased from the last reading
5.90 kPa of water (RH580%) and was displaced from th
initial value by an amount close to the measured creep
5.90 kPa of water, plus what can be estimated by conside
the creep that occurred in going to or from 5.90 kPa. The
fore, events~1! and ~2! were separate.

Analysis of the increase in thickness from 0.170 to 2.
kPa corresponds to a hygroscopic expansion coefficien
37.731023 ~g water!21, which was calculated through th
following relationship:

awater5S d2d0

d0
D S 1

m2m0
D , ~18!

whered is the thickness at a mass uptake of waterm, andd0

is the thickness at the reference condition of a mass uptak
waterm0 . The total volume occupied by the B8 epoxy co
pon at 40 °C was determined to be approximately 1.75 c3

~corresponding to a moisture uptake of 8.2 mg of water!. If it
is assumed that the volumetric expansion is equal to th
times the linear expansion, then the total volumetric incre
~on a basis of per unit mass water uptake! is 0.18 cm3/g.
Given that water has a specific volume of 1.008 cm3/g at
40 °C,33 it is obvious that the expansion is almost an order
magnitude less than would be expected from simple vo
metric additivity.

One possible explanation is that the resin is porous
that it contains regions of low density. Therefore the wa
could be condensing in the voids~or low density regions!.
Further supporting evidence for this is that the expec
equilibration time for a pure epoxy resin of this type is ord
narily at least an order of magnitude longer than what
determined. This implies that the diffusion of the water
occurring at a faster rate than expected. This observa
could be attributed to porosity~or regions of low density!,
which would be in agreement with the observations of Wo
and Broutman on Shell Chemical Company’s Epon 826

They observed, by sorption measurements, that the diffu
rate was far higher than would ordinarily be expected for
epoxy resin for moisture uptakes of less than 1.2%. Ad
tionally, the expansion of their material was far less th

d
re.
.5

l
H
H
sti-
lot

FIG. 12. Example of the change in thickness as a function of time at 40
and 5.90 kPa. Note that the time scale is logarithmic. The error bars co
spond to the best estimate of two standard deviations in the experim
uncertainty.



t
a
t

ne
lo

l-
n

his

de
th
3%

el
e
u
th
e
i

r
re
n-

s
it
th
ou
ti

el

ca
es

f
th

o
at
ca

o
al
ar
t
ld
h

in
th

it
th
th
e

ous
r
at

deal
he

o-

of

ct
p’’
od
of
nal
be
pro-

ng
f

. At
to
ata
hift-
two
ured

o
d
fer-
not

the
the
rt a
is
he
po-
far
to

it is
the

he
een
n-

d is
ain
am-

d
the
apor
not
ome
cts
d to

2430 Rev. Sci. Instrum., Vol. 70, No. 5, May 1999 C. R. Snyder and F. I. Mopsik
would be expected from strict volumetric additivity. A
higher moisture uptakes~i.e., above 1.2%) they observed
large decrease in diffusion rate and also an increase in
rate of resin expansion with moisture uptake. They explai
these results by postulating that the moisture enters the
density regions first~up to 1.2% moisture uptake! which al-
lows for a higher diffusion coefficient and less swelling, fo
lowed by a slower diffusion into the denser epoxy regio
with an associated increase in swelling.

Adamson provided an alternative explanation in
study on Hercules 3501-5 resin.34 In this work, three ‘‘re-
gimes’’ were observed. The first two regimes correspon
to Wong and Broutman’s two regimes. The change from
first regime to the second regime occurred at around
moisture uptake~by mass!. A third regime was observed
around 6% moisture uptake. In this third regime, the sw
ing again dropped below the volume of moisture absorb
Adamson explained this behavior with free volume arg
ments. In the first regime, some of the moisture occupies
free volume without swelling the resin while the remaind
disrupts the interchain hydrogen bonds which results
swelling. The second region corresponds to a domination
the hydrogen bond disruption mechanism, hence the la
degree of swelling. Finally, in the third regime, the moistu
diffuses primarily into the high density micelles which co
tain primarily covalent~rather than hydrogen! bonds and
therefore do not swell. Both Wong and Broutman’s6 and
Adamson’s34 observations mirror our own observations. A
our highest relative mass uptake is approximately 0.4%,
apparent that the epoxy resin is in the first ‘‘regime’’ of bo
works. Therefore, their explanations can be applied to
measurements. However, neither article reports a reduc
in thickness with time~i.e., creep!, therefore it is appropriate
to discuss the behavior of the epoxy at 40 °C and 80% r
tive humidity ~5.90 kPa of water!.

It has been well documented that moisture uptake
plasticize epoxy resins,13 therefore, creeping at temperatur
which are low relative to the glass transition temperature
not an unreasonable explanation. A second explanation
the decreasing thickness with time derives from the fact
the resin was only partially cured. Therefore, the addition
water to the system at temperatures above room temper
could have catalyzed further curing, resulting in a densifi
tion of the resin. Johncock stated that the two major roles
water in an epoxy resin are as a plasticizer and as a cat
for further reaction of the epoxy groups, therefore both
possibilities.9 Although it is uncertain which is the correc
result, we would like to point out that this shrinkage wou
not ordinarily be observed by most of the current TMA tec
niques.

The volumetric contraction observed at 40 °C under
creased mass uptake is far more difficult to explain than
expansion behavior or the creep~structural recovery!. Be-
cause of the proprietary nature of the material examined,
impossible to determine exactly what might be causing
contraction. Several possibilities are the interaction of
moisture:~1! with the free hydroxyl groups which must b
present in a partially cured resin;~2! with the filler particles,
e.g., hydrate formation, as certain hydrates are known
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have higher densities than their corresponding anhydr
analogs;33 ~3! with the filler particles’ adhesion promoter; o
~4! with a mold release agent. It is well documented th
under many conditions a minimum~maximum! in the vol-
ume versus composition can occur when there is not an i
noninteracting solution or mixture. A simple example is t
ethanol–water system that has a minimum in the partial m
lar volume of ethanol at a volume fraction of 0.009.31 Fur-
ther studies of this phenomenon should include production
the neat resin~i.e., no fillers! and production of a filled resin
with varying amounts of filler.

It was reasoned that this volumetric contraction effe
might be even more pronounced at 60 °C, however ‘‘cree
occurred at a faster rate and it was difficult to obtain go
equilibrium thickness values. Before further discussion
the 60 °C data, we will address the question of dimensio
reversibility of the samples at both 40 and 60 °C. As can
seen from Fig. 7, the mass uptake measurements were re
duced within experimental error upon raising and loweri
the humidity ~with the exception of 40 °C and 1.43 kPa o
water!; this was not true for the thickness measurements
40 °C this discrepancy can be attributed almost entirely
the creep. In Fig. 11, we have plotted both the second d
point taken at 1.48 kPa of water as measured, and after s
ing upwards by the difference in thickness between the
measurements taken at 4.43 kPa. Note that the first meas
data point and the second data point~after shifting! are close
~a difference of 15 nm!, but do not overlap. There are tw
possible reasons for this.~1! The material has been change
by the presence of moisture and therefore it behaves dif
ently. ~2! The second measurement made at 1.48 kPa was
in equilibrium as evidenced by the mass uptake, i.e.,
second data point does not fall on the line with the rest of
data. While the mass uptake measurement would suppo
lack of equilibrium, the fact that the mass of moisture
greater than the equilibrium value would predict that t
thickness measurement would be too high. This is the op
site of what was observed. Therefore, the first option is
more likely. Furthermore, only the first option can be used
explain the data at 60 °C.

From the mass uptake measurements plot, Fig. 7,
clear that all the measurements of mass uptake fall onto
same line at 60 °C. But it is apparent from Fig. 13 that t
thickness measurements do not. The discrepancy betw
the two runs at high humidities is not the basis for this co
clusion, since neither the initial nor the final thicknesses~be-
fore and after creep! are exact.~The initial measurement is
obtained from a back extrapolation whereas the secon
taken after some arbitrary time and it is therefore uncert
how much the material creeps after a reduction in the ch
ber’s humidity until equilibrium is re-established.! However,
the low humidity data~where there was no creep observe!
are not reproduced. Even with the corrections made for
change in thickness due to creep, the data measured at v
pressures of less than 5 kPa of water at 60 °C would
overlap. This indicates that the material has changed in s
fashion. This phenomenon is not new. Irreversible effe
have been seen repeatedly in epoxy systems expose
moisture~see for example the work of Xiaoet al.!14 Without



a
y

e
e
re

ha
ro
th
d
tro
f
r
e
o

es
to

rs

nt
ria
e,
m

gn
o

t b

he

ion
20:

g

n,

m.

sz,

z,

n,

icle
does
nal
ms

0.05

,

ric
537

,

tia
gle
a
ve

t

2431Rev. Sci. Instrum., Vol. 70, No. 5, May 1999 C. R. Snyder and F. I. Mopsik
further studies, it is impossible to state what changes h
occurred in the epoxy; this will be the topic of a future stud

D. Adsorbed moisture

In discussions regarding our capacitance cell, the qu
tion of a layer of moisture on the electrode has arisen. Th
are two principal cases which must therefore be conside
The first case is where the adsorbed layer of moisture
providing a source for increased humidity. This case
been proven to be unlikely by the experiments on the Ze
dur. Had a large effect on the humidity been present,
thicknesses that were calculated would not have agree
well as they did. The second case is the decrease in elec
separation due to the presence of moisture. Because o
high surface energy of nichrome, the presence of a laye
liquid water can be ruled out. We therefore will consid
only the case of an adsorbed layer. If there is a layer
moisture (n/2) Å thick on each electrode, then ann mm/m
error in the thickness will be present for a sample thickn
of n3102 mm. For the adsorbed layer, it is reasonable
assume thatn is 2, or less, since only a few monolaye
could be present with nichrome’s high surface energy. Ifn is
less than 2, then for a 20mm thick sample, the error would
be 20mm/m. However, it is apparent from our measureme
that this magnitude of error can arise solely from the va
tion in e due to the error in the relative humidity. Therefor
since we stated in our previous article that the sample li
of the dry air measurement is on the order of 2mm and since
the humid conditions have errors that are an order of ma
tude larger, we would have recommended a lower limit
sample thickness of between 15 and 20mm for full accuracy.
Under these conditions, the calculated thicknesses will no
measurably affected by an adsorbed monolayer.

FIG. 13. Thickness of the B8 epoxy at 60 °C as a function of the par
pressure of water. The diamonds indicate the first run while the trian
indicate the second run. Note that the initial and final positions of the d
points labeled with ‘‘creep’’ are approximations only, since the creep ne
actually stopped therefore the final thickness is an overestimate and
initial thickness is a rough back extrapolation.
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