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expansion. Il. Hygrothermal expansion
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The data reduction techniques necessary for utilizing the capacitance cell described previously by us
for thickness measurements. R. Snyder and F. |I. Mopsik, Rev. Sci. Instrué®, 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 expansiofswelling) 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 conditiof80034-67489)01705-0

I. INTRODUCTION plane of the film® Furthermore, these techniques are ordi-

narily not readily amenable to varying environmental condi-
One of the main concerns for plastic integrated circuittions.

surface mount device§SMD9) is the effect of moisture in- We shall demonstrate in this work that our capacitance

side the plastic package during the solder reflow procesgell technigue is easily utilized with varying humidity con-

e.g., infrared, convection, or vapor phase refloMost of  ditions and that its sensitivity is such that phenomena which

the damage is due to the pressure caused by the rapid exparannot be readily observed by techniques such as TMA are

sion of the moisture as the high solder reflow temperaturesasily seen with our cell. In the first article in this series,

(in excess of 200 °C) rapidly volatilize it. The most severehenceforth referred to as I, we introduced the design of our

case is known colloquially as the “popcorn” phenomenon, capacitance cell and introduced the necessary equations for

due to the fact that the internal stresses cause the packagedata reduction for a dry air atmosphétdn this article, we

bulge and then crack with a “popping” souid.Some ex-  will provide the necessary techniques for data reduction in a

amples of less severe damage caused by the pressure fréramid environment, examine the errors associated with mea-

the moisture are internal cracks which do not propagate téurements performed in a humid environment, and report the

the surface, delamination of the polymer from the chip, bondehavior of a commercial epoxy-molding compound when it

damage, bond lifting, cratering beneath the bonds, and/df €xposed to varying degrees of moisture.

wire necking! An additional issue regarding moisture uptake

in electronic packaging is the hygrothermal expansion coef-

f|C|eqt (the degree of swelilln'g QUe to m0|§ture uptake.as 3 EXPERIMENT

function of temperatupe This is important since mechanical

stresses build up when the polymeric resin expands moré. Material

than the conductofe.g., copperor substrate to which it is The molding compound was B8 epoxy obtained from

4
bound: Plastkor?> The compound is a bisphenol-A based epoxy

There have been a large number of studies on the effeglith noyolac hardener and fused silica filler. The manufac-
of moisture on epoxy resingeat, filled, and in composites  rer cured the molding compound at 160 °C for 4 h.
These studies have examined the rate of moisture uptake,

the effect of moisture on the glass transition
temperaturé! ™13 the irreversible effects of hygrothermal
aging!* and the nature of moisture in the epoXy® B. Thickness measurements

In the electronic packaging industry, there is an ever All thickness measurements were performed in the ca-

present drive towards denser packages and hence, thimﬁ{acitance cell described in our previous publicafibhe

polymeric films. With the increased use of thinner films therece” was assembled in a laminar flow hood equipped with a

is a need for better metr_ology techniques. Current techniqueﬁigh efficiency particle arrestinHEPA) filter to minimize
such as thermomechanical analySi#A) do not have the ot ntake. The cell and sample surface were cleaned with

sensitivity required to measure either the coefficient of thergan61 and distilled water and dried with lens tissue. For the

mal expansior(CTES or the hygrothermal expansion coef- aaqrements performed in this article, the total surface area
ficients of these thin polymeric films perpendicular to thesupporting the top electrode was determined to be 16.02
cn?. With the top electrode having a mass of 223.3 g, the

¥Electronic mail: chad.snyder@nist.gov load was determined to be 1.366 kPa.
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C. Zerodur 80 % RH 5.90 kPa

To verify the validity of our calculations, with respect to 40 % RH
calculation of the plate separation under humid conditions, 20 % RH
measurements were performed on the Zertifirwedges 2.2 % RH
which were used for calibration of the electrode area in ar- (a) Temperature = 40 °C
ticle 1. Measurements were performed at 60°C at relative
humidities of 0%, 19%, 38%, 57%, and 75%.

0.170 kPa

D. Thermal analysis

Thermogravimetric Analysi§TGA) was performed on a
Perkin—Elmer TGA7Y. Differential scanning calorimetry
(DSC) was performed on a Perkin—Elmer DSC7 at a heating:g. 1. Environmental profile used in the experiments on the epoxy. Rela-
rate of 10 °C/min. Temperature and enthalpy calibration ofive humidity and partial pressure are shown for both temperatures exam-
the DSC was performed with tin and indium standatatsth ~ ined: (&) 40 °C and(b) 60 °C.
of purity 99.999%, obtained from Aldrich Chemical Com-
pany). A sample size of 23.33 mg was used for the DSCperatures and humidities. The relative humidity of the cham-

(b) Temperature = 60 °C

measurements. ber was controlled to withint0.5%. Vapor pressure was
determined from reference ddisee Sec. Il A and an exter-
E. Mass uptake nal pressure sensor.

All mass uptake measurements were performed on an . )
analytical mass balance sensitive to 0.1 mg. These measurg: Di€lectric spectroscopy
ments were performed on a coup@ample with dimensions Dielectric spectroscopy was performed using the time
of approximately 10.00 crix 4.45 cmXx 0.0393 cmof the  domain dielectric spectrometer, described by one of us pre-
B8 epoxy that was free standing in the environmental chamviously, over times ranging from 10 to 3000 s?* These
ber. Measurements were taken after the capacitance cell ifime domain data were converted to the equivalent frequency
dicated equilibration, i.e., no apparent increase/decrease ttomain data (10* Hz—10 kH2 by a Laplace transform.

film thickness. Temperature was controlled t00.01 °C. The sample desig-
nated as “neat” was tested as received from the manufac-
F. Temperature/humidity calibration turer after drying overnight under vacuum at room tempera-

. . ture. The sample was metallized with aluminum to eliminate
The sample and the capacitance cell were placed in a.
. : ; air layer effects.
environmental chamber that used a platinum resistance ther-

mometer and solid state humidity sensor. Both sensors were _ )
calibrated prior to use. H. Environmental history

1. Temperature calibration Two temperatures were studied: 40 and 60 °C. Figure 1
shows the environmental history at both temperatures in
Serms of the relative humiditie®r partial pressuneexperi-
Mnced by the epoxy.

The temperature of the cell was calibrated in terms of th
environmental chamber temperature with a resistance te
perature devicdRTD) mounted to the cell with thermally
conducting paste. The RTD was calibrated against an NIST
certified ITS-90 standard reference thermometer. il RESULTS AND DISCUSSION

A. Data reduction

2. Humidity calibration In article | we presented the necessary equations for ana-
It is important to note that the humidity/temperature lyzing the capacitance data for samples measured under dry
chamber was equipped with a dry air purge with a manufaceonditions. For the case of varying humidity conditions, the
turer's quoted dew point of-90 °C (this corresponds to a data reduction is more involved.
vapor pressure of 9:810°2 Pa. The relative humidity of S
the chamber was calibrated by the following method. Thel- Digital filtering
humidity of the chamber was equilibrated until the fluctua-  The first problem that was encountered was due to the
tions in humidity were as low as possible. The outlet of thefact that the humidity sensor was not at the same location as
chamber was then passed through a tube into a cold fingéine capacitance measurement, therefore spikes in the humid-
immersed in a temperature bath with a temperature range dfy did not correspond directly to spikes in the capacitance.
—40-100°C, with a temperature control &f0.1°C. The To account for this fact, we utilized the technique of digital
bath was allowed to equilibrate at each temperature, and th#dtering. This is superior to a moving average because trends
bath temperature at which condensation appeared on the iare not obscured by the filter and spikes do not unnaturally
side of the cold finger was recorded. From this dew point andbias the results. We chose a double-pole Bessel filter due to
the known temperature of the chamber, the relative humidityhe fact that Bessel filters are well behaved in the time do-
was determined. This was performed over a range of temmain. The filtering equation is given By
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gi=AX(fi+2fi_1+f_)+BXgi_1+CXgi_», (1) 90
80 1
70 1
60 -
50 1
40 4

whereA, B, andC are the filter coefficientd,, is thexth raw
experimental datum, and, is the xth filtered datum. The
initial values ofg; _; andg; _, were obtained with a 50 point
moving average to accelerate the response of the filter. The
Bessel filter coefficients are given By’

= Saturation
--85% RH |

~+25%RH

Relative Error in € (x106)

2 30
W 20 -
A= wE i) 0
10
B 1 90?2 2w, 3 0 -rm———— ——
= — w.— ,
(7] ¢ tan(rw/2) 3 0 20 40 60 80 100
Temperature (°C)
2 2
c=1 { LI e ] @
=2 | fam — oY W= @[ FIG. 2. Error ine due to the use of the ideal gas law. Comparison has been
o llan(roc/2) tan(rw./2) made with calculations performed using data obtained from steam tables at
whereg is given by 25%, 85%, and 100%i.e., saturationrelative humidities.
= 2+w2+a—w§ B kK t the t t ding to the t t
tar( TwC/Z) c tar( Ta)c/2)' nown a € lemperature corresponding 1o the temperature

at the humidity sensor. The vapor pressure equation that was
In the above equations is the time interval between utilized®™®

samples, « is a constant for the Bessel filtera(
=1.732051), andv is given by

Fo
_ 2
Psa™ eXF{ T +F 1 + F2Tchambe#— FSTchamber

W= 2771/0,3, (6) chamber
where B is the 3 dB cutoff multiplier =1.272) andy, is +F4(IN Tenam )) )
the cutoff frequency in HertZfor =10 s, we chosey, chambe
=0.001 H2.

yields the pressure in units of Pascal, wher& (

) ] ] ] =-6043.6117, F;=18.9318833, F,=-2.8238594

2. C;a{cqlat/ontof the dielectric constant of air X102, Fy=1.724112% 1075, and F,=2.858487, and

containing water vapor where TgnamberiS the temperature of the chamber in Kelvin.
For calculation of the sample thickness, we utilized the(Note that where no subscript is presentTit refers to the

following equation for a parallel plate capacitor: temperature of the capacitance g€ellhe partial pressurp,,

ceoA is then calculated by

d=——, 7)

RH
i i : Pw= PsatX 705: (10)

whereC is the measured capacitandeis the electrode area wEsa100

(the calibration of which is described in articlg kg is the o e (elative humidity (RH) is assumed to be in %,

pgrm|tt|y|ty of free space ‘(028'854 pF/rr),. and e is the The molar polarization of water is temperature dependent
dielectric constant of the medium separating the plates. T%’md is given in the literature to Be

determinee in the above equation, the molar polarization per
unit volume is needed. In article I, we used the molar polar- 20.84 KL mol ™!

ization of dry air from the literatureR,,=4.316 02X 103 Py= T +0.0039 L mof *, 1D
L/mol).?8 To convert this value to the proper units, the molar

polarization was divided by the molar voluraggiven by the ~ whereT is the temperature of the cell. The partial pressure of

ideal gas law to be air is given by
e R?T , ® Pair=Patm— Pw - (12

As was mentioned previously, the ideal gas law cannot
whereT is the temperature is the pressure, aridis the gas be used for water vapor due the errors it introduce.in
constant R=8.314 507 L kPa/mol K?° As stated in the pre- Figure 2 shows the error ia as a function of temperature
vious article, the error in using the ideal gas law for air isand relative humidity due to the use of the ideal gas law.
well below the resolution of our technique. This is not theThis calculation was performed by comparison of ideal gas
case for water vapor. law predictions with steam table datslt is apparent that the

The sensor in the environmental chamber recorded tenerror in epsilon due to the use of the ideal gas law is com-
perature and relative humidity. An external sensor measurepletely unacceptable at temperatures above 70 °C. Therefore,
atmospheric pressure,,. For calculations, the relative hu- it was deemed necessary to account for the difference be-
midity must be converted into a partial pressure of air. Fortween the ideal gas law predictions and the true water vapor
this, the saturation pressupg,; of the water vapor must be behavior.
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FIG. 3. Compressibility factor of saturated water vapp#=pu/RT) as a FIG. 4. Error in epsilon due to a standard deviation in the relative humidity

function of temperature. The solid line corresponds to a cubic polynomial fit

to the compressibility factor calculated from steam table ¢gaéid circleg. ~ (RH) of £1%, i.e.,de/d(RH), as a function of temperatufieat 10% and
90% relative humidity.

To properly determine:, the compressibility factorz
=puv/RT) for saturated water vapor was calculated as &f our technique, as this relative error in epsilon carries over
function of temperaturésee Fig. 3 from steam table daf?.  directly to the calculation of thickneg&q. (7)].

This was fit well to a cubic equation between 0 and 150°C

of the form
pv 3 2
zZ= ﬁ=AT +BT“+CT+D, (13 B. Zerodur results

The data obtained from the experiments performed on
_ e -1 ~_ . _ the Zerodur were reduced using the above equations. The
C=-3382<10 »°C 7, D=0.9998, and'Is the tempera results of the calculations are shown in Fig. 5. The error bars

ture of the cell. However, the compressibility factor will in- on the thickness at a relative humidity of 0% are the best

crease tpwards unity at lower relative humidities, theref(.)reestimate of two standard deviations in the experimental un-
the relative humidity corrected value of the compressibility

certainty obtained from previous measurements on Zerodur.

where A= —1.026x10°8°C 8, B=—-1.289x10 '°C 23,

1 132
factor (') is The error bars on the thickness at higher humidities corre-
, RH spond to the standard uncertainty in the thicknesses with a
2'=1-| (1=2) X750/ (14 coverage factor of 2 assuming a 1% error in the RH as
. , ) calculated from the data in Fig. 4. It is apparent that there are
The molar polarizability per unit volume is no differences between the calculated thicknesses within the
) P experimental error. This demonstrates the validity of our data
U—W:PWX IgT . (15 reduction technique.
w z'
We then assumed additivity for the molar polarizabilities,
ie. 2273.30
2273.25 -
Piota= (Pw/vw) + (Paiw /v 4i) = Puxw ™t Paikair,  (16) _ 2973.20 -
wherey; is the mole fraction of th&h component and from § £973.15
this, the dielectric constant of the medium was calculated g '
through the definition 2 2273107 {
-1 2 2273.05
—5v=Puou (17) & 2273.00 -
2272.95
It should be apparent that Eq®)—(17) serve to define the 9979.00

dielectric constant as a function of relative humidity. From
the combined equation, which is too lengthy to include here,
the error ine due to a standard deviation af1% in the RH

can be calculated, i.ede/d(RH). While it is a strong func-  fig. 5. calculated thickness of Zerodur spacers as a function of relative
tion of temperature, it is weakly relative humidity dependent,humidity. (The error bars correspond to the best estimate of the experimen-

which can be see in Fig. 4 which is a plot d&/d(RH) tal standard deviation with a coverage factor of 2. The error bars on the
versus temperature at relative humidities of 10%and 900/othickness at a relative humidity of 0% were estimated from previous results
p on Zerodur. The error bars on the thicknesses corresponding to higher rela-

For Cantam error in RH,_ the error in increa_ses with in_'_ _tive humidities were estimated by assuming a standard deviation in the
creasing temperature. This error sets the ultimate sensitivitiglative humidity of+1%; see Fig. 4.

-10 0 10 20 30 40 50 60 70 80
Relative Humidity (%)
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FIG. 6. Relative mass increagelative to dried epoxyof the B8 epoxy as
a function of relative humidity. Note: At 40 °C, the second run refers to aFIG. 8. Thermogravimetric analysi§ GA) scan of B8 epoxy. A heating
decrease in humidity from the previous data point. At 60 °C, the second rutiate of 10 °C/min was utilized.
refers to a reduction to 0% relative humidity followed by a subsequent
increase in humidity(The best estimate of two standard uncertainties in L. . .
Am/m corresponds to- 31X 10~° which is less than the size of the plot activity term) is the correct parameter to plot moisture uptake

symbols) against, we have plotted against both. The fact that the mass
uptake retracedwith one exceptionat 40 and 60°C de-
C. Bisphenol-A epoxy results scribed in the Sec. Il A, indicates that our criterion for equili-

. . _ bration(i.e., no change in film thickness as a function of time
Initially, the sample was examined at 40 °C at a relative;5 measured by the capacitance)ostis sufficient. The ex-
humidity of 0%. The change in sample thickness with timeception was that the second mass uptake measurement per-

was too great, so the temperature was raised to 100 °C. Aftgfrmed at 40°C and a partial pressure of water of 1.48 kPa

several days at 100°C, the sample was still dimensionallypp— 4096) was not equal to the first measurement within
changing, so the temperature was raised to 120fGvas  eyperimental error. This will be discussed at a later point in
reasoned that the film might contain some moisture thajnis article.

could not be driven out at 100 °C or that there might be some  Thg ghserved initial dimensional instability of the mate-
residual curing taking placeThe sample was stabilized by (ig) at 40°C and a relative humidity of 0% was considered
heating to 120 °C for 3 days to remove any residual moistur, pe an important issue. It is important because we were
and to minimize the possibility of further curing at 40 and ncertain whether this was caused by residual moisture in the
60 °C. The mass of the coupon in the oven was determinedy,qyy causing plasticization or whether the resin was not
after cooling to room temperature under an argon purge. Thg, iy cured. If it were the latter, there would be important
chamber was then lowered to 40 °C and the humidity profil§ypjications regarding the possible molecular interactions of
shown in Fig. 1 was followed. _ the resin with the moisture. Therefore, TGA and DSC were
In Figs. 6 and 7, we have plotted the results of the moiSperformed on a piece of the as-received epoxy material to
ture uptake measurements; as there are disagreemeRisiermine if there were large amounts of moisture present in
whether partial pressure or relative humiditglated to an e resin. TGA does not display a large loss of mass until

approximately 350 °Gsee Fig. 8 The DSC tracgFig. 9

5000 does not show the endothermic peak that would be expected
for moisture boiling off. However, the data indicate that a
4000 ~ residual exotherm spanning the range of 100—250 °C may be
I r
Ef 3000 -
£ o 3.816 -
E 2000 1 0 40°C 1st 2.816
< s 440°C2nd | 2
1000 - °60°Clst | % 1816 1
A 600C znd - 0816 T
0 . , 2 0.184 1
0 5 10 15 % 1.184 -
Partial Pressure of Water (kPa) = -2.184 -
FIG. 7. Relative mass increagelative to dried epoXyof the B8 epoxy as -3.184 4
a function of partial pressure of water. Note: At 40 °C, the second run refers -4.184 . . . . .

to a decrease in humidity from the previous data point. At 60 °C, the second
run refers to a reduction to 0% relative humidity followed by a subsequent 50 100 150 200 250 300 350
increase in humidity(The best estimate of two standard uncertainties in Temperature (°C)

Am/m corresponds tar 31x 10 ¢ which is less than the size of the plot

symbols) FIG. 9. DSC scan of B8 epoxy. A heating rate of 10 °C/min was utilized.
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FIG. 12. Example of the change in thickness as a function of time at 40 °C

FIG. 10. Dielectric spectrum of B8 epoxy at 50 °C. The squares corresponénd 5.90 kPa. Note that the time scale is logarithmic. The error bars corre-
to the sample as received after drying under vacuum at room temperaturépond to the best estimate of two standard deviations in the experimental

The open circles correspond to the sample after annealing at 185 °C for 1.@ncertainty.
days.
humidity was decreased to a partial pressure of water at 4.43
present. Due to the inconclusive nature of the DSC datskPa. The final thickness increased from the last reading at
dielectric spectra were obtained for the material at 50°C5.90 kPa of water (RH80%) and was displaced from the
Figure 10 shows the dielectric spectrum of the material driednitial value by an amount close to the measured creep at
under vacuum at ambient temperatures overnight and aftér-90 kPa of water, plus what can be estimated by considering
1.5 days at 185°C. It is apparent from the spectra that théhe creep that occurred in going to or from 5.90 kPa. There-
magnitude of the relaxation has decreased; this indicates fare, events(1) and(2) were separate.
decrease in mobility. Thus, it is apparent that the material ~Analysis of the increase in thickness from 0.170 to 2.95
was not fully cured as received and therefore, there are urkPa corresponds to a hygroscopic expansion coefficient of
doubtedly free hydroxyl groups present in the material. ~ 37.7X107° (gwate)~*, which was calculated through the
Figure 11 shows the sample thickness as a function ofollowing relationship:
partial pressure of water at 40°C. As can be seen from the d—d, 1
plot, the sample expandswells with increasing moisture awater=(d—)( —
uptake up to a partial pressure of water of 4.43 kPa. How- o /\M=Mo
ever, upon increasing the relative humidity from 6@%apor  whered is the thickness at a mass uptake of waeandd,
pressure of water=4.43 kPa to 80% (vapor pressure of is the thickness at the reference condition of a mass uptake of
water= 5.90 kPatwo events were observed simultaneously.waterm,. The total volume occupied by the B8 epoxy cou-
(1) The sample rapidly contracted, even though the maspon at 40 °C was determined to be approximately 1.78 cm
uptake curve displayed an increase, é2dhe sample began (corresponding to a moisture uptake of 8.2 mg of watéit
to “creep,” i.e., the thickness decreased as a function of timés assumed that the volumetric expansion is equal to three
(see Fig. 12 To verify that the first event was not creep, the times the linear expansion, then the total volumetric increase
(on a basis of per unit mass water uptaie 0.18 cni/g.
Given that water has a specific volume of 1.008%@mat

(18

894.05 40°C it is obvious that the expansion is almost an order of
294.00 '\ magnitude less than would be expected from simple volu-
- . metric additivity.
5 395.95 4 :\-l (creep) Qne po;sible e.xplanation is tha_t the resin is porous, or
2 that it contains regions of low density. Therefore the water
% 393.90 4 : could be condepsing ip the voider I.ow' density regions
= R o Increasing RH Further supporting evidence for this is that the expected
393.85 = Decreasing RH equ_|I|brat|on time for a pure epoxy resin of this type is ordi-
X & Cortected Thickness - 2nd un narily a_tt least an _ordgr of magnltuo!e anger than what we
293.80 . : : : - determined. This implies that the diffusion of the water is

0

2

4

6

8

10

occurring at a faster rate than expected. This observation
could be attributed to porositgor regions of low density

Partial P f Water (kPa . . . .
artial Hressure o (kPa) which would be in agreement with the observations of Wong

FIG. 11. Thickness of the B8 epoxy at 40 °C as a function of the partialand Broutman on Shell Chemical Company’s Epon 828.
pressure of water. Note that the open square is the 1.48 kPa (20% RHThey observed, by sorption measurements, that the diffusion

thickness corrected by the thickness change in the 4.4‘_.3 kPa (60% RI—}.ate was far higher than would ordinarily be expected for an
measurements. Also note that the error bars corresponding to the best esti- . . o .
mate of two standard uncertainties in the thickness are smaller than the pI&POXY resin for moisture uptakes of less than 1.2%. Addi-

symbols. tionally, the expansion of their material was far less than
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would be expected from strict volumetric additivity. At have higher densities than their corresponding anhydrous
higher moisture uptake§.e., above 1.2%) they observed a analogs® (3) with the filler particles’ adhesion promoter; or
large decrease in diffusion rate and also an increase in th@) with a mold release agent. It is well documented that
rate of resin expansion with moisture uptake. They explainedinder many conditions a minimuimaximur in the vol-
these results by postulating that the moisture enters the lowme versus composition can occur when there is not an ideal
density regions firsup to 1.2% moisture uptakevhich al-  noninteracting solution or mixture. A simple example is the
lows for a higher diffusion coefficient and less swelling, fol- ethanol-water system that has a minimum in the partial mo-
lowed by a slower diffusion into the denser epoxy regionsar volume of ethanol at a volume fraction of 0.089Fur-
with an associated increase in swelling. ther studies of this phenomenon should include production of
Adamson provided an alternative explanation in histhe neat resiri.e., no fillerg and production of a filled resin
study on Hercules 3501-5 restfiin this work, three “re-  with varying amounts of filler.
gimes” were observed. The first two regimes corresponded It was reasoned that this volumetric contraction effect
to Wong and Broutman’s two regimes. The change from thanight be even more pronounced at 60 °C, however “creep”
first regime to the second regime occurred at around 3%ccurred at a faster rate and it was difficult to obtain good
moisture uptakeby mas$. A third regime was observed equilibrium thickness values. Before further discussion of
around 6% moisture uptake. In this third regime, the swellthe 60 °C data, we will address the question of dimensional
ing again dropped below the volume of moisture absorbed.eversibility of the samples at both 40 and 60 °C. As can be
Adamson explained this behavior with free volume argu-seen from Fig. 7, the mass uptake measurements were repro-
ments. In the first regime, some of the moisture occupies thduced within experimental error upon raising and lowering
free volume without swelling the resin while the remainderthe humidity (with the exception of 40°C and 1.43 kPa of
disrupts the interchain hydrogen bonds which results inwatep; this was not true for the thickness measurements. At
swelling. The second region corresponds to a domination of0 °C this discrepancy can be attributed almost entirely to
the hydrogen bond disruption mechanism, hence the largde creep. In Fig. 11, we have plotted both the second data
degree of swelling. Finally, in the third regime, the moisturepoint taken at 1.48 kPa of water as measured, and after shift-
diffuses primarily into the high density micelles which con- ing upwards by the difference in thickness between the two
tain primarily covalent(rather than hydrogegnbonds and measurements taken at 4.43 kPa. Note that the first measured
therefore do not swell. Both Wong and Broutm&nand data point and the second data pdiafter shifting are close
Adamson’$* observations mirror our own observations. As (a difference of 15 ni but do not overlap. There are two
our highest relative mass uptake is approximately 0.4%, it ipossible reasons for thigl) The material has been changed
apparent that the epoxy resin is in the first “regime” of both by the presence of moisture and therefore it behaves differ-
works. Therefore, their explanations can be applied to ouently.(2) The second measurement made at 1.48 kPa was not
measurements. However, neither article reports a reductioim equilibrium as evidenced by the mass uptake, i.e., the
in thickness with timdi.e., creep, therefore it is appropriate second data point does not fall on the line with the rest of the
to discuss the behavior of the epoxy at 40 °C and 80% reladata. While the mass uptake measurement would support a
tive humidity (5.90 kPa of water lack of equilibrium, the fact that the mass of moisture is
It has been well documented that moisture uptake cagreater than the equilibrium value would predict that the
plasticize epoxy resins therefore, creeping at temperatures thickness measurement would be too high. This is the oppo-
which are low relative to the glass transition temperature isite of what was observed. Therefore, the first option is far
not an unreasonable explanation. A second explanation fanore likely. Furthermore, only the first option can be used to
the decreasing thickness with time derives from the fact tha¢xplain the data at 60 °C.
the resin was only partially cured. Therefore, the addition of  From the mass uptake measurements plot, Fig. 7, it is
water to the system at temperatures above room temperatuckear that all the measurements of mass uptake fall onto the
could have catalyzed further curing, resulting in a densificasame line at 60 °C. But it is apparent from Fig. 13 that the
tion of the resin. Johncock stated that the two major roles ofhickness measurements do not. The discrepancy between
water in an epoxy resin are as a plasticizer and as a cataly#ite two runs at high humidities is not the basis for this con-
for further reaction of the epoxy groups, therefore both areclusion, since neither the initial nor the final thicknesgzes
possibilities? Although it is uncertain which is the correct fore and after cregpare exact(The initial measurement is
result, we would like to point out that this shrinkage would obtained from a back extrapolation whereas the second is
not ordinarily be observed by most of the current TMA tech-taken after some arbitrary time and it is therefore uncertain
niques. how much the material creeps after a reduction in the cham-
The volumetric contraction observed at 40 °C under in-ber’s humidity until equilibrium is re-establishgdHowever,
creased mass uptake is far more difficult to explain than théhe low humidity datawhere there was no creep obseryved
expansion behavior or the credptructural recovery Be-  are not reproduced. Even with the corrections made for the
cause of the proprietary nature of the material examined, it ishange in thickness due to creep, the data measured at vapor
impossible to determine exactly what might be causing thigpressures of less than 5 kPa of water at 60 °C would not
contraction. Several possibilities are the interaction of theoverlap. This indicates that the material has changed in some
moisture: (1) with the free hydroxyl groups which must be fashion. This phenomenon is not new. Irreversible effects
present in a partially cured resi(g) with the filler particles, have been seen repeatedly in epoxy systems exposed to
e.g., hydrate formation, as certain hydrates are known tanoisture(see for example the work of Xiaet al)* Without
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