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ABSTRACT: The dimensional changes associated with
moisture absorption were examined for various polyamides
(PAs). Plaques of varying thickness were compression-
molded or injection-molded and then immersed in water.
Periodically, the plaques were removed from water and their
mass and dimensions were measured. This was continued
until they were completely saturated. The more polar PA46
absorbed more water than less polar PA6 and PA66 and
therefore, was more susceptible to moisture-induced dimen-
sional growth. For a given polymer, it was found that the
thicker samples took longer to reach saturation, but had the
same diffusion coefficient as thinner ones. Changes in dimen-

sions coincided with changes in mass. Sorption and swelling
followed slightly different paths, but arrived at their respec-
tive equilibrium values at the same time. Within experimental
error, dimensional expansion due to water absorption was
the same in all directions. Injection-molded samples absorbed
slightly more water than compression-molded ones, but their
absorption rates were equal. Equilibrium water absorption
data were used to approximate the dimensional changes
associated with the swelling of the PAs. © 2007 Wiley Periodi-
cals, Inc. ] Appl Polym Sci 107: 355-363, 2008
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INTRODUCTION

Automated processes used in microelectronic fabrica-
tion facilities require plastic parts with tight, repro-
ducible dimensional tolerances. These plastic parts of-
ten are manufactured from engineering polymers,
such as polycarbonate, polysulfones, polyimides, and
polyaryletherketones. These polymers are hygroscopic
and absorb modest amounts of water. Moisture
absorption can lead to small but significant dimen-
sional changes, expanding parts beyond their dimen-
sional specifications, causing disruptions in processes
or destroying product. Direct measurement of these
small dimensional changes often is tedious.

Our goal was to develop a simple approach to indi-
rectly estimate the dimensional changes of thermo-
plastic parts from their mass uptake. Thus, a study
was undertaken to understand the relation between
moisture absorption and the associated dimensional
changes in plastic parts using water and various PAs
as a model system. Dimensional changes due to water
absorption are much greater for highly hygroscopic
thermoplastics, such polyamides (PAs), and conse-
quently easier to measure. Even though the large
degree of sorption and swelling associated with PAs
are undesirable for most microelectronics applica-
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tions, these materials are well suited for understand-
ing how moisture absorption influences the dimen-
sions of thermoplastic materials.

A few investigators have previously examined the
dimensional changes or swelling that accompany
sorption of vapor or liquid."™ One of the first swel-
ling studies of a thermoplastic polymer was per-
formed by Crank." He modeled the swelling behav-
ior of polystyrene that had been exposed to methyl-
ene chloride. Subsequent studies generally employed
small fibers>* or thin films>® of PA6 or PA66. In our
study, we used much thicker specimens that are
more representative of injection-molded plastic parts.
We also employed a broader range of PAs, PAS6,
PA66 and PA 46.

ANALYSIS
Amide fraction

PAs, more commonly referred to as nylons, are poly-
mers composed of methylene and amide groups.
Amide fraction (x,) was determined from number of
amide groups (N,) and the number of methylene
groups (N,,) in each molecular repeat unit,

Xa :Nu/(Na"‘Nm)- (1)

Crystallinity

The crystalline fraction (x.) of each polymer was cal-
culated from the measured melting enthalpy (AH) as
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TABLE I
Amide Fraction, Mold Temperatures and Density of PA Pellets and Compression-Molded Plaques
Po (g/cm’) pr (g/em’) Po/ Py
Polymer X, Tmota (°C) Literature Pellet Plaque Plaque Plaque
PA66 0.167 240 1.14 1.14 = 0.01 1.15 = 0.00 1.15 = 0.00 0.997 = 0.002
PA6 0.167 270 1.13 1.15 = 0.01 1.14 = 0.01 1.15 = 0.01 0.993 = 0.011
PA46 0.200 310 1.18 1.18 = 0.00 1.18 = 0.00 1.18 = 0.00 0.996 * 0.004
2
x. = AH/AH,, (2) a = t¢/B;. 9)
where (AH.) is the melting enthalpy of the 100%
crystalline polymer.” EXPERIMENTAL

Absorption

During the early stages of sorption, the mass (m) of
liquid absorbed by a thin sheet increases with time
(t) as’

(r/16)B3((m — mo) / (my — m,)]* = Dy (3)

where m, is the initial mass, i is the final mass, B,
is the initial sample thickness, and D is the diffusion
coefficient. The mass (m) of liquid absorbed at any
time (t) is given by

m/my, =1+ S[(ms/m,) — 1], (4)

where S is the following series,

S=1- Xw:{8/n2(2n +1)?exp[-D(2n + 1)°n%t/B2]}
n=0
(5)

Similar equations can be used to approximate
dimensional changes. The change in the length (L)
associated with absorption is given by

L/L, =1+ S[(L¢/Ly) — 1], 6)

where L, and Ly are the initial and equilibrium
lengths.

The equilibrium length ratio (L¢/L,) can be esti-
mated from equilibrium mass absorption (1m/m,) as

Ly/Lo = [(po/ py) (s /mo)]">, (7)

where p, and py are the initial and equilibrium den-
sity. If the density (p) of the material does not
change appreciably during absorption (p, ~ py), then
eq. (7) reduces to

Lf/La = (mf/mo)1/3' (8)

Derivation of egs. (6)—(8) can be found in the Ap-
pendix. Equilibrium absorption times (t;) for a sam-
ple with an initial thickness of B, can be estimated
from the Neumann number (a),'°
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Materials

The following homopolymers were used to mold
plaques: polyamide 6 (PA6, DSM Akulon F223D),
polyamide 66 (PA66, DSM Akulon 5223D), and poly-
amide 46 (PA46, DSM Stanyl TW341). Values of ini-
tial (or dry) density (p,), amide fractions (x,), and
molding temperatures (Tmoq) are listed in Table
L1112 Methanol (MeOH, Fisher, Optima Grade,
pyeon = 0.7914 g/cm®)'® was used for density deter-
minations. Absorption measurements were made
with 18 MQ deionized (DI) water.

Sample preparation

Using densities (p,) listed in Table I, the approximate
mass of pellets (mpeets) required for molding was
determined for each resin based on the volume of
the mold (Vino1a),

Mpellets = Po Vimold - (10)

Since PAs tend to slowly absorb moisture from
the atmosphere,'’ the drying procedure was neces-
sary to remove any moisture that had accumulated
during manufacture or storage. Each compression-
molded sample was prepared using a premassed
sample of pellets that had been dried in a vacuum
oven at 80°C for 4 h. Upon removal from the vac-
uum oven, all pellets were then stored either under
vacuum or in a desiccator.

Moisture content was checked with a moisture an-
alyzer (Arizona Instruments, Computrac 2000, Phoe-
nix, AZ) by measuring the mass loss after 10 min at
150°C. After drying, moisture content of the PA pel-
lets was <0.2%. An electrically heated platen press
was used to compression mold plaques. Molding
temperatures (Tmoq) for the compression-molded
specimens are listed in Table I. PA pellets were
poured into a rectangular mold and then “sand-
wiched” between two stainless steel plates lined
with aluminum sheets. This sandwich was placed in
the heated press with the platens closed to the first



MOISTURE ABSORPTION BY VARIOUS POLYAMIDES

point of contact for 2 min. After 2 min, pressure was
gradually applied until 400 kg was reached. After
allowing the sample to heat for another minute, the
pressure was increased to 1000 kg for an additional
2 min. This assembly was removed from the press
and then placed between two large aluminum plates
to facilitate uniform cooling on both sides. After
cooling, the plaque was removed from the steel
plates and aluminum liners. The compression-
molded plaques had a length (L,) of ~ 10 cm, a
width (W,) of 5 cm, and three different thicknesses
(Bo): 0.8 mm, 1.6 mm, and 3.2 mm.

The injection-molded plaques were supplied by
DSM Engineering Plastics. The approximate dimen-
sions of the injection-molded samples were as fol-
lows: L, = 12 cm, W, = 1 cm, and B, = 1.6 mm or
B, = 32 mm. These samples were also vacuum
dried for 4 h at 80°C.

All samples were trimmed to remove any excess
flash or surface irregularities. Each sample was
scored with an identification number. Measurement
marks were etched along the length and width
dimensions to provide a location guide for more uni-
form measurements. All samples were kept in a
moisture-free, desiccated, environment prior to the
start of the experiment.

Density

Density (p) of the polymers were measured with a
density apparatus (Mettler ME-40290) and a preci-
sion balance, using methanol (MeOH). Small pieces
(0.2-0.3 g) were cut from plaques and massed both
above the methanol (m;) and immersed (m,) in it.
Measurements were performed in triplicate and p
values were calculated as

p = (m1/mz2)Pymeon- (11)

Thermal transitions and crystallinity

Glass transition temperatures (T,), melting temper-
atures (T,), and melting enthalpies (AH) were
determined using a PerkinElmer DSC7 differential
scanning calorimeter (DSC). Three pieces with
masses of 4-7 mg were cut from the plaques and
tested as molded by heating at a rate of 10°C/min.
Analysis was performed using the resident soft-
ware. T, values were taken from the inflection
point and T, values from the peak. Crystalline
weight fraction (x;) of the polymers was calculated
from eq. (2) using the following values for AH.: 203
J/g for PA6, 207 J/g for PA66, and 210 J/g for
PA46.” The standard deviations in the measure-
ments were *2°C for glass transition temperature
(T,) and melting temperature (T,,), 4 J/g for melt-
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ing enthalpy (AH), and *0.04 for crystalline weight
fraction (x.).

Absorption

Absorption measurements were performed at room
temperature [(25 = 1)°C]. After the initial mass and
dimensions were measured, the dry plaques were
immersed in DI water. Periodically, the plaques
were removed from the water, unabsorbed water
was wiped from their surfaces with an absorbent,
lint-free tissue, their mass, and dimensions were
quickly measured, and then they were reimmersed.
This process was repeated until mass and dimen-
sions ceased to change. Mass was measured with an
electronic balance (Toledo Mettler AG245) that had
precision of *0.1 mg. Dimensions were measured
with a caliper (Mitutoyo Digimatic, CD-6"" BS). The
precision of the caliper was *0.01 mm. Error in m/
m, and L¢/L, was computed using standard error
propagation techniques. Error in D and a was esti-
mated graphically and was ~ 25%.

RESULTS AND DISCUSSION
Density

Table I shows the densities of the PA pellets and
plaques. The densities of both the dry pellets and
dry plaques (p,) are in excellent agreement with the
literature values for these materials.'"' Although
these PAs can absorb more than 5% of their weight
of water, the densities of moisture-saturated plaques
(pp changed very little. Ratios of the initial-to-final
density (p,/pp showed differences of less than 1%.
Somewhat surprisingly, densities increased very
slightly, even though the density of water is less
than that of the PAs. This behavior has been
reported previously for PA610 and PA66.>

Thermal transitions and crystallinity

The thermal properties of polymer substrates, listed
in Table II, were taken from the first heat to reflect
the state of the material after molding. These were
similar to values from the second heat and are in
general agreement with the literature values.”'" The
glass transition temperature of the PAs was T, ~
35-40°C and probably can be attributed to motions
associated with the amide group within the amor-
phous portions of the PAs. The melting tempera-
tures of these polymers varied more widely. PA6
had the lowest T,, and PA46 the highest. Crystallin-
ity ranged from 37% for injection-molded PA6 to
49% for PA46. The compression-molded PA66 and
PA6 samples had about the same crystalline content
of ~ 40%.

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE II
Thermal Properties of the Various PA Plaques
B, T, T, AH
Polymer Molding (mm) (°C) (O (/g Xc
PA66 Compress 1.6 33 264 90 0.43
PA6 Compress 0.8 39 222 84 0.41
1.6 41 222 85 0.42
3.2 37 222 85 0.42
Inject 1.6 40 221 74 0.37
3.2 37 222 79 0.38
PA46 Compress 1.6 36 286 104 0.49
Absorption

Mass change

Figure 1 shows the increase in mass absorption ratio
(m/m,) with time (f) for 1.6-mm thick compression-
molded PA6 plaques immersed in water at room
temperature (25°C). During the early stages, plaques
absorbed water rapidly and then slowed as they
approached their saturation limit. These PA6 plaques
reach their equilibrium of m/m, = 1.088 (or 8.8%
water uptake) after about 370 h of water immersion.

Diffusion coefficient

Values of D were determined from the early stages
of absorption using eq. (3). Per eq. (3), a plot of Q
versus t, where Q = (n/16)B3[(m — me)/ (my — my)]?,
give linear data, which passed through the origin.
During the early stages of absorption, the slope was
equal to D. An example is shown below in Figure 2
for 1.6-mm thick compression-molded PA6 plaques
immersed in water at room temperature, where data
from Figure 1 was replotted according to eq. (3). For
these specimens, D = 4.6 X 10~° cm?/s. Error in the
slope is ~ 25%.

1.10

Log | W eed o ¢

o 1.06 1

m/m

1.04 1

1.02
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1.00 . : ‘ :
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t (hr)
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Figure 1 Mass absorption ratio (m/m,) versus time (t) for
1.6-mm thick compression-molded PA6 plaques immersed
in water at room temperature (25°C).
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Figure 2 Early stages of absorption for 1.6-mm thick com-
pression-molded PA6 plaques immersed in water at room
temperature plotted according to eq. (3).

Once this value of the diffusion coefficient (D) has
been determined, it can then be used to describe
increases in mass and dimension. Figure 3 shows the
mass absorption ratio (m/m,) versus time (f) for the
same 1.6 mm thick compression-molded PA6 pla-
ques immersed in water at room temperature. The
points are the experimental data and the solid line
represents the full range of the calculated change in
m/m, using egs. (4) and (5) with D = 4.6 X 107°
cm?/s and my/m, = 1.088. Earlier investigators have
suggested that the absorption of water by PAs can
be approximated as Fickian.>'* Thus, agreement
between experimental and calculated values was rea-
sonably good during the early stage. However, it
also has been demonstrated that D values increase
as water concentration within PAs rises.>'* This
explains the deviation from the calculated sorption
curve shown in Figure 3. As sorption progressed,

1.10

1.08 | #

o 1.06 |

m/m

1.04 1

1.02 1

1.00 , , .
0 200 400 600 800
t (hr)

1000

Figure 3 Experimental and calculated values for mass
absorption ratio (m/m,) versus time (f) for 1.6 mm thick
compression-molded PA6 plaques immersed in water at
room temperature.
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Figure 4 Length, width, and thickness ratios (L/L, W/
W,, and B/B,) versus time (t) for 1.6 mm thick compres-
sion-molded PA6 plaques immersed in water at room tem-
perature.

1000

D increased. As a result, the calculated curve under-
estimated the latter stages of sorption.

Dimensional changes

Figure 4 shows the length, width, and thickness
ratios (L/L,, W/W,, and B/B,) versus time (t) for the
same 1.6-mm thick compression-molded PA6 pla-
ques immersed in water. The points are experimen-
tal data. The plaques expanded isotropically. Within
experimental error, L/L,, W/W,, and B/B, gave the
same values. (As all other specimens also expanded
isotropically, further discussion will be limited to the
changes in length.) Dimensional changes lagged
behind water absorption, as evident in the contrast-
ing time-dependent curves. Swelling ceased at the
same time as mass absorption, tf = 370 h. The equi-
librium length ratio (L¢/L,) for these specimens was
Ls¢/L, = 1.020 (or 2.0% growth).

Although the sorption curve initially showed lin-
ear behavior before leveling off, the swelling curve
was sigmoidal or S-shaped as noted by other investi-
gators."**® The solid line represents the changes
calculated using eqgs. (5) and (6) with D = 4.6 X
1077 cm?/s. Agreement between the experimental
and calculated values is only fair. The calculation
over-predicts the increase in dimensions in the early
stages and under-predicts in the latter stages. The
initial lag can be explained by a mechanical force
imbalance between the swollen outer skin and the
dry inner core of the specimens."®*'® As the outer
skin absorbs water, it swells. It cannot, however, do
so freely. The stiffer, more abundant core tempers
the initial expansion. As discussed earlier, the
under-prediction in the latter stages is likely due to
an increase in the diffusion coefficient as the plaques
imbibe water. Although beyond the scope of this
study, a swelling curve with a better fit could be cal-

359

culated numerically using models that first account
for the change in water concentration throughout the
specimen and then balance the stresses associated
with swelling.'”

Effect of thickness

Figure 5 shows the mass absorption ratios (m/m,)
versus time (t) for compression-molded PA6 plaques
of various thicknesses (B,) immersed in water at
room temperature. The points are experimental data.
The thicker the plaque, the more slowly m/m, values
rose toward equilibrium. Equilibrium water absorp-
tion (mg/m,) for the three thicknesses ranged
between 1.085 and 1.088 with an average value of
mg/m, = 1.086 = 0.010 (or 8.6% water uptake). Val-
ues of t were estimated from graphs of m/m, vs. t.
For the thinnest plaques, tf = 90 h; for the thickest, ¢
= 1380 h. Although the saturation times varied
widely, the equilibrium mass ratios (m/m,), diffusion
coefficients (D), and o values were independent of
thickness. The solid lines in Figure 5 represent the
calculated change in m/m, [eqgs. (4) and (5)]. Agree-
ment at short times was good. (We calculated D val-
ues for each thickness. Because these values were
approximately equal to each other, we used an over-
all average to calculate the curves shown in Fig. 5.)
Figure 6 shows the corresponding length absorp-
tion ratio (L/L,) versus time (f) for compression-
molded PA6 plaques of various thicknesses (B,). The
points are experimental data and the solid lines repre-
sent the L/L, values calculated from egs. (5) and (6)
using an average D value computed from the PA6
specimens, D = 4.6 X 10~% cm?/s. The dimensional
changes behaved similarly to the mass changes. The
thinnest plaques grew the fastest, the thickest ones
grew the slowest, yet all arrived at the same equilib-
rium length ratio, Ls/L, = 1.019 %= 0.007 (or 1.9%
growth). Again, the time required for the plaques to
reach Ls/L, coincided with the time to reach m/m,.

1.10
1.08 1
o 1.06 1
£
g 1.04 4 B,=08mm
b, e B =1.6mm
1.02 % m B =32mm
1.00 v ; ‘
0 500 1000 1500 2000
t (hr)

Figure 5 Mass absorption ratio (m/m,) versus time (t) for
compression-molded PA6 plaques of various thickness (B,).
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Figure 6 Length absorption ratio (L/L,) versus time (t)
for compression-molded PA6 plaques of various thickness
(B,) immersed in water at room temperature.

Effect of processing

Figures 7 and 8 show a comparison of sorption
behavior for compression-molded and injection-
molded PA6 plaques with the same thickness, B, =
1.6 mm. The points are experimental data, and the
solid lines were calculated with D = 4.6 X 107°
cm?/s. The injection-molded plaques absorbed more
water (10.4%) than their compression-molded coun-
terparts (8.6%). The greater level of absorption of the
injection-molded specimens was probably due to
their lower crystallinity. Disparity in the thickness
and aspect ratio of the compression-molded and
injection-molded specimens also may have contrib-
uted to the observed differences in absorption. Even
though ms/m, differed between the two molding
methods, compression-molded and injection-molded
PA6 plaques gave similar Ls/L,, D, and «a values.

m/m

® Compression-molded

1.02 1# o

Injection-molded

0 200 400 600 800
t (hr)

1000

Figure 7 Mass absorption ratio (m/m,) versus time (t) for
compression-molded and injection-molded PA6 plaques of
the same thickness (B, = 1.6 mm) immersed in water at
room temperature.
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Figure 8 Length absorption ratio (L/L,) versus time (t)
for compression-molded and injection-molded PA6 pla-
ques of the same thickness (B, = 1.6 mm) immersed in
water at room temperature.

Effect of amide content

Amide fraction is largely responsible for distinguish-
ing the properties of one type of PA from another
(e.g., PA6 from PA46). As the amide content
increases, so does the polarity and moisture absorp-
tion. Figures 9 and 10 show the absorption behavior
of compression-molded plaques of the various PAs,
all with the same thickness, B, = 1.6 mm. The points
are experimental data and the solid lines represent
the calculated change of mass and dimensions with
the progression of time. As expected, the most polar
of the PAs, PA46, absorbed the most water and
absorbed it the most quickly. PA6 and PA66 have
identical amide content and similar crystallinity.
Nevertheless, there were marked differences
between their sorption behaviors. PA66 absorbed
less water than PA6 and took much longer to reach
equilibrium.

1.15
1.10 1
g s .
g
1.05 B PA66
® PA6
& PA46
1.00 ; :
0 500 1000 1500
t (hr)

Figure 9 Mass absorption ratio (m/m,) versus time (t) for
compression-molded PA plaques of the same thickness (B,
= 1.6 mm) immersed in water at room temperature.
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Figure 10 Length absorption ratio (L/L,) versus time (t)
for compression-molded PA plaques of the same thickness
(Bo = 1.6 mm) immersed in water at room temperature.

Once more, agreement between experimental and
calculated ms/m, values was reasonably good at
early times but as the sorption progressed, the calcu-
lated values lagged behind the experimental ones
presumably due to an increase in diffusivity as the
concentration of water rose throughout the material.
The time-dependent swelling data for all three poly-
mers was sigmoidally shaped, initially lagging
behind absorption. As previously described, in the
early stages, expansion of the swollen outer skin is
impeded by tension in the stiffer, dryer inner core.
Equilibrium absorption times (t) were estimated
from graphs of m/m, vs. t. Values of t; were as fol-
lows: tf = 1420 h for PA66, tr = 370 h for PA6, and ¢
= 330 h for PA46. In general, similar values of t
could be estimated using egs. (4) and (5) with (m —
me)/(mg — m,) = 0.95. Table IIl summarizes values
of mg/my, Lg/L,, D, and a of the various PAs. These
values generally agreed with those reported in the
literature.” 71416718

Table IV shows a comparison of the equilibrium
length ratios (L¢/L,) that were either directly meas-
ured or estimated using eqs. (7) and (8). Since the
density of the saturated PAs differed very little from
their dry counterparts, eqs. (7) and (8) gave nearly
identical results. However, both equations overesti-
mated Ls/L, values by 50-100%. This overestimation
probably arose due to water plasticizing the PAs
and subsequently relieving not only the stresses of
the swollen skin,! but also the residual stresses that
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are present throughout all molded thermoplastics.'
At a molecular level, the relaxation equates to elon-
gated polymer chains slipping pass each other to
relieve the swelling stresses that otherwise would
have driven expansion.

Although the simplicity of this estimate is clearly
deficient from a scientific perspective, it has value
for engineering estimates. Dimensional changes due
to liquid absorption are relatively easy to measure
for highly absorbent systems such as water and
these three PAs. However, direct measurement on
other engineering thermoplastics is more tedious.
Most engineering thermoplastics are hygroscopic,
but absorb much less water than PAs—their equilib-
rium moisture content after long immersion times in
water usually is <0.5%. Moreover, measurement of
small length changes is generally more difficult and
less precise than the measurement of mass. Thus,
where moisture absorption is low and the specific
gravity of the polymer is near one, values of L¢/L,
with a generous safety margin can be estimated
directly from the equilibrium mass absorption ratios
(mg/m,) using eq. (8). On the basis of our experiences
with other engineering polymers that absorb smaller
amounts of water than PAs, we believe that the
same general approach could be used for estimating
their dimensional changes from sorption data.

CONCLUSIONS

With the greatest polarity, PA46 absorbed more
water than less-polar PAs and, therefore, was more
susceptible to moisture-induced dimensional growth.
Thick samples took longer to reach saturation, but D
values were independent of thickness for a given
polymer. Changes in the dimensions coincided with
changes in mass. Swelling and sorption followed dif-
ferent paths, but arrived at their respective equilib-
rium values at the same time. Within experimental
error, dimensional expansion due to water absorp-
tion was isotropic, i.e.,, expansion was the same in
all directions. Injection-molded samples absorbed
slightly more water than compression-molded ones,
but absorption rates were the same (same D and o
values). For a given polymer, equilibrium moisture
absorption and diffusion coefficients derived from a
single experiment of this type can be used to esti-
mate dimensions of swollen parts and equilibrium

TABLE III
Absorption Parameters for the Various Compression-Molded PA Plaques with B, = 1.6 mm
Polymer X, Xc my/m, Ly/L, D (cm?/s) a (s/cm?)
PA66 0.167 0.43 1.078 =+ 0.004 1.013 + 0.003 (1.7 = 0.4) X 107° (1.9 + 0.5) x 10
PA6 0.167 0.41 1.088 = 0.004 1.020 + 0.006 (4.6 = 1.1) X 107° (.0 = 1.4) x 107
PA46 0.200 0.49 1.123 = 0.031 1.026 = 0.005 6.2 * 1.4) x 107° (4.3 + 1.1) X 107

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE IV
Measured and Calculated Equilibrium Length Ratios (L¢/L,) of the PA Plaques
mf/mo Lf/Lu Lf/Lo Lf/Lo

Polymer Molding B, (mm) Measured Measured Equation (7) Equation (8)
PA66 Compress 1.6 1.078 = 0.004 1.013 = 0.003 1.024 = 0.002 1.025 = 0.001
PA6 Compress 0.8 1.086 = 0.021 1.017 = 0.009 1.028 = 0.006
1.6 1.088 = 0.004 1.020 = 0.006 1.026 = 0.005 1.028 = 0.001

3.2 1.085 = 0.004 1.019 = 0.006 1.028 = 0.001

Inject 1.6 1.107 = 0.026 1.019 = 0.004 1.034 = 0.008

3.2 1.101 = 0.005 1.015 = 0.001 1.033 = 0.002

PA46 Compress 1.6 1.123 = 0.031 1.026 = 0.005 1.038 = 0.010 1.026 = 0.005
swelling times, independent of sample thickness, (PV = poVo) /(P Vs — poVo) = S. (16)

processing, and modest variations in crystallinity.
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well as S. I. Moon for his suggestions on the technical con-
tent and text.

APPENDIX

Estimating dimensional changes with the
diffusion coefficient

A formal derivation of eq. (6) is given below. Con-
sider a thin sheet immersed in liquid. The change in
mass (m) with time (¢) is described by the following
expression

(m —my)/(mg —m,) =S, (12)

where m, is the initial mass of the dry sheet, my is
the equilibrium mass of the liquid-saturated sheet,
and S is an infinite series,

S=1- i{smz(zn +1)*exp[-D(2n + 1)°n’t/B2]}
n=0

(5)

that contains the diffusion coefficient (D) and initial
sample thickness (B,). Equation (5) assumes that at ¢
=0, m = m,.

The masses of eq. (12) can be written in terms of
densities (p, p,, and py and volumes (V, V,, and V),

m=pV, (13)
my, = p,V,, (14)

and
ms = prVy, (15)

where p and V represent the time-dependent values,
po and V, are the initial values, and pf and V are
equilibrium values. Combining egs. (12)—(15) give
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If the density of the liquid and the sheet do not
differ greatly and absorption is amount of liquid
absorbed is small, then

p AP, R Pr (17)
and equation can be rewritten as

(V=Vo)/ (Vs =Vo) = (V/Vo =1)/(V;/V, = 1) =S.
(18)
The volumes of the thin sheets can be described in

terms of their lengths (L, L,, Ly, widths (W, W,, Wp),
and thicknesses (B, B,, Bp),

V = LWB, (19)
Vy, = LyW,B,, (20)

and
V¢ = L¢W¢Bs. (21)

Combining egs. (18)-(22) and rearranging give,

[(L/Lo)(W/W,)(B/B,) — 1]/
[(Lf/Lo)(Wf/Wo)(Bf/Bo) - 1] =S. (22)
If the sheet expands isotropically during absorp-

tion, then
L/Lo = W/Wo = B/Bm (23)

Lf/Lo = Wf/Wo = Bf/Bm (24)

and eq. 22 can be rewritten as

[(L/Lo)® = 11/[(Le/Lo)* = 1] = (L* = L3)/(L}/L3) = .
(25)

Now let
L=L,+AL (26)

and
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Ly = L, + ALy (27)

By combining egs. (25)-(27) and expanding the nu-
merator and denominator, one obtains the following
expression
(AL® + 3AL’L, + 3ALL3) / (AL} + 3AL7L,

+3ALLY) =S.  (28)

Because L > AL or ALy, then

3ALL2 > 3AL*L, > AL®, (29)
3ALfL,* > 3AL°L, > AL?, (30)

and eq. (28) reduces to

AL/AL; = (L — L) /(L — Ly) = S (31)
or
L/Ly =1+ S[(L/Ly) — 1] (6)

Similar equations can be derived for width and
thickness,

W/W, =14 S[(Wr/W,) —1] (32)
and

B/B, = 1+ S(B;/B,) — 1]. (33)

Equations (6), (32), and (33) ignore the retardation
of specimen swelling due to the competition
between the expansion of the swollen skin and the
tension in its core as well as any relaxation that
occurs during sorption.

Estimating equilibrium dimensional changes
from equilibrium mass

Measuring changes in mass is much easier and more
precise than measuring the associated dimensional
changes, especially for specimens where absorption
is minimal. Therefore, it would be faster, easier, and
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likely more accurate to estimate L/L, values (or W/
W, or B¢/B,) from equilibrium-to-initial mass (m/
m,) ratio. This ratio can be written in terms of den-
sities and volumes,

mf/mo = prf/pOVO. (34)

As before, if dimensional changes are isotropic,
then combining eqgs. (20), (21), (24), and (34), and
rearranging gives,

Ly /Ly = Wy /Wy = By/By = [(p/pp)(ms/m)]Y>. (7)

If the density of the material does not change
appreciably during absorption (p, ~ py), then eq. (7)
reduces to

Lf/Lo = Wf/wo = Bf/Bo = (mf/mo)1/3~ (8)
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