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ABSTRACT: On the basis of the experimental studies on viscoelastic properties of poly vinyl alcohol (PVA) films at various relative
humidity (RH) and temperature conditions by dynamic mechanical analysis (DMA), the influence of both temperature and RH on the
glass transition are discussed and an improved property model is developed to relate the dynamic modulus to RH and temperature. The
results indicate that (1) with increasing the RH, the storage modulus of PVA decrease remarkably, while both loss modulus and tand
sharply increase to reach the peak and then markedly drops. The intensity of this variation is highly dependent upon temperature. (2)
Moisture increase will cause the glass transition of PVA at isothermal condition and the transition point can be detected by glass transi-
tion relative humidity (RH,) that obtained by isothermal RH scans. (3) Similar to the relationship between T, and RH, the RH, of PVA
vary linearly with temperature. The state diagram of RH, versus temperatures is nearly consistent with that of T, versus RH. (4)The
present equation based on model of Mahieux and Reifsnider (Mahieux and Reifsnider, Polymer 2001, 42, 3281) can predict well the

dynamic modulus of PVA at various RHs and temperatures. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 130: 3161-3167, 2013
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INTRODUCTION

There is a significant interest in the use of Poly(vinyl alcohol)
(PVA) in sensors, food, biomedical field and paper industry. The
outstanding characteristics (biocompatibility, nontoxicity, biode-
gradable, chemical stability, excellent film forming, adhesive abil-
ity, good mechanical strength and flexibility, as well as high
oxygen and aroma barrier performances) of PVA make it one of
the preferred choices for such applications. These important
properties of PVA are the result of its significant cohesive energy
due to its polarity from hydroxyl groups. However, the same char-
acteristics that endow PVA with hydrophilicity make it susceptible
to plasticization in humid environments.' Therefore, considerable
efforts have been made in studying plasticizing effect caused by
water on pristine PVA and PVA system by the various ways.'™°
Lopez et al. reported the water content dependence of the dynam-
ics of PVA and PVA-based composite films by means of dielectric
spectroscopy (DS) and dynamic mechanical analysis (DMA).
Meanwhile, the thermal behavior and viscoelastic properties of
wet PVA and PVA gels have been investigated using differential
scanning calorimetry (DSC), thermogravimetric analysis (TGA),
and DMA.? Similarly, the moisture-induced effects on the tensile
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mechanical properties and glass transition temperature (7T) of
PVA films were measured by using temperature modulated dif-
ferential scanning calorimetry (TMDSC).* It was found that
increasing the water content in PVA would cause decreases in
tensile strength, elastic modulus and T, increases in elongation
properties and loss tangent (tand) of the polymer. To elucidate
the plasticization mechanism of water molecules in PVA, the
temperature of crystallization and melting of water in PVA
membranes was measured at different cooling and heating
rates by DSC.” Moreover, the structure of water molecules
absorbed in PVA was studied by DSC and Fourier transform
infrared spectroscopy (FTIR).® The influences of water content
on free volume, chain mobility and glass transition behavior of
PVA have been investigated by positron annihilation lifetime
spectroscopy (PALS), solid state 3C-nuclear magnetic reso-
nance (NMR) and dynamic mechanical analysis (DMA).”
Additionally, an aqueous PVA model has been extensively stud-
ied by using the molecular dynamics (MD) simulation
method.® The simulation reveals the cooperative behavior of
PVA and H,O which is responsible for the glass transition of
the binary system. Recently, the plasticizing influence of water
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on the molecular dynamics of PVA was revisited by DS, DMA,
TGA, and X-ray diffraction (XRD).?

Both relative humidity and temperature are environmental fac-
tors in determining the amount of water absorbed by hydro-
philic films, which may simultaneously affect the film
properties. However, in above studies which have highlighted
on the effect of water content on the main functional properties
of PVA, testing was performed after conditioning the materials
at specific temperature conditions. Additionally, the influence of
temperature on the mechanical properties of PVA was well-
known already, but it must be emphasized that these measure-
ments were usually performed under an atmospheric environ-
ment, in which the precise control of humidity has been proved
difficult to achieve. To our knowledge, no previous work has
quantified the combined effect of relative humidity and temper-
ature on dynamics of PVA in the published literatures."®

The present study has been undertaken in order to systematically
investigate and quantify the combined influence of relative humid-
ity and temperature on the dynamic viscoelastic properties and
glass transition behaviors of PVA film. Both temperature scan and
RH scan experiments were performed with DMA to provide the
dynamic viscoelastic properties of PVA as function of relative
humidity and temperature. Furthermore, the relative humidity and
temperature dependence of glass transition was discussed in detail
to construct the state diagram, which can be used to predict the
glass transition behavior of polymers exposed to humid atmos-
phere. Finally, an improved property model was developed to
describe the temperature-RH dependent storage modulus of PVA.

EXPERIMENTAL

Materials

Poval® PVA-224 (Kuraray, Osaka, Japan) powder with alcoholysis
degree of 87-89% was adopted in this study. PVA aqueous solu-
tions (10 wt %) were prepared by dissolving polymer powder in
distilled water at 95°C for 3 h under stirring at 90 r/min. After the
solutions were cooled to ambient temperature, films were prepared
on Teflon-coated glass plate and dried in a desiccator for 2 days to
evaporate the water. Subsequently, films with dimensions of 20
mm X 5 mm X 0.03 mm were annealed at 120°C for 30 min to
erase the previous thermal history, and then kept in a desiccator
with freshly dried silica gel at ambient temperature (25°C) prior to
use. Thickness of 0.03 mm was selected to facilitate efficient water
transfer throughout the film, and thereby making it possible for
the relative humidity to attain the equilibrium state in a short time.

DMA and DMA-RH Accessory

Dynamic viscoelastic properties of PVA equilibrated at various
relative humidity and temperature conditions were measured
with a TA Instruments DMA Q800 and DMA-RH Accessory.
Testing temperature can be kept within *£0.5°C over the tem-
perature range 5-120°C. The relative humidity of sample cham-
ber is controlled by mixture of N, and water vapor from DMA-
RH Accessory cabinet, in which the maximum humidity ramp
rate is 2% RH/min both linear decreasing and increasing with
time. The humidity accuracy is £3% at 0-90%RH and *5%
RH above 90%RH. Film tension clamp was selected with con-
stant amplitude loading of frequency 1 Hz for both temperature
scans and RH scans.
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Temperature Scans and RH Scans
Two measurement methods used in present investigation are as
follows:

1. Temperature scans under controlled relative humidity
The samples were first equilibrated at 10°C, 0% RH for 10 min,
and then the relative humidity in testing chamber was adjusted
to fixed values: 0, 10, 20, 30, 40, 50, and 60%, respectively. After
30 min equilibration, thermal scans were carried out at 1°C/min
under these various constant RHs from 10°C (0, 10, 20%RH) or
20°C(30, 40, 50, 60%RH) to the temperatures at which the PVA
films are in rubbery state at each experimental humidity.

2. RH scans under controlled temperature.
Specimens were quickly dried in measuring chamber at 0%
RH, 25°C for about 30 min, and then the experimental tem-
perature was set to 10, 20, 30, 40, 50 and 60°C, respectively.
After 10 min isothermal holding, RH scans were performed
isothermally at these temperatures at the rate of 0.5% RH/
min. The humidity range is 0%RH to the RHs at which the
PVA films are in rubbery state at each testing temperature.

RESULTS AND DISCUSSION

Relative Humidity and Temperature Dependences of Dynamic
Viscoelastic Properties

The influences of relative humidity and temperature on the
storage modulus (E'), the loss modulus (E”) and the loss tan-
gent (tand) of PVA measured by both temperature scans and
RH scans are respectively shown in Figures 1-3. It is clearly
observed that there
dynamic viscoelastic properties of PVA with respect to relative
humidity and temperature by temperature scans and RH scans.

is almost no difference in measured

Figure 1 shows the E' values of the polymer decrease remarkably
with increasing relative humidity at isothermal conditions (10,
20, 30, 40, 50, and 60°C), respectively, and the intensity of this
variation is highly dependent on the temperature of the sample
chamber: the higher the temperature, the more rapid the
decrease in storage modulus. Similarly, an increase in tempera-
ture of the measuring chamber caused a decrease in storage
modulus of PVA samples kept at constant relative humidity of

75 Temperature(’C)

80 Y100

Figure 1. Effects of relative humidity and temperature on the storage
modulus (E') of PVA. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 2. Effects of relative humidity and temperature on the loss modu-
lus (E”) of PVA. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

0, 10, 20, 30, 40, 50, and 60%, respectively. Meanwhile, the
reductions of E induced by temperature increase are also get-
ting more and more obvious with increasing RH.

The variations in E’ and tand of PVA films against RH at various
temperatures (10, 20, 30, 40, 50, and 60°C) are presented in Figures
2 and 3, respectively. As the relative humidity increases, both E’ and
tand sharply increase to reach the peak and then markedly drop
under each isothermal condition. It can be seen that the position of
these peaks obtained by RH scan shifts to the lower moisture, while
the magnitude of peaks gradually declines with increasing tempera-
ture. According to DMA data from controlled RH temperature scan,
the influence of temperature on the E” and tand of PVA is very simi-
lar to the influence of relative humidity.

Above mentioned plasticizing effects of relative humidity and tem-
perature on viscoelastic properties of PVA can be interpreted well on
the basis of the free volume concept in the amorphous region.
According to positron annihilation spectroscopy (PAS) investigation
of PVA, the increment in temperature provides an increase of ther-
mal energy in the system to overcome hydrogen bonding, the
amount of free volume in the polymer would be expected to increase
accordingly,'' Furthermore, the absorbed water in PVA film not
only disrupts hydrogen bonding, but also contributes more free vol-
ume and lubrication, where the polymer segments become readily
mobile and rapidly responding to the load change.” Therefore,
increasing temperature and increasing humidity have a similar effect
on the free volume and thus the storage modulus, the loss modulus
and the loss tangent of PVA.

Influence of Relative Humidity and Temperature on Glass
Transition

Glass Transition Temperature (Tg). From a DMA curve, the
glass transition temperature is found from the first inflection point
of the storage modulus curve (Tg,) or the peak of the loss modulus
curve (Tgs) or the peak of the tan delta curve (Tgc).12 However, the
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Figure 3. Effects of relative humidity and temperature on the loss tangent
(tand) of PVA. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

respective peaks or points usually occur at different temperatures
which result in a broad transition region for polymer.”> Therefore,
these three criteria were applied to determine the glass transition
temperature of PVA films at various relative humidity levels, and the
resulting Tis are plotted in Figure 4.

DMA results reveal a great effect of relative humidity on the glass
transition temperature of PVA: the higher the relative humidity, the
lower the glass transition temperatures. Moreover, the evaluated T,
values determined by above three criteria exhibit strong linear rela-
tions with RH. It is worth noting that the regression equation of T
can well describe the published glass transition temperature
(TMDSC) of PVA samples equilibrated at different relative humidity
(0-86%)," as indicated in Figure 4. The linear dependence between
RH and T, may be interpreted in terms of the free volume change
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Figure 4. Relative humidity dependence of glass transition temperatures

(Tg) of PVA films. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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induced by the absorbed water. As discussed by Zhou, Tashiro and
Ii,"* the relative humidity and temperature dependence of free vol-
ume can be expressed as follows:

f(T,RH)=£(T,0)+B(RH—RH,) (1)

where f(T,RH) is the free volume of the water-swollen polymer
at relative humidity RH and temperature T, f(T,0) is the free
volume of dried polymer at temperature T, f is the propor-
tional coefficient and RHj is the relative humidity of the stand-
ard state, which is usually set as 0% to simplify eq. (1) as
following form:

f(T,RH)=f(T,0)+p-RH (2)

Meanwhile, according to the discussion in the literatures,'*'> the
free volume f (T, RH) with respect to temperature is given by:

f(T,RH)=f(Ty,0)+ o (T—TM) (3)

where T{ and Ty are the glass transition temperature of the
polymer at dry and moisture state, respectively, f (TgO,O) is the
free volume of dry polymer at glass transition temperature, and
o is the thermal expansivity.

Combining egs. (2) and (3), the glass transition temperature of
water absorbing polymers can be characterized as a linear func-
tion of relative humidity as below:

TM=y -RH+T] (4)

where 7 is a constant independent of RH, which is determined
by the following eq. (5).

V== b (5)
o
Therefore the plot of TR versus RH is expected to be linear, and
equation (4) fit fairly well to the data of RH-dependent glass transi-
tion temperature in Figure 4, the values of slopes (y) are —79.8,
—98.6, and —103.0 for three criteria, respectively.

Furthermore, the eq. (4) was used to correlate the data of glass
transition temperature of some other hydrophilic polymers such
as nylon-6,"""" nylon-66,"® poly(vinylpyrrolidone) (PVP K-
12)," hydroxypropylmethyl cellulose phthalate (HPMCP),*
poly(lactide-co-glycolide) (PLG)*' and PA 612" at various rela-
tive humidity levels in previous literatures, as shown in Figure
5. The good regression coefficients (R* > 0.95) also indicate the
linear dependence between RH and Ty of these polymers.

As pointed out already by Zhou, Tashiro and Ti,"* the free volume in
egs. (2) and (4) may be better expressed as a function of water con-
tent absorbed actually into the film. However, it is quite difficult to
do so because the water molecules might be trapped at different
region in polymer, and the role of these water molecules in affecting
the mechanical performance might be various. Thus, it is more con-
venient to describe the moisture dependence of glass transition tem-
perature and subsequent modulus by the RH rather than water
content from a practical point of view.
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Figure 5. RH-dependent glass transition temperature of some other poly-
mers: (H)PA 6, DMA (1),'° («)PA 6, DMA (2),"” (B) PA 612, DMA,"
(W)PA 6, 6, DSC,'”* (@)PVP K-12, DSC,"” (®)HPMCP, MDSC,*
(A)PLG, TMDSC.?! [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Glass Transition Relative Humidity (RHg). According to the
RH dependent viscoelastic properties curves of PVA films at dif-
ferent constant temperatures (Figures 1-3), it can be clearly
found that there exists the critical relative humidity denoted as
RHga, RHgp, and RHge corresponding to the first inflection
point of the storage modulus, the peak of loss modulus and the
peak of loss tangent, respectively. That is, increased water
absorption of PVA can also induce a glass transition even while
temperature is held steady, and DMA can track the moisture-
induced transition process as RH is scanned at a specified tem-
perature. Therefore, it is reasonable to use the critical relative
humidity, which is usually termed as the glass transition relative
humidity, for detecting the glassy to rubbery transition of
hydrophilic polymer in moisture surrounding.

It is well known that the glass transition temperature (7,) of the
hydrophilic polymers decreases as a result of the absorption of water
that causes a plasticizing effect. However, how the temperature
affects the moisture-induced glass transition is still an unsolved
issue.

The effects of temperature on glass transition relative humidity are
also evaluated by three criteria: RHys, RHgp and RHyc, and the
resulting values are plotted in Figure 6. As can be seen, all of RHgy,
RHgp, and RHyc of PVA decrease remarkably with increasing tem-
perature. The chain segment mobility of the polymer increases with
elevated temperature so that a lower RH is required to induce the
glass transition process at higher temperatures. Moreover, the RH,
values of PVA films determined by above three criteria exhibit strong
linear relations with temperature (R>=0.99). Although a systematic
explanation cannot be made for the linear dependence between RH,
and temperature of PVA film at this stage, it is worth noting that the
linear dependence between RH, and temperature have been also
obtained in recent studies on RH, values identified by DSC or
dynamic vapor sorption (DVS) for some food polymers.*>**
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Figure 6. Temperature dependence of glass transition relative humidity
(RHg) of PVA films. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

State Diagram

As discussed above, whether the glass transition of amorphous glassy
materials occurs or not is dependent not only on the temperature
but also on the humidity of in-service condition. Thus, it is neces-
sary to draw a polymer state diagram according to the information
of temperature-RH dependent glass transition.

Since the combined effects of moisture and temperature on
glass transition can be obtained by temperature scans or RH
scans, one should compare the three pair dataset, “RHg (RHga,
RHgp, and RH,c) versus temperature” and “Ty (Tga, Tgs, and
Tyc) versus relative humidity” in Figure 7, which reveals that
the values of each group are very close according to the first
inflection point of the storage modulus or the peak of loss
modulus or the peak of loss tangent. Therefore, the T, of PVA
at specific relative humidity may be calculated by the regression
equation of RH, versus temperature, while the RH, values can
also be obtained from the relationship of T, and the relative
humidity. Further, based only on the information obtained by
RH (or temperature) scans of DMA at two different constant
temperature (or RH) conditions, the slope and intercept of the
straight lines of RHy(T)—T (or To(RH)—RH) can be deter-
mined to construct a polymer state diagram shown in Figure 8.

As shown in Figure 8, the state diagram can be divided into
three regions by these straight lines. The first is the region of
glassy state (I), the second region is the zone of transition from
glassy state to rubbery state (II), and the third part is the region
of rubbery state. It indicates that the state diagram can be used
as an important tool for practical application to conveniently
identify the glassy to rubbery transition. It is useful to deter-
mine the appropriate storage and usage conditions of relative
humidity and temperature for amorphous polymer products.

Property Model of RH-Temperature-Dependent Modulus
The variation of mechanical properties with temperature in
polymer and its composites is widely discussed in previous
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Figure 7. RH, (0.5% RH/min) values of PVA films as a function of tem-

perature and T, (1°C/min) values as a function of relative humidity.

[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

references, and some studies have fairly well-established temper-
ature dependent modulus models for full region: from the
glassy state to the rubbery state.**° Gibson et al. presented a
semi-empirical model based on the hyperbolic tangent function
for predicting temperature dependent mechanical properties of
many polymer matrix composites.****> Mahieux and Reifsnider
suggested a Weibull-type function based on bond failure to
describe the modulus change over full range of transition tem-
peratures.”®* Bai et al. modeled the temperature-dependent
modulus by the Arrhenius type equations.”® We proposed a new

<
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O
o
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© 7
§_ \RHQA RHgs RHyc RH\Scan
=
)
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Glass Transition Regign
2| Glass State
5
Low > High
RH(%) 9

Figure 8. Schematic state diagram of amorphous glassy at different rela-
tive humidity and temperature. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39547

3165


http://www.materialsviews.com/
http://onlinelibrary.wiley.com/

3166

ARTICLE

single-parameter model in order to characterize the
temperature-dependent dynamic storage modulus of the unidir-
ectional and cross-ply epoxy/glass laminates.”® However, none
of these equations are able to directly describe the combined
effect of relative humidity and temperature on modulus.

In current situation, it is generally not possible to implement an
analytical closed-form model for coupling the mechanical behavior
to the thermal and moisture response. Thus, it may be a good way
to model the RH-temperature dependent modulus of PVA by
developing existing equations of temperature-dependent modulus.

As compared among above methods for relating the changes in
modulus of a polymer or polymer matrix composite caused by
variation of temperature, it is easily found that the stiffness-
temperature model proposed by Mahieux and Reifsnider has a
more reliable physical basis: increasing temperature will cause the
relaxation of the polymer to occur more rapidly, and the second-
ary bonds need to break in order to allow side group motion or
the motion of a few main chains. Because of the distance varia-
tion between atoms, it is appropriate that these molecular bond
strengths were assumed to follow the Weibull distribution as a
function of temperature, as shown in equation (6):

E(T)=E,+(E,~E,)exp {— (Tlg) m] (6)

where, T is the temperature on the Kelvin scale, E(T) is the
modulus at temperature T, E,, and E, are the “unrelaxed” (low
temperature) and “relaxed” (high temperature) values of modu-
lus, respectively. T, is the “mechanical” glass transition temper-
ature and m is the Weibull exponent.

As plasticizing effects of moisture on the dynamic modulus of
hydrophilic polymer, the viscoelastic properties are dependent on
the relative humidity and thus eq. (6) need to be rewritten as:

E(T,RH)=E,(RH)+ [E,(RH)—E,(RH)]exp {— (T—ZH> } 7)
g

Subsequently, eq. (7) was used to relate the storage modulus ver-
sus temperature data in Figure 1 for PVA films at different con-
stant RH (0-60%), and the obtained Weibull coefficients with
respect to the relative humidity are shown in Figure 9. The
absorbed water in hydrophilic polymer will obviously disrupt the
hydrogen bonding, and the Weibull parameters reflect the statis-
tics of the bond breakage. Therefore, the m exponent in equation
(7) is no longer a constant but a function of relative humidity for
the polymer in humid surroundings. Actually, the variation in
RH has greatly altered the shape of storage modulus versus tem-
perature relationship of PVA film: the higher the relative humid-
ity, the sharper the modulus curve (see Figure 1). That is, the
increasing RH will lead to a steeper distribution of secondary
bond strengths, corresponding to increasing the value of m.

As stated above, the absorbed water in PVA film contributes more
free volume and lubrication, where the polymer segments become
readily mobile and Weibull moduli is dependent upon the relative
position of the side group to the other molecular chain. Conse-
quently, it can be seen clearly from Figure 9 that the m values of
PVA films increase nonlinearly with increasing RH from 0 to 60%.
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Figure 9. Relative humidity dependence of Weibull coefficient for PVA
films. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

Considering the similar effect of moisture and temperature on the
free volume and thus on the molecular motions of the glassy poly-
mer, the RH-dependent Weibull coefficient can also be expressed
by the similar power functional form as:

m(RH)=my exp [(RH Cl)cz] (8)

where ¢; and ¢, are constants, and 1, is the Weibull parameter
of the dried polymer. A least squares fit of the data in Figure 9
yields the constant ¢;=0.56 and ¢,=2.0, and an excellent corre-
lation (R*=0.99) is obtained over the experimental range of rel-
ative humidity.

According to the linear dependence between glass transition
temperature (TgRH) of PVA films and the relative humidity, the
RH-temperature dependent storage modulus was thus modeled
by substituting eq. (4) into eq. (7), as shown in eq. (9).

E(T,RH)=E,(RH)+ E,(RH)—E,(RH)]

y T m(RH) (9)
€X] I e
P ) -RHFT?

Moreover, it is clearly observed from Figure 1 that the unrelaxed
modulus (low temperature) and relaxed modulus (high temper-
ature) are almost independent upon the relative humidity.
Therefore, eq. (9) can be further simplified as:

T m(RH)
— 70 (10)
y -RH+ Tg)

E(T,RH)=E,+(E,~E,)exp | — (
Now the storage modulus of PVA film at various relative humidities
and temperatures can be modeled using eqgs. (8) and (10), where the
value of y is determined by T, which is more close to the published
DSC T, of PVA at different relative humidity. The model predictions
of storage modulus and experimental data are shown in Figure 10. It
can be seen from Figure 10 that the measured storage modulus of
PVA films at various relative humidities and temperatures can be
well modeled with the modified equation based on the property
model of Mahieux and Reifsnider.

©WILEY i ONLINE LIBRARY


http://onlinelibrary.wiley.com/

Applied Polymer

Storage Modulus (MPa)

SCIENCE

4000 T T T T T T T T T T T T T T T T T T T
------- Experimental
Calculated
3000 - 1
2000 - q
1000 + q

10 20 30 40 50 60 70 80 90
Temperature(C)

100

Figure 10. Comparison of the predicted RH-temperature dependent mod-
ulus with the experimental data. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

CONCLUSIONS

From the data analysis presented above the following conclu-
sions can be drawn.

. As the relative humidity of sample chamber increases, the

storage modulus of PVA samples decrease at different con-
stant temperatures, while both loss modulus and loss tan-
gent increase steeply to the maximum value and thereafter a
rapid decrease. The intensity of these variations is also
increased with increasing testing temperature.

DMA can track the moisture-induced glass transition process as
RH is scanned at a specified temperature, and it is reasonable to
use the glass transition relative humidity (RH,) to identify the
glass transition of hydrophilic polymer in moisture surrounding.
Similar to the linear relationship between glass transition
temperature (7T,) and RH, the RH, values of PVA films
decrease linearly with increasing temperature, and the state
diagram of RH, values at different temperatures is nearly
consistent with that of T, versus RH.

The improved property model can well describe the experi-
mental storage modulus of PVA films at various relative
humidities and temperatures.
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