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Abstract

Three types of specimens were machined from a model unfilled linear poly(methyl methacrylate) (PMMA), which was nominally 1.5 mm
thick. After pre-condition annealing and pre-drying, the specimens were equilibrated at one of eight relative humidities (RH) at 22 or 378C.
Thereafter, the parallelepipeds were deflected in 3-point bending, the dumbbells were pulled in tension or deformed using a Knoop (HK)
microhardness indenter, and the disks were deformed using a Vickers (HV) microhardness indenter. As the RH increased from 0 to 100%, the
samples exponentially sorbed 2% w/w of water. Elastic moduli in bending and tension (EB andET), ultimate tensile strength (UTS), and
hardnesses (HV and HK) were inversely and linearly dependent on water uptake (p , 0.001). Strain at UTS (1UTS) was independent of weight
change; whereas, strain at fracture (1F) was directly and linearly dependent on water uptake (p , 0.02). Under these equilibrium conditions
of sorption, no evidence was found that sustained the concept that a break in mechanical properties occurred at about 1% sorption as a result
of plasticization leading to clustering. After logarithmic transformations of selected mechanical properties, linear correlations were found
between HV versusEB (p , 0.02) and strength (UTS or YS) versus HV (p , 0.001). The results paralleled the relationship found for pure
face-centered-cubic (FCC) metals in the former case and was coincident with the relationship for FCC metals in the latter. These inter-
relationships suggest that the effects of plastic anisotropy are absent in hydrated PMMA and that water continues to facilitate long-range
elastic interactions.q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

For fifty years acrylics have been a mainstay of dentistry
— first as a replacement for vulcanite in dentures [1–4],
then as denture repair and reliner materials [5–7], and most
recently as the basis for composite restorations [8–12]. Not
long after acrylics were introduced, problems were noted
that were associated with absorbed water [13–18], residual
monomer [19], and the general leaching of unreacted
ingredients [5,11,18]. These chemical changes were accom-
panied by decreases in rigidity [20,21], strength [20–26],
and hardness [9,24,27,28] that ultimately could affect fati-
gue strengths [29] via midline fractures of dentures [30],
change in the compliance of denture reliners [5], wear of
occlusal surfaces of composites [11,12], and even degrada-
tion of relatively unstressed class V restorations [31].

Indeed, many of the shortcomings of appliances (albeit to
a lesser degree in the crosslinked acrylics [32]) could be
attributed to the polar nature of its homologues and so its
hydrophilicity.

Literally hundreds of papers have been written concern-
ing the water sorption of acrylics and include studies of
chemical composition [4,25,33–35], molecular weight
[18], plasticizers [6,36,37], reinforcement fillers
[4,7,38,39], crosslinking agents [7,32], and barrier coatings
[40]. The consensus of these investigations may be general-
ized as follows: (1) glassy acrylics such as poly(methyl
methacrylate) (PMMA) typically sorb ca 2% w/w water
[22,41]; (2) the process is diffusion controlled in which
the constant for desorption is greater than that for absorption
[42,43]; (3) within the physiologic region of interest water
sorption is not strongly temperature dependent [13]; (4)
mechanical properties (e.g. transverse rupture strength, ulti-
mate tensile strength, and microhardness) decrease with
water uptake [18,22]; and (5) a break appears in mechanical
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characteristics at ca 1% w/w water uptake that corresponds
to clustering versus plasticization [18]. In the most compre-
hensive studies, the previous literature deduced these facts
from equilibrated dry and fully hydrated states but non-equi-
librated intermediate sorption states. Thus, when the test
samples were unconstrained, the dry and hydrated states
had uniform strain states from swelling. However, for
those samples that were in water for a time less than that
required for equilibrium to be established, the sorption
profile at different points from the surface to the center
varied greatly. Indeed, such samples that had been precon-
ditioned in the dry state and then immersed in water would
develop a variable sorption profile and likely different diffu-
sion constants. As a consequence, a strain gradient would
result that could affect the outcomes of mechanical tests.

The present work seeks to eliminate such residual stresses
by equilibrating samples in either a uniformly precondi-
tioned or an as-received state at either room or oral cavity
temperature using saturated salt solutions. Having estab-
lished a uniform profile of water concentration, the strain
states associated with flexural, tensile, and hardness tests are
imposed on the appropriate specimen geometries. Two
hypotheses will be tested: (1) that up to about 50% sorption,
water acts predominantly as a plasticizer; and (2) that larger
amounts of water additionally result in the formation of
molecular clusters. The first will be tested by checking
whether specific mechanical properties continuously
decrease to about 50% saturation (i.e. ca 1% w/w water
uptake). The second will be tested by checking whether a

discontinuity and/or a change occurs in specific mechanical
properties above 1% w/w as the plasticizing action of water
gives way to the formation of clusters.

2. Material and methods

A commercially available, linear, and unfilled poly-
(methyl methacrylate) (PMMA), Plexiglas Ge (Rohm and
Hass Co., Philadelphia, PA), was selected as a model mate-
rial having a viscosity average molecular weight (MV) equal
to 1.2× 106 [44]. The nominally 1.5 mm thick sheet stock
was machined into three types of samples (Fig. 1).

Samples were primarily pre-conditioned by annealing in
vacuum at 708C for 24 h [45], although some specimens
were conditioned from the as-received state without pre-
conditioning. Such an annealing schedule satisfies Smith’s
observation that, provided cure times are more than 8 h at
708C, the residual monomer is maintained below critical
levels (3% w/w) [19]. Typically, residual monomer is
,0.2% w/w. After the samples were pre-dried at 228C in
vacuum (ca 1023 Torr) to 0% RH, they were then equili-
brated at one of two temperatures (228C [O andX] or 378C
[L, W, andS]) and at one of eight relative humidities (RH):
0 (in vacuum), 100 (in distilled water), and nominally 13,
33, 52, 76, 85, and 92% RH over various inorganic salts
(Table 1). The actual RHs for these two temperatures (Table
1) were determined by extrapolating data in the literature for
temperatures that bracketed 22 and 378C (Fig. 2) [46,47].
For each saturated salt solution, the RH was largely inde-
pendent of temperature within this range. For the three test
geometries, six specimens at each conditioning temperature
and RH were monitored during equilibration to determine
when constant weight had been obtained (Fig. 3). After
equilibration, the rectangular parallelepipeds and dumbbells
were measured (̂0.001 mm) three times per dimension
using a Sonym-Mate digital caliper (Sony Magnescale
America, Inc., Orange, CA). Three testing methods were
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Fig. 1. Schematic drawings showing the nominal specimen geometries of
1.5 mm thick poly(methyl methacrylate) (PMMA) specimens of Plexiglas
Ge that were used in these hydration experiments.

Fig. 2. Influence of temperature on the relative humidity (RH) for six super-
saturated salt solutions [46,47]. Note that RH is independent of temperature
between 10 and 408C.



used to evaluate the mechanical properties of these samples:
bending, tensile, and hardness.

The bending modulus (EB) of each parallelepiped was
determined using a three-point bending apparatus (outer
span of 50.8 mm) that was attached to an Instron universal
testing machine (Instron Corp., Canton, MA). A crosshead
speed of 0.1 cm/min was used to test six samples at each RH
of the annealed specimens (Table 2). A second bending test
method (“piston-on-ball”) [48–50] was attempted but found
unsuitable for these plastic samples.

Using an Instron universal testing machine, dumbbell
samples were mounted with a nip-to-nip distance of
35 mm and tested in tension at a crosshead extension
speed of 0.1 cm/min. To measure strain, one of two extens-
ometers (10% [X andW] or 50% [O andL]) with a 12.7 mm
gage length was attached within the necked region of each
sample. For each RH, six samples were tested for each as-
received or annealed pre-conditioning treatment (Table 2).
Because the 10% extensometer was five times more sensi-
tive, both extensometers were calibrated using its calibra-
tion constant. Using that scalar, each tensile modulus (ET),
ultimate tensile strength (UTS), strain at UTS (1UTS), and
strain at break (1F) was calculated.

Prior to tensile testing, the Knoop hardness (HK) was
determined in the gripping region of each dumbbell sample
using a Kentron microhardness tester (Kent Cliff Labs,
Peekskill, NY). An indenter load of 75 g was used with

each dumbbell sample (Table 2). For each RH of the
annealed disks (Table 2), the Vickers hardness number
(VH) was calculated at five locations on six samples using
the same microhardness instrument but with a heavier
indenter load of 200 g.

Means and standard deviations were calculated for the
water uptake,EB, ET, UTS, 1UTS, 1F, HK, and HV. Expo-
nential regressions were determined for water uptake
against RH, and linear regressions were determined for
EB, ET, UTS, 1UTS, 1F, HK, and HV against both RH and
water uptake. For each of these regressions the statistical
significance (p) was deduced from the correlation coeffi-
cient (r) and the number of data points (n). Scatter diagrams
(S andW) were determined for the as-received minus the
annealed pretreatments forET, UTS, 1UTS, and HK against
RH at 378C. After theX- andY-axes were logarithmically
transformed, the interrelationships of hardness (HV or HK)
versus modulus (EB, ET, or EK) and strength (UTS or YS)
versus hardness (HV or HK) were determined for PMMA,
ductile metals, and covalent or ionic crystals.
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Fig. 3. Typical absorption curves of one annealed parallelepiped at 228C for
13, 33, 54, 76, 86, 93, and 100% RH. For this sheet thickness (1.5 mm),
equilibration always occurred in about two months.

Table 2
Tests performed (1) after a pre-conditioning treatment at a specific conditioning temperature (cf. Table 1)

Tests (measurements) Pre-conditioning treatment Conditioning temperature (8C)

22 37

3-pt Bending (EB) As-receiveda 2 b 2

Annealedc 1 1

Tensile testing (ET,
UTS, 1UTS, 1F)

As-received
Annealed

1

2

1

1

Knoop Hardness (HK) As-received 1 1

Annealed 2 1

Vickers Hardness (HV) As-received 2 2

Annealed 1 1

a Not heat treated.
b No tests were performed.
c Heat treated in vacuum at 708C for 24 h [45].

Table 1
Actual relative humidity (%) tested

Saturated salt solutions Conditioning temperature (8C)

22 37

LiCl 13 12
MgCl2 33 32
Mg(NO3)2 54 49
NaCl 76 75
KCl 86 83
KNO3 93 90



3. Results

3.1. Water sorption

Equilibrium water uptake increased exponentially with
RH to a maximum of about 2.1% w/w at 100% RH
(p , 0.001; Fig. 4). At the equilibrated condition, the
water uptake appeared independent of conditioning
temperature for parallelepiped- and disk-shaped specimens
(Table 3).

3.2. Annealed samples

The results at 228C (O) were generally higher than the

results at 378C (L andW). The bending modulus (EB) was
inversely and linearly related to RH (p , 0.001; Fig. 5). The
values ofEB ranged from 3.4̂ 0.1 to 2.7̂ 0.0 GPa for
samples conditioned at 22 and 378C, respectively
(p , 0.001; Table 4). Each tensile modulus (ET) decreased
as RH increased (Fig. 5). TheET for annealed samples
decreased from 3.2̂ 0.5 to 2.1̂ 0.0 GPa (Table 4). As
RH increased, the UTS decreased from 76^ 1 to
61^ 1 MPa (p , 0.001; Table 4). Strain at UTS (1UTS)
was independent of RH, the overall values averaging
0.070; strain at break (1F) scattered widely from 0.06 at
0% RH to 0.56 at 100% RH (Fig. 5). For samples that
were conditioned at 378C, HK decreased from 21̂ 1 kg/
mm2 at 0% RH to 18̂ 1 kg/mm2 at 100% RH; whereas,
HV decreased from 25̂ 0 to 19^ 0 kg/mm2 (Table 4).
Trends were similar when the same measurements were
plotted against water uptake (Fig. 6), wherein each dotted
line represents the solubility limit of water in PMMA.

3.3. As-received samples

When dumbbell specimens were conditioned without a
stress-relieving heat treatment, theET, UTS, 1UTS, and HK
followed the same trends as the annealed data (cf. Fig. 5).
Fig. 7 summarizes the outcomes at two temperatures in
which the data at 228C (X) is once again slightly but not
significantly greater in magnitude than the data at 378C (W).
In the case ofET at 0 and 100% RH, for example, the values
decreased from 2.9̂ 0.3 to 2.4̂ 0.1 GPa at 228C and from
2.8^ 0.1 to 2.4̂ 0.1 GPa at 378C (Table 5). The1UTS was
the only property that was independent of RH, for which the
values equaled 0.07̂ 0.00 at both 22 and 378C (Table 5).
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Table 3
Summary of the water uptake (%) for various geometries of annealed samples

Conditioning
temperature (8C)

Actual relative
humidity (%)

Water uptake (%)

For the parallelepiped
specimens (EB tests)

For the dumbbell specimens
(ET, UTS,1UTS, 1F, and HK tests)

For the disk-shaped
specimens (HV tests)

22 0 0.00̂ 0.00a 0.00^ 0.00
13 0.16̂ 0.01 0.16̂ 0.01
33 0.33̂ 0.01 0.35̂ 0.01
54 0.58̂ 0.01 0.56̂ 0.01
76 1.10̂ 0.01 1.10̂ 0.02
86 1.13̂ 0.01 1.09̂ 0.02
93 1.55̂ 0.01 1.27̂ 0.02

100 2.08̂ 0.01 2.13̂ 0.04

37 0 0.00̂ 0.00 0.00̂ 0.00 0.00̂ 0.00
12 0.12̂ 0.00 0.12̂ 0.01 0.12̂ 0.01
32 0.30̂ 0.01 0.23̂ 0.01 0.24̂ 0.03
49 0.59̂ 0.00 0.54̂ 0.00 0.61̂ 0.01
75 1.16̂ 0.01 1.08̂ 0.02 1.02̂ 0.02
83 1.06̂ 0.01 1.06̂ 0.01 1.21̂ 0.02
90 1.48̂ 0.01 1.46̂ 0.02 1.52̂ 0.02

100 2.06̂ 0.01 2.06̂ 0.01 2.11̂ 0.04

a Means^ standard deviation are reported for six data points.

Fig. 4. Relationship of equilibrium water uptake as a function of RH for
annealed PMMA. Note the temperature independence for sorption at 228C
(O) and 378C (L), since the unhydrated glass transition temperature
(1058C) [51] is substantially higher than either conditioning temperature.
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Table 4
Summary of the mechanical properties of annealed samples

Conditioning
temperature
(8C)

Actual relative
humidity (%)

For the
parallelepiped
specimens

For the dumbbell specimens For the
disk-shaped
specimens

Modulus,EB

(GPa)
Modulus,ET

(GPa)
Ultimate tensile
strength, UTS
(MPa)

Strain at UTS,1UTS

(mm/mm × 100)
Strain at break,1F

(mm/mm × 100)
Knoop Hardness,
HK (kg/mm2)

Vickers Hardness,
HV (kg/mm2)

22 0 3.27̂ 0.11a 25.1^ 0.5
13 3.35̂ 0.08 24.0^ 0.4
33 3.26̂ 0.03 24.0^ 0.7
54 3.18̂ 0.07 23.7^ 0.5
76 3.20̂ 0.02 22.0^ 0.2
86 3.20̂ 0.02 21.7^ 0.2
93 3.09̂ 0.05 21.8^ 0.6

100 2.85̂ 0.04 19.4^ 0.2
37 0 3.30̂ 0.02 2.94̂ 0.50(5) 75.7̂ 0.7 7.1^ 0.4 13.1̂ 4.3 20.9̂ 0.5 24.6̂ 0.3

12 3.29̂ 0.05 3.23̂ 0.49(3) 74.8̂ 0.8 7.0^ 0.5 10.7̂ 3.0 21.2̂ 0.3 23.7̂ 0.4
32 2.96̂ 0.09 3.02̂ 0.33(4) 73.2̂ 1.0 6.7^ 0.6 15.6̂ 12.1 21.0̂ 0.4 23.7̂ 0.3
49 3.13̂ 0.04 2.60̂ 0.13 70.6̂ 0.6 7.3^ 0.2 13.9̂ 7.5 20.3̂ 0.9 22.0̂ 0.4
75 3.05̂ 0.03 2.28̂ 0.15 67.8̂ 0.6 7.3^ 0.4 12.7̂ 5.9 19.8̂ 0.4 21.3̂ 0.5
83 3.05̂ 0.02 2.22̂ 0.19(4) 69.6̂ 0.9 7.3^ 0.2 11.8̂ 2.9 18.9̂ 0.3 21.3̂ 0.5
90 2.73̂ 0.06 2.13̂ 0.04(3) 64.9̂ 0.8 6.9^ 0.6 16.9̂ 10.9 17.9̂ 0.3 21.1̂ 0.6

100 2.69̂ 0.03 2.31̂ 0.29(3) 60.7̂ 0.5 6.4^ 0.5 31.1̂ 14.7 17.5̂ 0.5 19.4̂ 0.4
37b 0 2.88^ 0.06 76.0̂ 0.7 6.8^ 0.3

100 2.46̂ 0.07 58.6̂ 2.5 5.6^ 1.6

a Means^ standard deviation are reported for six data points, except for those indicated in parentheses.
b Retested using a 10% extensometer instead of a 50% extensometer.



4. Discussion

4.1. Scatter diagrams of properties following pre-
conditioning treatments

Based upon the results of the common properties (cf.
Figs. 5 and 7), the differences between four properties
(DET,DUTS,D1UTS,DHK) were determined in the annealed
versus the as-received precondition (cf. dumbbell speci-
mens at 378C, Tables 4 and 5). Based on these scatter
diagrams (Fig. 8), no statistically significant differences
were seen among these four properties (p� NS), except
when theDET against %RH data were compared at 378C
(S) for the two extensometers. The similarity between
annealed and as-received data was quite unexpected
because the presence of residual stresses in the as-received
material presumably should have had a negative influence
on the properties — and particularly on1F [52]. Perhaps
under these equilibrium conditions of hydration these as-
received specimens were sufficiently plasticized to relax,
thereby dissipating any pre-existing residual stresses [53].
Moreover, since equilibrium conditions were imposed, no

water-induced strain gradients were present either. Thus, the
as-received and annealed data could have been grouped,
although they remain ungrouped in the discussion that
follows.

4.2. Comparisons with the literature

In conventional terms, PMMA is a glassy polymer that,
when starting from the dry state, absorbs about 2.1% w/w
water at equilibrium [5,18,22,36,41,42,54]. Unlike the
hydration conditions between 0 and 100% RH, the equili-
brium conditions at 0 and 100% RH have been easy for
many researchers to establish and replicate. Assuming a
planar slab model, only the thickness has influenced the
time required to establish the selected equilibrium concen-
tration [55]. Braden described the kinetics that govern such
water sorption (including the diffusion constants) and
published a chart that conveniently permits one to calculate
the time required to attain 99% saturation as a function of
thickness [42]. In the present case, about 500 h and certainly
no more than a month is required to attain equilibrium at
228C and 100% RH. For a 1.5 mm thick slab, Braden
predicted 250 h, which agree within a factor of two. Braden
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Fig. 6. Plots of mechanical properties as a function of water uptake and
conditioning temperatures (cf. symbols of Fig. 5) for annealed PMMA
parallelepipeds, dumbbells, and disks (cf. Tables 2 and 4). Here each dotted
line represents the solubility limit of water in PMMA (cf. Table 3). All
regressions were highly statistically significant (p , 0.001), except for1F

against water uptake (p , 0.02) and1UTS against water uptake (p�NS).

Fig. 5. Plots of bending and tensile moduli (EB andET), ultimate tensile
strength (UTS), strains at UTS and break (1UTS and1F), and Knoop and
Vickers hardnesses (HK and HV) as a function of RH and conditioning
temperatures (228C [O] and 378C [L andW]) for annealed PMMA paralle-
lepipeds, dumbbells, and disks (cf. Tables 2 and 4). For the tensile tests,
these same circular and triangular symbols also differentiate the data
obtained using a 10 and 50% extensometer, respectively. All regressions
were highly statistically significant (p , 0.001), except for1F and 1UTS

against %RH (p� NS).



et al. [43] also illustrated that sorption was a slower process
than desorption and provided details of the mechanism.
Finally, just as Brauer and Sweeney’s earlier work had
shown over a broader range of temperature (4–608C) [13],
the present water uptake was independent of the two
temperatures for the three geometries of samples investi-
gated (cf. Table 3).

Although temperature has little, if any, effect on water
uptake in the physiological region, an increase in tempera-
ture generally decreases the mechanical properties at a
given RH or water uptake (cf. Figs. 5–7). Moduli (EB and
ET) are known to diminish as the glass transition tempera-
ture (Tg) is approached [56]. In the present work, condition-
ing at 37 versus 228C represents a change that is 158C closer
to the unhydratedTg of 1058C [51], which has been
depressed somewhat, depending upon exactly how much
water has been sorbed. Consequently,ET and1UTS decreased
marginally as temperature increased; whereas, UTS was not
significantly different with temperature. Both HK and HV
also decreased as temperature increased, presumably
because the compliance was greater as the temperature
approached theTg.

Virtually all of the properties tested, except1 (cf. middle
right hand frames, Figs. 5–7), displayed a continuous, nega-

tive linear dependence as a function of RH or water uptake,
thereby supporting the aforementioned first hypothesis.
Shen et al. [18] reported from other works that, between
20 and 408C, PMMA was a semi-brittle polymer having
an UTS� 502 80 MPa and an1F � 0:042 0:20; wherein
0.04–0.08 was the norm. The present UTS values are not as
low, and1F values can be much higher than 0.20, which
suggests that residual stresses associated with non-equili-
brium conditions may have been at work. For a commercial
grade PMMA (Perspex) and a dental polymer, Smith [22]
found that strength decreased by 8.4 and 8.9% after 14 d in
water at 378C. This time frame was not an equilibrium
condition, and internal stresses surely were generated. Simi-
larly Shen et al. [18] reported a decrease from 69.4 to
48.8 MPa in their dry and wet states (here their effective
%RHs were unknown), which represented a change of
30%. In the present work, UTS decreased from 75.7 to
60.7 MPa or from 76.0 to 58.6 MPa (Table 4) for a change
of 20 or 23%, respectively. Also in Shen et al. [18],1F

reportedly decreased from 0.15 to 0.07 in their dry and
wet states, respectively. This anti-plasticization effect was
explained by invoking both plasticization and clustering.
Below an uptake of ca 1%, the water was sequestered as indi-
vidual molecules and plasticized the structure; above ca. 1%,
the water clustered and acted more as a filler than as a
plasticizer. When clustering occurred, haziness appeared,
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Fig. 8. Scatter diagrams of tensile and HK tests (i.e.DET,DUTS,D1UTS, and
DHK) as a function of RH for the as-received minus the annealed pre-
conditioning treatments. All regressions were not significant (S and W;
p� NS), except in one series ofET tests (S; p , 0.01). Because the differ-
ences between treatments were small, the data could have been grouped.

Fig. 7. Plots of selected mechanical properties as a function of RH and
conditioning temperatures (228C [X] and 378C [W]) for as-received PMMA
dumbbells (cf. Tables 2 and 5). For the tensile tests, these symbols also
represent data obtained by using a 10% extensometer. All regressions were
highly statistically significant, except for1UTS against %RH (p�NS). To
differentiate these two conditioning temperatures, the scale of1UTS has been
enlarged fivefold over that of Figs. 5 and 6.



and significant changes in the deformation response
resulted.

Under equilibrium conditions, the present effort shows no
evidence to sustain the argument that a discontinuity
between plasticization and clustering exists, which conse-
quently has different effects on the mechanical properties.
All samples appeared transparent, regardless of %RH. All
mechanical properties (cf. Figs. 5–7) were continuous func-
tions. Except for the somewhat more scattered modulus data
that was obtained using the 50% extensometer at 378C (cf.
f data in the upper right hand frames of Figs. 5 and 6), the
moduli (EB or ET), strength (UTS), and hardness (HK or
HV) data resulted in linear regressions that were highly
significant (p , 0.001). For the measures of strain (1UTS

and 1F), the outcomes were quite logical, too. The1UTS

was independent of RH or uptake. When this data and the
UTS were combined, the secant modulus (ESEC) plotted as a
continuous function (not shown), further disputing the
aforementioned second hypothesis. Indeed, the1F had a
continuous, positive dependence, which suggested that
further plasticization was proceeding with each successive
increment of water. Judging by the inherent scatter of such
data, however,1F was quite sensitive to inherent flaws even
under equilibrium conditions, as they also had to be under
internal stress while equilibrium conditions were being
attained. Nonetheless, the values of1F increased signifi-
cantly (p , 0.02) with water uptake — in those least ductile
specimens the values still nearly doubling from 0.06 to 0.11
as the sorption proceeded from 0 to 2.1% (cf. middle right
hand frame, Fig. 6).

These earlier observations may be explained by recalling
the conditioning procedures. Previous workers often placed
samples at 0 or 100% RH for specified times to attain not

only 0 and 100% hydration but also all intermediate values.
If the residence time was sufficient, the 0 and 100% RH
conditions were representative of the boundary conditions.
Otherwise, these would have internal strains present, too. As
water sorption begins, the internal stresses build-up as the
strain differential across the sample increases. During this
build-up, the sample is becoming plasticized, which reduces
the nucleation stress for crazing. At some critical composi-
tional gradient, the combination of internal stress and plas-
ticization is such that micro-crazed regions nucleate. These
defects cause the hazy appearance, which has been alluded
to by some investigators, as water aggregates within some of
these regions. But regardless, the defects so generated at ca.
1% sorption result in the apparent discontinuities of the
mechanical properties. As even the present equilibrium
conditions have shown, these plasticized materials can
become sensitized to defects as water uptake progresses
and will fail over a broad range of strains, if such defects
are nucleated during conditioning. In the final analysis, clus-
tering may occur, but only because the defects that host it
were produced as an artifact during conditioning. The prac-
tical ramifications of this analysis is that the sorption of
water can damage the structure and reduce the mechanical
properties mentioned here as well as compromise the wear
[11,12,31] and fatigue [29,30] properties that are so impor-
tant to adequate service.

4.3. Modeling and presentation of interrelationships

In less conventional terms, amorphous PMMA may be
modeled as a partially covalently bonded but highly disor-
ganized crystalline material in which only one-third of the
primary bonds of a three-dimensional (3D) lattice exist and

R.P. Kusy et al. / Polymer 42 (2001) 2585–25952592

Table 5
Summary of the mechanical properties of as-received samples

Conditioning
temperature (8C)

Actual relative
humidity (%)

For the dumbbell specimens

Modulus,ET (GPa) Ultimate tensile
strength, UTS
(MPa)

Strain at UTS,1UTS

(mm/mm × 100)
Knoop Hardness,
HK (kg/mm2)

22 0 2.90̂ 0.29a 77.6^ 1.2 7.1^ 0.4 22.0̂ 0.4
13 2.93̂ 0.12 73.5̂ 1.1 6.8^ 0.1 21.8̂ 0.5
33 2.98̂ 0.10 75.5̂ 0.3 6.9^ 0.1 21.0̂ 0.5
54 2.95̂ 0.10 72.9̂ 0.8 6.8^ 0.2 20.3̂ 0.2
76 2.51̂ 0.08 66.7̂ 1.7 6.8^ 0.2 19.0̂ 0.5
86 2.63̂ 0.10 66.6̂ 0.6 7.3^ 0.3 18.4̂ 0.5
93 2.43̂ 0.07 61.8̂ 2.0 7.1^ 0.2 18.9̂ 0.4

100 2.39̂ 0.11 61.6̂ 0.9 7.1^ 0.3 17.0̂ 0.4
37 0 2.78̂ 0.10 77.0̂ 1.0 6.7^ 0.5 21.6̂ 0.3

12 2.89̂ 0.08 75.6̂ 0.4 6.7^ 0.1 20.9̂ 0.3
32 2.84̂ 0.09 72.8̂ 0.6 6.7^ 0.1 19.6̂ 0.7
49 2.72̂ 0.09 71.9̂ 0.5 6.7^ 0.2 19.4̂ 0.8
75 2.54̂ 0.14 65.8̂ 0.2 6.7^ 0.4 18.4̂ 0.8
83 2.49̂ 0.07 66.6̂ 0.3 6.9^ 0.2 18.1̂ 0.6
90 2.59̂ 0.10 65.5̂ 1.2 6.5^ 0.2 18.4̂ 0.4

100 2.41̂ 0.12 61.4̂ 0.4 6.7^ 0.2 16.8̂ 0.5

a Means^ standard deviation are reported for six data points.



in which only short-range order initially prevails. These last
two descriptors preclude the usual barriers that obstruct
three-dimensionally bonded covalent solids from deform-
ing. Thus, within this amorphous material, deformation
occurs along the remaining two-thirds of the weaker van
der Waals bonds without lattice constraints involving speci-
fic stereographic positioning. In a classic covalent crystal
such lattice constraints would result in the formation of a 3D
network, which would limit plastic deformation as it
emulates a highly crosslinked polymer [57]. In PMMA,
however, deformation is facilitated either by self-diffusion
or dislocation motion. In principle, self-diffusion can occur
by reptation along the long-axis of each molecule [58];
whereas in the broadest sense, dislocation motion can
occur but the slip systems and the Burgers vectors would
vary considerably [59]. Ultimately, water should further
facilitate the rate at which deformation occurs in PMMA
via the depression of theTg from plasticization [5,16,17,60].

Because the covalent character of the PMMA molecules
can be circumvented by these deformation mechanisms,
hydrated PMMAs should behave more like materials that
have facile deformation mechanisms available — that is,
more like the pure, face-centered-cubic (FCC) materials. In
materials such as gold, nickel, and irridium, the prerequisite
five slip systems are available [61] so that dislocation glide
and plastic deformation can readily occur. Flow is only
limited by the rate at which dislocations tangle and strain
hardening occurs. Rice [62] has shown that, if the primary
and secondary slip systems are equally facile, the YS/HV
equals 0.33; whereas, as the secondary systems increasingly
become more sessile, this fraction progressively decreases
to 0.03.

To test this model, correlations of hardness with modulus
and strength were sought. The rationale here is that the
resistance of a material to plastic deformation (via hardness)
[63] is related to the slope of its fundamental binding force-
separation distance (modulus) [64] and the demarcation

point above which its cohesive failure (strength) ultimately
occurs [65]. In other words, the proposition is that hardness
measurements can elucidate both the elastic and plastic
character of plasticized PMMA.

Figs. 9 and 10 illustrate that water-plasticized PMMA
specimens mimic the facile deformation, which is observed
in FCC metals [66,67] (cf. also Figs. 13 [66,68], 17 [66,69],
and Figs. 1 and 2 of Abson et al. [70]). In the annealed
precondition, a linear correlation was found between
log HV versus logEB (p , 0.02; Fig. 9). These results paral-
leled other work noted on plastics [71] and the relationship
found for pure FCC metals (p , 0.001) in which the slope
equaled 0.88 in contrast to the slope of 1.5 for covalent
crystals (p , 0.001) [66]. The offset of the PMMA data
relative to the FCC data is logical on the basis that, in
PMMA, plastic deformation occurs only within a localized
band [72,73]. For the present 12.7 mm gage length, the bulk
of the deformation would occur in a craze some two wave-
lengths of red light thick (13,000 A˚ ) [72,74], resulting in an
apparent strain measurement that would only be but a frac-
tion of expectations. Nonetheless, the current slope of 0.80
for PMMA supports the premise that hydrated PMMA
parallels the elastic model of pure FCC metals for long-
range elastic interactions, which are facilitated in PMMA
by water. Although not shown, highly significant (p , 0.01)
slopes of 0.85 and 0.90 were also obtained for log HK
versus logEB in the annealed and as-received conditions,
respectively.

In a second interrelationship, the log strength strongly
correlated with the log HV (p , 0.001) and was coincident
with the relationship for pure FCC metals (Fig. 10). For
hydrated PMMA in the annealed precondition and for
FCC metals, the slopes equaled 0.31 and 0.35, respectively
[66,67]; for ionic crystals, the slope was 0.03 [66,67]. When
the log strength versus log HK were considered in the
annealed and as-received precondition (not shown), the
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Fig. 9. Relationships of HV to moduli (EB, ET, or the bulk modulus [EK]) for
annealed PMMA (p , 0.02), face-centered-cubic metals (FCC;p , 0.001)
[66], and covalent crystals (p , 0.001) [66], respectively.

Fig. 10. Relationships of strengths (UTS or YS) to HV for annealed PMMA
(using the UTS) and for FCC metals [66,67] and ionic crystals [66,67]
(using the yield strength, YS). Each of these regressions were highly statis-
tically significant (p , 0.001).



slopes equaled 0.42 and 0.57, respectively (p , 0.001).
These outcomes illustrate that plastic anisotropy (i.e. the
situation that exists when deformation properties differ
with orientation [75]) is not prevalent in hydrated PMMA.
Indeed, hydrated PMMA follows a model of plastic isotropy
that parallels more closely the model for pure FCC metals
than one for simple covalent or ionic crystals. Nearly sixty
years ago, Souder and Paffenberger first showed that such a
relationship exists between hardness and UTS for FCC
dental alloys [53]. Now we suggest that the concept may
be extended to hydrated PMMA as well.

5. Conclusions

From the foregoing experiments on rectangular paralle-
lepipeds, dumbbells, and disks of PMMA that were equili-
brated at eight relative humidities (RH), the following were
adduced:

1. Saturation of 1.5 mm thick samples occurs after two
months, regardless of RH.

2. Water uptake in PMMA is 2.1% w/w, when specimens are
pre-conditioned to the dry state prior to hydration in water.

3. Although temperature changes within the physiologic
range of interest have little, if any, effect on water uptake,
increased temperature marginally decreases most mechan-
ical properties.

4. Mechanical properties in bending (modulus), tension
(modulus and ultimate tensile strength), and hardness
(Knoop and Vickers) have a continuous, negative linear
dependencies with RH or water uptake; whereas, strain at
break has a continuous, positive dependence. Under these
equilibrium conditions, there is no evidence to sustain the
argument that the division between plasticization and clus-
tering at 1% uptake has different affects on the mechanical
properties.

5. Among the mechanical properties tested, only strain at the
ultimate tensile strength is independent of RH or uptake.
Given the dependence of the UTS (cf. conclusion (4)), the
secant modulus will display a negative dependence, too,
further substantiating that the properties follow a continu-
ous function.

6. Annealed and as-received specimens give the same
outcomes (cf. conclusions (4) and (5)), thereby suggesting
that the plasticization afforded by hydration can largely
accommodate their differences in internal strains.

7. A positive, linear dependence exists between hardness and
modulus for not only covalent crystals and fcc metals but
also for hydrated PMMA, which suggests some semblance
between the outcomes caused by the deformation kinetics
of ductile metals and the plastic zone of this hydrated glassy
polymer.

8. A positive, linear dependence exists between strength and
hardness for not only ionic crystals but also for fcc metals
and PMMA, in which the latter two are collinear.
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