ELSEVI

Available online at www.sciencedirect.com
ScienceDirect

R Polymer 48 (2007) 3213—3225

polymer

www.elsevier.com/locate/polymer

Nanoindentation of shape memory polymer networks

Edem Wornyo **, Ken Gall >, Fuzheng Yang ¢, William King ©

* School of Electrical and Computer Engineering, Georgia Institute of Technology, 777 Atlantic Drive, Atlanta, GA 30332, United States
° School of Materials Science and Engineering, Georgia Institute of Technology, Atlanta, GA 30332, United States
€ Woodruff School of Mechanical Engineering, Georgia Institute of Technology, Atlanta, GA 30332, United States

Received 15 December 2006; received in revised form 6 March 2007; accepted 10 March 2007
Available online 14 March 2007

Abstract

This work examines the small-scale deformation and thermally induced recovery behavior of shape memory polymer networks as a function of
crosslinking structure. Copolymer shape memory materials based on diethylene glycol dimethacrylate and polyethylene glycol dimethacrylate
with a molecular weight of 550 crosslinkers and a tert-butyl acrylate linear chain monomer were synthesized with varying weight percentages
of crosslinker from 0 to 100%. Dynamic mechanical analysis is used to acquire the bulk thermomechanical properties of the polymers, including
the glass transition temperature and the elastic modulus over a wide temperature range. Instrumented nanoindentation is used to examine ambient
temperature deformation of the polymer networks below their glass transition temperature. The glassy modulus of the networks measured using
nanoindentation is relatively constant as a function of crosslinking density, and consistent with values extracted from monotonic tensile tests. The
ambient temperature hardness of the networks increases with increasing crosslinking density, while the dissipated energy during indentation de-
creases with increasing crosslinking density. The changes in hardness correlated with the changes in glass transition but not changes in the rubbery
modulus, both of which can scale with a change in crosslink density. Temperature induced shape recovery of the indentations is studied using
atomic force microscopy. For impressions placed at ambient temperature, the indent shape recovery profile shifts to higher temperatures as cross-

link density and glass transition temperature increase.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The convergence of micro-/nano-electromechanical systems
(MEMS/NEMS) and biomedical industries is driving various
material innovations, particularly in miniaturized polymer
based devices [1]. Polymers are used extensively in the micro-
electronics industry [2], as sensing materials [3,4], lithography
tools [5,6], and biomedical devices [7—16]. This onus on poly-
mers requires that the materials possess different properties in
order to reduce the cost of production, decrease the scale of de-
vices, and offer devices with new functional properties. Many
researchers have modified existing polymers by the addition or
removal of tailored functional groups to make the polymers
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“smart’’, hence enhancing the material utility [17—25]. Shape
memory polymers are a class of elastomer-like polymers that
possess the ability to recover their original shape from a de-
formed shape upon the application of an external stimulus
such as light, magnetic field, or heat [26—30].

A schematic representation of the shape memory effect in
polymers is illustrated in Fig. 1. The shape memory effect
may be demonstrated in an appropriate polymer by deforming
the material in its polymerized form at a temperature, Ty,
above the transition temperature, T,; storage of the material
in the pre-set form is accomplished by cooling to a tempera-
ture, T, below T,. Recovery of the original shape is performed
by heating the polymer to a temperature beyond T, without
constraint or under a constraining force, F; [31]. In thermo-
plastics, the shape memory effect is dependent on the presence
of a reversible soft phase with a low transition temperature and
a hard phase with a high transition temperature in the polymer
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Fig. 1. Schematic of the shape memory principle.

mixture. The soft phase establishes the shape memory charac-
teristics of the material while the hard phase provides physical
crosslinking and determines the structural properties of the
material. In thermoset polymers, chemical crosslinks facilitate
shape memory and provide structural stability to the polymer
at temperatures above the glass transition temperature in the
rubbery plateau [32—34]. The shape memory effect in poly-
mers is different from that of ceramics and metals due to the
lower stresses and larger recoverable strains present in the
polymers [35]. Although the shape memory effect is inherent
to many chemically or physically crosslinked polymers, only
polymers with elastomer type structures and tunable thermal
transitions in the appropriate temperature range are useful
shape memory polymers. In order to fully comprehend the
suitability of shape memory polymers for various miniaturized
biomedical and microsystems applications, it is necessary to
characterize and understand their deformation and recovery re-
sponse at sample surfaces and in small volumes of material.
Nanoindentation is a depth sensing technique used to probe
the mechanical properties of nanometer scaled volumes of ma-
terials. This technique has been used extensively for the mea-
surement of material properties of ceramics [36], biological
specimens [37] and metallic alloys [38,39]. A full review of
the use of nanoindentation in the aforementioned materials is
beyond the scope of the present work, however, we will briefly
discuss nanoindentation results on polymers. Nanoindentation
has been employed by various groups to characterize the me-
chanical properties of a broad range of synthetic polymers.
The majority of studies have focused on differences in indenta-
tion behavior of polymers with widely varying chemistries, or
detailed analysis of the time-dependent viscoelastic behavior of
polymers during indentation. The nanoindentation of polymers
is particularly challenging due to their significant compliance
and low hardness [40], viscoelastic or viscoplastic response
[41], and resulting strain-rate dependence of deformation [42].

Despite these difficulties, researchers have made reasonable
progress in the characterization of polymers using nanoinden-
tation. Researchers have investigated the effects of indentation
strain rate [42], backbone chemistry [43], processing tech-
nique [44,45], and annealing temperature [46]. Shen and
coworkers [42] observed appreciable hardness dependence on
strain rate for nylon 66 (PA66)/organoclay nanocomposites.
Klapperich et al. [43] utilized nanoindentation to differentiate
the nanomechanical properties of polymers of varying chemi-
cal structure. In an effort to determine the mechanical pro-
perties of polylactic acid (PLA), Wright-Charlesworth et al.
utilized nanoindentation to determine the effect of processing
methods and other factors on material characteristics [44].
Gregory and Spearing obtained increments in the modulus
and hardness of in situ polymers compared to neat samples
[45]. In a recent publication, Yu et al. [47] used nanoindenta-
tion to discover that the elastic modulus and hardness of the
dielectric, hydrogen methyl silsesquioxane (HMSQ) matrix in a
polyamidoamine (PAMAM) template decreased with increas-
ing PAMAM concentration. Xu et al. recently used nanoinden-
tation to measure the mechanical properties of a silicone
elastomer. A decrease in hardness of the polymer was ob-
served at an annealing temperature of 80 °C [46]. Juliano
and coworkers [48] recently investigated structural properties
of epoxy networks at room temperature, and at 55 °C. These
researchers observed variations in creep compliance at 55 °C
only. In addition, the researchers observed interplay between
T,s, molecular weight between crosslinks, and the creep
compliance at 55 °C, but not at room temperature.

The shape memory effect in polymers has been almost ex-
clusively investigated by macroscopic mechanical testing tech-
niques. Notable among this is the work by Lee et al. [49] who
investigated the effect of hard segment content on the shape
memory properties of polyurethane (PU) using tensile testing.
It was observed that the mechanical characteristics of the PU
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were influenced by the degree of physical crosslinking in the
material. Similarly, the work in Ref. [6] showed that mechani-
cal properties of shape memory PUs can be enhanced via
crosslinking. Tobushi et al. [50] investigated the shape fixity
and shape recovery in polyurethane. The secondary-shape
forming occurred only at a holding temperature above the glass
transition temperature, and it was discovered that the rate of
secondary-shape forming was directly proportional to the T,.
In related work, Park and coworkers [51] considered the effect
of different crosslinking methods on the elastic modulus of
ultra-high-molecular-weight polyethylene (UHMWPE). The
investigation concluded that the crosslinking process deter-
mines the change in the elastic modulus when the crosslinked
polymer is subjected to uniaxial tension. Upon subjecting the
polymers to thermomechanical forces, it was discovered that
the change in the storage moduli and the loss moduli also
depend on the crosslinking method.

Very few researchers have investigated the shape memory
properties of polymers at the submicron scale in chemically
crosslinked polymer networks. Nelson and coworkers [52] ex-
amined the shape recovery of AFM indents in a thermoset
polymer; they found the recovery to be dependent on temper-
ature with full recovery at a temperature in close proximity to
the glass transition temperature. Gall and coworkers [31] uti-
lized microindentation to study the recovery of indents in
a two-part epoxy shape memory polymer for microfluidic
applications; these researchers observed 100% recovery of the
indents. However, prior work has not examined the effect of
variation in crosslink density on the mechanical properties
of shape memory polymers using nanometer scale probe
techniques.

The objective of the present study is to understand the
effect of polymer structure on the formation and recovery of
nanometer scale indents in shape memory polymer networks.
Emphasis is placed on studying the dependence of indentation
response on both glass transition temperature and rubbery
modulus, through changes in crosslinking density and cross-
linker molecular weight. We determine baseline polymer prop-
erties using bulk dynamic mechanical analysis and tensile
testing. Small-scale deformation and recovery properties in
the polymers are measured using nanoindentation and atomic
force microscopy, respectively. Careful attention is given to
the importance of area function in the extraction of quantita-
tive properties from the nanoindentation curves. The results
provide a framework for the comprehension of crosslinking
effects on the nanoscale recovery response of shape memory
polymer networks.

2. Analysis tools

Here we briefly review the relevant tools for analysis of
nanoindentation data. It is important to note that the tools pre-
sented here have been developed be prior authors and [53,40]
and we only summarize them here to provide guidance for
fully understanding our results. We mention upfront that
elasto-plastic tools are used to analyze the deformation behav-
ior of the indents in the polymer networks. Although the

networks clearly demonstrate viscoelasticity in the vicinity
of their glass transition temperature, all indentations were per-
formed in the polymers’ glassy state at ambient temperature.
In the glassy state, elasto-plastic behavior is a reasonable as-
sumption regarding the polymer’s response to small deforma-
tions during unloading. Although some time-dependent effects
will be observed during unloading of the polymers in its glassy
regime (rooted in the rate-dependent processes occurring dur-
ing the large strain plastic deformation during the indentation,
which induces local conformational changes in the polymer),
these effects can be dealt with in accordance with similar ef-
fects observed during the nanoindentation of metals at room
temperature (e.g. allowing relaxation through a hold prior to
unloading). Temperature induced recovery behavior of the in-
dents is time-dependent by nature, and the analysis tools used
in this section were not used during interpretation of atomic
force microscope based recovery experiments when the mate-
rial transitions into a viscoelastic state.

A schematic of a representative nanoindentation experi-
ment is shown in Fig. 2, with the pertinent features labeled.
In Fig. 2b, the material surface is penetrated with an indenter
tip of load P, leading to a penetration depth, 4, of the tip into
the surface. The instrument continuously monitors the load
and the corresponding depth with time. The resulting load-
displacement curve is illustrated in Fig. 2a.
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Fig. 2. Diagrammatic representation of the load—depth curve from a typical
nanoindentation experiment. Here, 4, denotes the residual depth, /. is the con-
tact depth, /.« is the maximum depth reached by the indenter tip at maximum
force of P ..
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Indentation hardness is defined as applied load per unit area
of indentation. For a maximum load of P, and a projected
contact area of A(h.), as a function of the contact depth, A,
the indentation hardness is defined as:

Pmax

=4 W

The nanoindentation parameters may be extracted via the
Oliver—Pharr model [53] from an experimental plot similar
to Fig. 2a. The gradient of the initial portion of the unloading
stiffness curve provides the elastic parameters of the material
given that creep effects are dissipated through a hold and the
material is not in the regime relative to T, where viscoelastic-
ity is dominant [40,53]. The gradient, or unloading stiffness,
S is given by

dP
S=1 (2)

A central challenge in interpreting indentation results is the
determination of the contact area, A(h.). According to Oliver
and Pharr [53], the determination of A(k.) may be done by
estimating the contact depth, 4., from the equation:

Pmax
3
- G)

hc == hmax -

for a geometrical constant ¢. The effective (reduced) elastic
modulus, E,, is expressed as

1 (1=9) (1-%)
E E. | E )

where E and v are the elastic modulus and the Poisson’s ratio,
respectively, and the subscripts m and i refer to the material
and the indenter, respectively. The relationship between the
stiffness, S, and the reduced modulus is

_ 2BEA
-
where B is a constant. For a perfect Berkovich tip, the area

function may be represented by A = 24.5h% For an indenter
with a tip imperfection, the area may be described by

S = 24E, (5)
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The a;s are coefficients which are typically determined by
performing indents of varying depths in a material of known
modulus. The indenter tip calibration is a critical step in inter-
pretation since manufacturer’s specification is often inaccurate
and chemical and mechanical imperfections will invariably ex-
ist on the tip [41]. The material commonly used as a standard is
fused silica (quartz) since its elastic modulus does not vary
appreciably with depth and it does not contain a surface “layer”
such as a surface oxide in metals. However, previous re-
searchers have demonstrated [43] that it is necessary to use
a standard material with a modulus in the vicinity of that of
the sample being investigated to gain accuracy at relevant in-
dentation depths. Fig. 5 shows a comparison of the area func-
tion of the Berkovich tip for PC, PMMA and quartz. The PC
standard was used to calculate area function for the analysis
presented in this work. Use of quartz as a standard did not
change the trend effects observed here; however, the magnitude
of the polymer’s elastic modulus was unreasonable. This error
comes from the fact that the fit to quartz is accurate at low loads
(where it was fit), and very large loads, where the tip shape
function does not matter, but inaccurate at intermediate loads.

3. Experimental method

Shape memory polymers based on a diethylene glycol di-
methacrylate (DEGDMA) crosslinker, a polyethylene glycol
dimethacrylate (PEGDMA) crosslinker with a molecular
weight of 550, a tert-butyl acrylate (fBA) monomer, and the
photoinitiator, 2,2-dimethoxy-2-phenyl acetophenone (DMPA)
were designed. All chemicals were used as received (Sigma—
Aldrich, St. Louis, MO). Weight percentages of the crosslinker
and monomer from 0 to 100 were prepared with 1 wt% photo-
initiator added to each mixture in glass vials. A magnetic stirrer
was used to mix the mixtures thoroughly. Table 1 depicts the
nomenclature of material mixtures used in the present experi-
ment. Microscope glass slides, coated with Rain-X, were
made into molds of dimensions 75 mm X 25 mm X 1 mm and
75 mm x 75 mm x 1 mm for dynamic mechanical analysis
(DMA) and tensile testing samples; similar molds were made
with a spacer of 300 um for atomic force microscopy (AFM)
and nanoindentation experiments. The mixtures were pipetted

7 n into the molds and ultraviolet (UV) polymerized (B100AP
A(he) = 2450 + Zaihé' (6)  Blak Ray, UVP, Upland, CA) at an intensity of 10 mW/cm?

i=0 for 10 min. In order to determine the thermomechanical
Table 1
Nomenclature and crosslink density/spacing for all materials in the present experiment are displayed here
Material name Concentration of constituents (wt%) E. (GPa) Crosslink

DEGDMA PEGDMAS550 /BA at448 K Density (nm ™) Spacing (nm)

100/BA 0 0 100 NA NA NA
10DEG90/BA 10 0 90 2.5 0.135 1.95
20DEG80/BA 20 0 80 6 0.323 1.46
50DEG50/BA 50 0 50 14 0.755 1.09
100DEG 100 0 0 NA 9.63% 0.47
25DEG25PEG50/BA 25 25 50 11.5 0.620 1.17

2 Estimated from a molecular size of 4.7 A (Ref. [54]).
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properties of these polymers, samples of dimension
25 mm x 4 mm x 1 mm were cut for DMA using a laser cutter.
TA Instruments DMA Q 800 (TA Instruments Inc., Newcastle,
DE) was used to obtain the dynamic mechanical properties of
the copolymers in tensile mode. Heating and cooling rates of
3°C/min, and a sampling rate of 1 Hz were used for all
DMA tests. To obtain information on the variation of the glass
transition temperature, five independent DMA runs were per-
formed and the average and standard deviations were calcu-
lated. Table 2 displays information on the number of data
points used to calculate the statistical distribution.

Four samples of dimensions ~3 mm x 3 mm were cut out
from the center of the samples and affixed to atomic force
microscopy (AFM) discs with superglue. The average surface
roughness at room temperature of the samples polymerized
against a glass slide was 7 &3 nm, as measured with the
AFM in contact mode. Quasi-static nanoindentation was car-
ried out on the samples using a nanoindenter (Triboscope,
Hysitron Inc., Minneapolis, MN) with a Berkovich tip (a
three-sided pyramidal diamond tip). The instrument is enclosed
in an environmental isolation chamber to reduce external inter-
ferences. A peak load of 5 mN with a loading/unloading rate of
500 puN/s, and a hold time of 2 s at the maximum load was
used. A maximum drift rate of 20 nm/s was set for the experi-
ment. Four 3 x 3 arrays of indents were performed on each
material sample. The indentations were performed in the cen-
tral regions of the polymer samples to eliminate edge effects.
Load—depth curves were analyzed for each of the 36 indents
using the Oliver—Pharr model [53] to determine the reduced
modulus (E,) and the hardness (H) of the DEGDMA-co-tBA
samples. £, was extracted from 20% to 95% of the incipient un-
loading curve, while H was derived from Eqs. (1)—(3). Further,
the results from the four 3 x 3 arrays were averaged, and the
mean and standard deviation found for each wt% crosslinker
(refer to Table 2 for total number of points). The dissipation
energy was calculated from the area enclosed by the loading and
unloading curves for each wt% crosslinker using MATLAB®.

Standard ASTM samples were laser-cut for tensile testing.
The edges of the laser-cut samples were trimmed with sandpa-
per. The samples were then tested with a 2 kN load cell using
an MTS Insight 2 (MTS Systems, Eden Prairie, MN) tensile
tester at an applied displacement rate of 3 mm/s. An average
of five results for each crosslinker concentration was taken.

The indented samples were transferred to the AFM
(Asylum Research, Santa Barbara, CA) for the measurement

Table 2
Information on the number of duplicate samples and total number of data
points used to determine the statistical distribution in this paper

Analysis technique Number of Number of tests Total number
duplicate performed on of data points
samples each sample

Dynamic mechanical 5 1 5

analysis
Nanoindentation 4 9 36

Total number of data points for dynamic mechanical analysis and nanoinden-
tation were 5 and 36, respectively.

of indent profile during temperature induced recovery. The in-
dents were first located and imaged, and a scan of the surface
profile was then performed as a function of increasing temper-
ature at a rate of 1 °C/min from room temperature to a temper-
ature above T, of the material until the indents were fully
recovered. A scan rate of 2 Hz or 1 min/frame was used in
the AFM recovery experiments. Tuning of the cantilever was
performed to minimize temperature effects on imaging. The
topography of indents at each temperature was analyzed
with the Asylum Research software. The difference in height
between the highest crest and the lowest trough was recorded
as the peak-to-peak height of the indents.

4. Results and discussion

Experimental results from measurements made in the pres-
ent work are presented in Figs. 3—8. Dynamic mechanical
analysis (DMA) thermograms measured for the DEGDMA-
co-tBA samples in tensile mode is shown in Fig. 3a. The figure
demonstrates that the glass transition temperature, T,, and rub-
bery modulus, E,, of the material vary appreciably with cross-
linker percentage, while the glassy modulus remains relatively
constant within experimental error (more detailed glassy mod-
ulus data to be shown in latter graphs). The storage modulus in
Fig. 3a is approximately 3 GPa at temperatures less than T,
and then proceeds through a transition to the rubbery regime
above T,. A controlled variation in T, and E, is fundamental
to the use of a polymer network in shape memory applications.
It is evident from Fig. 3a that a rubbery plateau is absent for
the thermoplastic material, 100/BA, as it has no chemical or
significant physical crosslinks. Instead of a rubbery plateau,
the material flows after going through the glass transition,
characteristic of a single-phase amorphous thermoplastic. It
is also observed in Fig. 3a that there is no transition to a rub-
bery state for 100DEG. The lack of glass transition for the
highly crosslinked 100DEG is due to the significant density
of crosslinking imparted by the short di-functional DEGDMA
molecules, as evident in Table 1. Such a heavily crosslinked
network is relatively immobile at all temperatures since chem-
ical netpoints are in close vicinity. In between these extremes,
the addition of the di-functional crosslinking agent to the lin-
ear tBA material results in a systematic increase in the glass
transition temperature. For the short DEGDMA crosslinker,
the increase in T, comes principally from the local restriction
to coordinated conformational motions at network points. As
the density of network points increases, the effective volume
of material restricted from coordinated conformational motion
increases, and the material gradually loses the ability to create
appreciable free volume with a temperature change, and its
glass transition disappears. It is important to note that T, of
all polymers (those with a definable T,) is above ambient
temperature (25 °C) as illustrated in Fig. 3c.

In addition to a shift in the glass transition temperature,
increased DEGDMA crosslinker concentration results in an in-
crease in the rubbery modulus plateau (Fig. 3a). The increase
in rubbery modulus is driven by an average shortening of the
elastically active chain length between chemical netpoints.
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Fig. 3. (a) Thermomechanical properties of the DEGDMA-co-tBA shape
memory polymers with respect to weight percent. The plot shows a gradual
variation in the glass transition temperature and the storage modulus as the
weight percent of the constituents of the polymer is varied. (b) Comparison
of the thermomechanical characteristics of 10DEG90/BA, SODEG50/BA and
25DEG25PEG50/BA. It is realized that 10DEG90/BA and 25DEG25-
PEG50/BA have similar T,s, and the rubbery modulus of 2SDEG25PEG50/BA
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Fig. 4. Standard materials used for calculating the area function of the
Berkovich tip. Polycarbonate (PC) has a modulus in the vicinity of that of
the DEGDMA-co-tBA polymers and was chosen as the standard for the
calculation.

From the theory of rubbery elasticity, E, = 3kTv, where £ is the
Boltzmann’s constant, T is the temperature corresponding to
the DMA rubbery modulus, and v, is the crosslink density.
Table 1 is a compilation of v, for the various wt% crosslinkers
used in the present study. The table also includes a calculation
of the crosslink spacing between molecules for all materials
with a definable rubbery modulus, based on the premise of
uniform crosslink distribution. According to Ref. [54], estima-
tion of crosslink parameters from the rubbery modulus of
highly crosslinked materials is not recommended. It should
be noted here that the crosslink spacing and density for
100DEG was estimated from a molecular size of 4.7 A, as
reported in Ref. [54]. It is evident from the table that the cross-
link spacing decreases with an increase in wt% crosslinker, as
expected for the DEGDMA-co-fBA series of materials.

The results in Fig. 3a represent the influence of increasing
crosslinking in rBA without a significant copolymer effect,
due to the short length of the DEGDMA crosslinking mole-
cules. The pure crosslinking effect leads to both an increase in
glass transition temperature and rubbery modulus with increas-
ing crosslinker addition. It is possible to counterbalance the
crosslinking effect with a copolymer effect by lengthening
the crosslinker through the use of PEGDMA 550. By replacing
a fraction of the DEGDMA, with PEGDMA, the rubbery mod-
ulus will remain relatively constant, while the T, will decrease
relative to use of pure DEGDMA due to the lower glass transi-
tion temperature of PEGDMA. The aforementioned effect
allows one to separate the effects of glass transition and rubbery
modulus on nanomechanical properties, since these two effects
are convoluted in the materials in Fig. 3a. In Fig. 3b we present
a representative storage modulus curve for a new material,
25DEG25PEGS50/BA, where 25% of the DEGDMA has been
replaced by 25% PEGDMA. This new material has a glass

the glassy state to the rubbery state, there is no T, for the 100DEG which
has no transition due to its small distance between crosslinks. The figure
also displays the T, of 25SDEG25PEG50/BA.
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transition onset similar to the 10DEG90/BA material (see
Fig. 3c for averaged T, data), but a rubbery modulus plateau
approaching the SODEG50/BA material. Comparison amongst
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of the weight percent of DEGDMA crosslinker within one standard deviation
from the mean. The weight percent crosslinker represents the total amount of
crosslinker (DEGDMA plus PEGDMA where appropriate). (c) Dissipation
energy as a function of crosslink density. The error bars are within a standard
deviation from the mean. The weight percent crosslinker represents the total
amount of crosslinker (DEGDMA plus PEGDMA where appropriate).
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Fig. 8. Tapping mode AFM images showing evolution of shape recovery from room temperature to the recovery temperature for (a) 100/BA, and (b) SODEG50/BA.
It is noted that the indents shrink as temperature is increased. The indents eventually diminish in the vicinity of T, for each material.
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these three materials allows evaluation of the relative role of
T, versus E, during interpretation of nanoindentation results.
In nanoindentation, an accurate extraction of the area func-
tion is central to the determining nanoscale material parame-
ters such as hardness and reduced modulus. As a result, the
selection of a standard material for the calibration of the
indenter tip is paramount [43]. The use of the fused silica
(quartz) calibration standard, often used for hard materials,
has been shown to provide inadequate results for polymers
[55]. The researchers in Ref. [43] proposed the use of a stan-
dard with properties close to that of the materials under study,
hence our choice of PC whose properties are in the vicinity
of the polymers used here. Fig. 4 displays load—depth curves of
the standard materials considered in this research. Generally,
the steeper the slope of the unloading portions of an indenta-
tion curve, the stiffer the material. Material hardness can be
inferred from the load—depth curve through a steeper loading
curve and a small residual depth at the point of unloading. It is
seen from this figure that quartz is the stiffest, whereas PMMA
and PC have similar stiffness. PC was chosen over PMMA as
the nanoindentation data of PC does not change appreciably
with loading rate at room temperature [43]. Moreover, PC’s
hardness and modulus are within the vicinity of the polymer
networks used in this investigation, which are slightly softer
than PMMA. Fig. 5 displays the area function for a perfect un-
compensated Berkovich tip, along with area functions based
on elastic modulus fits to quartz and PC standards. In particu-
lar, these results illustrate the possible margins of error which
may be incurred as a result of assuming a perfect tip, and
choosing a standard calibration material with nanomechanical
properties different from the materials under study.
Berkovich indentation load—depth curves representing var-
ious wt% DEGDMA-co-fBA samples at a maximum load of
5 mN are presented in Fig. 6a. Results from studies at different
indentation depths and loads will be presented in future work.
Based on analysis of multiple load—depth curves, the nanome-
chanical properties of the networks demonstrate a statistically
significant dependence on crosslink density at ambient temper-
ature. At elevated temperatures, the networks would possess
an even more significant difference in nanomechanical proper-
ties due to their differences in glass transition temperatures, an
effect that is sometimes overlooked in indentation studies on
various polymers. In Fig. 6b, we compare the load—depth curves
of 10DEG90/BA, 50DEG50/BA, and 25DEG25PEG50/BA.
There is also a difference in the nanomechanical properties
of the materials in Fig. 6b, which have controlled differences
in E, and T,. From the data in Fig. 6a, one would generally
conclude that the materials become harder at ambient tem-
perature (load—depth curves shift left and/or intersect at shal-
lower depths at zero load) as crosslinking density is increased.
However, relating this increase to fundamental properties of
the polymer networks (E; and T,) is difficult since both E,
and T, increase with increasing DEGDMA crosslinker concen-
tration. The results in Fig. 6b help to separate out the effects of
E, and T, on nanoindentation response. In particular, Fig. 6b
indicates that the glass transition temperature is more signifi-
cant than the rubbery modulus as a predictor of the materials

response to nanoindentation in the glassy state. The drop in the
glass transition temperature of the 25DEG25PEGS50/BA (see
Fig. 3c) results in considerable drop in hardness compared
to the SODEG50/BA even though these two materials have
comparable crosslink density measured through rubbery mod-
ulus. Moreover, the hardness (vis-a-vis max and min penetra-
tion depths) of the 25SDEG25PEG50/BA material is slightly
lower than the 10DEGY90fBA despite the higher crosslink
density and rubbery modulus in the former material (both
have a similar glass transition). This quantitative trend will
be clearer in subsequent data analysis, although it is insightful
to consider qualitative trends in the load—depth curves since
these interpretations do not involve the assumptions inherent
to quantitative analysis.

We have performed subsequent analysis on the load—depth
curves shown in Fig. 6 to quantify various trends in indentation
data, and provide statistical information. The analysis includes
all data from duplicate experiments to quantify statistical vari-
ability. The indentation hardness, calculated from Egs. (1)—(3),
as a function of crosslink density is shown in Fig. 7a while the
modulus as a function of crosslinker is shown in Fig. 7b. The
error bars in Fig. 7a and b represent one standard deviation
from the dataset mean. The inherent variations in both the
hardness and modulus data can be partially driven by inhomo-
geneities in the material structure, due to material preparation.
Previous work in Ref. [44] elucidates the effects of material
preparation on the mechanical properties of polymers. The data
in Table 1 shows that the maximum crosslink spacing is less
than 2 nm. For a Berkovich tip of radius (150 nm) and the depth
of penetration into the surface (1000 nm) the stress zone
beneath the nanoindenter tip samples a statistically significant
fraction of crosslinks at maximum load, a region that likely
characterizes a representative volume element for this material.
Aside from material and surface factors, measurement uncer-
tainty can be derived from the incipient unloading part of the
indentation curve [40,56]. One possible explanation for the
uncertainty in the slope determination is the creep-viscoelastic
properties inherent in polymers at the start of unloading.
Similar patterns have been reported in the literature [57]. A
trapezoidal loading—unloading curve was used to minimize
this effect, as given in Ref. [43].

For experimental error, statistically significant trends exist
in ambient temperature hardness, but not modulus, as a func-
tion of pure (DEGDMA) crosslinking. The elastic moduli
extracted from nanoindentation are juxtaposed with measure-
ments of modulus from tensile tests in Fig. 7b. While the
ambient temperature nanoindentation modulus does not follow
any statistically significant behavior with respect to increasing
crosslink density, there is a slight trend of increasing modulus
with increasing crosslink density in the tensile modulus data.
Interestingly, the scatter in modulus data is significant for
both the tensile and nanoindentation tests, although both
techniques provide values that are in general agreement.

It is observed that as the crosslink density increases (cross-
link spacing decreases), the hardness of the materials increases
(Fig. 7a). This finding is due to the fact that for smaller cross-
link spacing, the chains are restricted from conformational
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Fig. 9. (a) Evolution of indent peak-to-peak height with temperature for the DEGDMA-co-/BA materials. The figure at the bottom is the normalized peak-to-peak
height with respect to the peak-to-peak height at room temperature. (b) Calculated indent volume based on indent height sweeps of DEGDMA-co-fBA materials.
The figure at the bottom is the normalized peak-to-peak volume with respect to the peak-to-peak volume at room temperature.

motion due to the increasingly immobile network (a phenom-
enon that also increases T,). To achieve large strain deforma-
tion required for a permanent impression below the glass
transition temperature, the polymer chains must experience
conformational motion, which is more difficult for higher
crosslinked materials based on the measured increase in glass
transition temperature. Consequently, the smallest crosslink
spacing for 100DEG renders it the hardest of the materials
in the present investigation, while the uncrosslinked material,
100¢BA, is the softest.

From the DEGDMA data in Fig. 7a, it is clear that increas-
ing crosslink density increases hardness, but it is unclear how
to relate this increase to fundamental polymer properties since
both glass transition and rubbery modulus of the DEGDMA
networks increase with increasing crosslinker. Both rubbery
modulus and glass transition temperature could potentially in-
fluence hardness data since both are linked to the ability of the
materials to undergo conformation motion at a given tempera-
ture and stress, and both can be signatures of changes in

crosslink density. Consistent with representative load—depth
curves, the hardness of the 25DEG25PEG50/BA materials is
significantly lower than the SODEG50/BA and slightly lower
than the 10DEGS50/BA material (Fig. 7a). This important trend
highlights the importance of T, relative to the testing tempera-
ture, which is apparently more significant than the rubbery
modulus in indentation response below glass transition. Conse-
quently, the increase in hardness observed in Fig. 7a scales
more with T, with increasing DEGDMA rather than just
crosslink density itself (measured via rubbery modulus). In
fact, increasing crosslink density and rubbery modulus
without influencing T, has little effect on hardness (compare
10DEG50/BA and 25DEG25PEGS50/BA which have similar
T, but much different rubbery modulus). This hypothesis is
consistent with the flow behavior of glassy polymers below
their glass transition temperature, where the slope of the hard-
ening modulus during flow is more dependent on the vicinity
to T, rather than factors that control entropic elasticity and
conformational stiffness [58].
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Fig. 10. (a) Evolution of indent peak-to-peak height with temperature for the 10DEG90/BA, SODEG50/BA, and 25DEG25PEG50/BA. The figure at the bottom is
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at room temperature.

The enclosed area between the loading and unloading
curves is defined as the energy of dissipation [43,52], and is
shown in Fig. 7c as a function of crosslinker fraction. Once
again, the error bars are within one standard deviation of the
mean. The energy dissipation is another tool that can be
used to compare the different materials. Since the materials
used in this study show elasto-plastic characteristics as de-
picted in Fig. 6a and b, it is expected that some energy will
be dissipated as a result of the plastic deformation. It is evident
from Fig. 7c that there is an inverse correlation between the
dissipation energy and the wt% of crosslinking. As a result,
the recoverable energy increases with increasing crosslinking.
This finding may be explained in terms of the formidable op-
position offered to conformational motions by the crosslinker
molecules [59]. Of course, the energy dissipation is strongly
dependent on the vicinity of the polymer to its glass transition
temperature, where it shows maximum loss during cyclic load-
ing and unloading. Consequently, the change in dissipation
with increasing crosslinking can also be linked to the change
in the glass transition temperature of the network.

The present results highlight the importance of considering
differences in glass transition temperature relative to testing
temperature when evaluating nanoindentation data. It is obvi-
ous that indentation response as a function of temperature will
depend very strongly on the overall location of the testing tem-
perature with respect to the glass transition (glassy, viscoelas-
tic, versus rubbery). However, the results here indicate that
below the glass transition temperature, hardness (not modulus)
depends on vicinity of the glass transition temperature. This
effect can cause a limitation when probing polymer structure
or chemistry effects in polymers that have varying glass tran-
sition accompanying their structural changes or a glass transi-
tion temperature that varies with film thickness or near the
material surface. Or, conversely, this effect may be useful
for estimating changes in transition temperature in small vol-
umes of material that cannot have transition temperatures
measured using conventional methods.

Recovery of the indents created at ambient temperature was
studied for a constant heating rate using atomic force micros-
copy. Representative tapping mode AFM topographical scans
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of the indents are presented in Fig. 8 for 100rBA and
50DEGS50/BA. Similar images were obtained for all materials.
Fig. 9a displays the indent peak-to-peak height sweeps and
normalized peak-to-peak heights with respect to the initial
room temperature indent height. Fig. 9b presents the measured
and normalized recovery volume as a function of temperature
for the DEGDMA crosslinked material. The scans show recov-
ery as the temperature is ramped. At temperatures in proximity
to or in excess of T, the stored intermolecular forces between
crosslinks act through an increase in free volume, allowing
a reduction in stored entropy [52,60] culminating in the recov-
ery of the deformed material. The recovery occurs at lower
temperatures for materials with less crosslinking density and
lower glass transition temperature, as expected based on re-
sults herein. Within measurement resolution, the materials re-
cover all the imposed permanent deformation at a temperature
in the vicinity of their T.

A similar recovery pattern is observed in Fig. 10a and b, for
the 10DEGY90/BA, 50DEG50/BA, and 25DEG25PEG50/BA
materials. Here, higher temperatures are required to recover
the impressions in the SODEG50/BA material relative to the
other two due to its higher glass transition temperature. The
similarity between the recovery profile of the 10DEG90/BA
and the 25DEG25PEG50BA indicate that the rubbery modulus
is not strongly influencing the free strain recovery, even though
the higher rubbery modulus does provide additional entropic
driving force during recovery. The additional entropic driving
force present during free recovery is apparently not significant
enough to alter free strain recovery profile in light of the large
effect of temperature on free volume, which enables the
entropic effect to act. However, it should be noted that the
25DEG25PEGS50/BA material with higher crosslink density
and rubbery modulus should provide larger force during con-
strained recovery, although this effect was not explored here.

5. Conclusion

We have investigated the dependence of the bulk and nano-
mechanical properties of shape memory polymer networks on
crosslink density. This research provides a foundation to un-
derstand and further explore the nanomechanical behavior of
shape memory polymers. The following primary conclusions
have been drawn:

1. The ambient temperature modulus showed a slight, but
statistically insignificant dependence on the crosslinker
concentration measured using both nanoindentation and
tensile testing.

2. The ambient temperature hardness showed a statistically
significant increase as a function of crosslinker concentra-
tion. Using a designed material, the increase was shown
to correlate to glass transition temperature rather than
rubbery modulus.

3. All indents showed recovery during heating above their
glass transition temperature. Free strain recovery tempera-
ture was strongly influenced by crosslinker concentration

through changes in glass transition temperature but not
rubbery modulus.
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