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Abstract

Understanding the internal structure and organization of semicrystalline poly-

mers, especially at the nanoscale, has many challenges for researchers to date.

In this article, we demonstrate a quantitative method for investigating the local

viscoelastic properties (i.e., storage and loss moduli, as well as loss tangent) of

semicrystalline polyether-ether ketone (PEEK) through the combination of

contact resonance atomic force microscopy (CR-AFM) and in situ local heating

with a thermal probe. Furthermore, the local viscoelastic properties of the crys-

talline and amorphous phases were decoupled by performing thermal CR-

AFM array mapping near the glass transition temperature of PEEK (Tg,

143 �C). A distinct bimodal distribution of tip-sample interaction was observed

for PEEK near its Tg, providing a means to estimate the Tg and the degree of

crystallinity of PEEK.
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1 | INTRODUCTION

Macroscale mechanical and thermal properties of poly-
mers have been heavily investigated in the past. Current
challenges in the understanding of polymer behavior at
the nanoscale has piqued great interest from researchers,
but many questions remain due to the inherent difficulty
of investigating polymers at this length scale. Further-
more, semicrystalline polymers at the nanoscale exhibit
localized distributions of amorphous and crystalline
phases, complicating the characterization of their nano-
scale thermomechanical properties. Poly-ether-ether-
ketone (PEEK) is a semicrystalline thermoplastic with a
glass transition temperature (Tg) of 143 �C, rivaling most
other polymers in terms of its high strength-to-weight
ratio and excellent biocompatibility.[1,2] During the past

few decades, the thermomechanical properties of PEEK
have been studied using various approaches including
mechanical testing,[3,4] thermal analysis,[5,6] differential
scanning calorimetry (DSC),[7,8] X-ray diffraction
(XRD),[9,10] instrumented indentation,[11,12], and model-
ing.[13,14] Although these characterization methods were
used to study the mechanical properties and internal
structure of PEEK on the macroscale, the dynamic
mechanical properties at the nanoscale as a function of
temperature, as well as the intrinsic localized distribution
of amorphous and crystalline structures, have not been
investigated yet.

Atomic force microscopy (AFM) is a characteriza-
tion technique that is well-known for its nanoscale spa-
tial resolution with tip radius as low as several
nanometers. Contact resonance atomic force
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microscopy (CR-AFM) is a dynamic, in-contact adapta-
tion of AFM that exploits the mechanical vibration
response of an AFM cantilever to probe mechanical
properties by sensing the resonance frequency of the
AFM cantilever which is oscillating on the test sample.
The resulting measurement comprises the vibrational
response of the cantilever-sample interaction. A consti-
tutive linear viscoelastic model (Voigt model) is
employed to quantify the tip-sample interaction. As a
result, CR-AFM can be used to quantify the local visco-
elastic properties of materials at the nanoscale.[15–19] A
unique adaptation of the CR-AFM method, which uti-
lizes a U-shaped thermal cantilever instead of a conven-
tional, single-beam rectangular cantilever, has been
investigated by our group in the past.[20,21] The shape
of the cantilever allows it to be actuated using the
Lorentz force, allowing for cleaner signals in both verti-
cal and lateral motion. This configuration of the canti-
lever also boasts the ability to pass a current through
the U-shaped portion (the legs) which causes local
heating. This probe, the Thermalever™, permits investi-
gation of the localized mechanical properties and phase
transition as a function of temperature.[22–24] Because
the sample is locally heated, the material response is
confined only to the contact region between the heated
probe tip and the substrate, allowing for the specific
nanoscale interphase regions and phase transition to be
examined while leaving the remainder of the bulk
unperturbed.

Current methods of determining the Tg of polymers
(especially semicrystalline polymers) lack the ability to
quantify it at the nanoscale. Several articles report Tg

detection through nanoscale thermal analysis,[23,25–29]

including monitoring the probe displacement, monitor-
ing the changes of thermal impedance, or comparing the
phase image contrast.

When a semicrystalline material is heated up to or
above its Tg, the viscosity of the amorphous portion nor-
mally decreases while the mechanical behavior of the
crystalline portion remains relatively constant. Therefore,
the mechanical response of two phases can be decoupled
and can be detected by using the localized thermal CR-
AFM technique. In this manuscript, we demonstrate the
effectiveness of thermal CR-AFM for quantifying the
dynamic mechanical properties of semicrystalline PEEK
at the nanoscale for various temperatures. In addition,
the localized thermal dependence of the storage modulus
(E0) and loss modulus (E00) are quantified. Thermal CR-
AFM can be used to determine the Tg by detecting the
change in viscosity as a function of temperature, and can
also be used to differentiate the crystalline phase from
the amorphous phase for PEEK through array map-
ping. [15]

2 | EXPERIMENTAL

2.1 | PEEK sample treatment

A 12.7 mm VICTREX PEEK 450G plate was purchased
from the Victrex Company. A small strip of
10 × 10 × 5 mm3 was cut from the plate and annealed in
a vacuum oven at 280 �C for 12 hr and then subsequent
cooling to reorganize the chains of the crystalline phase,
thereby to increase the crystallinity degree. After
annealing, the outer sample surface was removed using a
diamond saw. The sample was then polished using a
1,000 grit (~18 μm) sand paper, followed by a medium
polishing using 1 μm liquid emulsion polishing com-
pound (Al2O3) and a fine polishing using 0.05 μm liquid
emulsion polishing compound (Buehler, Al2O3).

2.2 | Thermal CR-AFM measurement

All CR-AFM spectra and array mapping were collected
on the Anasys afm + (Anasys Instruments, Santa
Barbara, CA) with a Thermalever™ probe model
AN2-300. This probe can achieve maximum temperatures
of up to 400 �C, with a first free vibrational resonance fre-
quency range of 20–35 kHz and spring constant
kc ~ 0.35 N m−1. Nominal geometrical data for the canti-
lever used were ~ 300 × 50 × 2 μm3

(length × width × thickness) with a tip height ~ 5 μm. A
10 × 10 measurement array within an area of 5 × 5 μm2

was used. Frequency sweeps (100–180 kHz) were per-
formed on the sample at temperatures of 30, 80, 100, 120,
140, 150, 160, 170, and 180 �C.

2.3 | Structural and property
measurements

Fourier transform infrared (FT-IR) absorption spectra
were obtained in the wavenumber range from
400–4,000 cm−1 with 2 cm−1 resolution using a Nicolet™
iS50 FTIR Spectrometer in ATR mode. X-Ray diffraction
(XRD) pattern measurements of the sample were per-
formed in the 2θ range of 15–50� using a Rigaku Ultima
IV XRD system with graphite monochromatized Cu Kα
radiation (λ = 1.54187 Å). Crystallinity degree was calcu-
lated by dividing the total area of crystalline peaks by the
total area under the diffraction curve. Particle sizes were
estimated using the full-width at half-maximum
(FWHM) of XRD peaks according to the Scherrer law.
The morphology and crystal shape of PEEK were
observed by field-emission scanning electron microscope
(FESEM, FEI Helios Nanolab 660). The glass transition
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temperature of the bulk PEEK annealed sample was mea-
sured using a Netzsch DSC Phoenix 204 F1. A nitrogen
flow rate of 50 mL/min was used. The 13.72 mg sample
was placed in an aluminum pan, and purged with nitro-
gen gas with a flow rate of 50 mL/min. The sample was
first heated from 30 to 450 �C at a heating rate of 5 K/
min, and then was kept at 375 �C for 1 min to allow com-
plete melting. Finally, it was cooled to 30 �C at a cooling
rate of 5 K/min. Nano-dynamic mechanical analysis
(nano-DMA) testing was performed at room temperature
with frequency sweeps from 100 to 0.1 Hz with 12 steps
on logarithmic scale using a Hysitron TI 950 Tri-
boindenter. The mass density of the sample at room tem-
perature was evaluated by measuring the sample weight
in distilled water and in air using a balance (Mettler
Toledo AT201).

3 | RESULTS AND DISCUSSION

3.1 | Thermal CR-AFM measurements

CR-AFM measurements were made using the Anasys
afm+. A U-shaped Thermalever™ probe was used for
these measurements (Figure 1a). These probes incorpo-
rate a doped silicon resistive heater at the end of the
probe (far away from the tip) which allows for reliable
heating to temperatures up to 400 �C. The U-shaped can-
tilever is actuated by passing a sinusoidal current through
it in the presence of a magnetic field, resulting in a per-
pendicular motion of the cantilever via the Lorentz force.
First, the AFM cantilever is oscillated freely, above the
test sample, and a measurement is collected (Figure 1b).
Next, the cantilever is brought into contact with the test
sample, and a measurement of the cantilever-sample
coupled response is collected (Figure 1c). When the AFM
tip is in contact with sample surface, the resonances shift
to higher frequencies (Figure 1d). The relative frequency
shift of each resonance is used to determine an equiva-
lent contact stiffness and damping between the AFM tip
and the sample. The dispersive, nonlinear equations
governing the resonant frequencies and tip-sample inter-
action, along with the equations used to quantify visco-
elastic properties, are discussed in Data S1.

To confirm that no contaminants were created from
the sample polishing process, we performed FT-IR analy-
sis as shown in (Figure S1). We also performed X-ray dif-
fraction (XRD) analysis and used the Scherrer equation
to calculate the average size of the crystallites, which is
around 14 nm (Figure S2a). The SEM image (Figure S2b)
of the sample shows the crystal size is within the range of
10–20 nm, consistent with XRD results. A 10 × 10 array
of positions covering a scan area of 5 × 5 μm2, measured

for several temperatures, was performed on PEEK using
thermal CR-AFM. Each spot size is approximately 50 nm
in diameter due to the tip radius of the probe. For each
temperature, the 100 total measurements were plotted as
histograms to illustrate the distribution of the measured
contact resonance frequencies.[15] Figure 2a,b shows the
CR-AFM spectra measured at 30 and 140 �C, respectively.
At 30 �C, a narrow distribution of the peak positions was
observed (Figure 2a). The most prominent resonance fre-
quency is located slightly above 134 kHz, as shown in the
histogram (Figure 2c). However, at 140 �C, a distinctly
bimodal distribution of the resonance frequencies was
observed (Figure 2b). The histogram (Figure 2d) shows
40 spectra that have a resonance frequency distribution
slightly above 134 kHz, while the remaining 60 reso-
nances were distributed slightly above 131 kHz. We
assume that the change of stiffness of the cantilever due
to the increase in temperature is negligible in comparison
to PEEK near its Tg. Therefore, because a decrease in the
resonance frequency indicates a decrease in the tip-
sample stiffness interaction, the observed decrease in

FIGURE 1 (a) Diagram showing the key features of Lorentz

contact-resonance AFM and thermal AFM through local heating,

(b) AFM cantilever vibration at free mode, (c) AFM cantilever

vibration at contact mode, and (d) contact resonance spectrum

shifts from free mode to contact mode [Color figure can be viewed

at wileyonlinelibrary.com]
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resonance frequency is attributed to the “softening” of
PEEK. It is well-known that when the temperature of a
semicrystalline polymer is close to its Tg, the viscosity of
the amorphous component is significantly reduced, but
the crystalline component changes very little.[11] Thus,
the appearance of the lower resonance frequency distri-
bution near 131 kHz at 140 �C is attributed to the decay
of “labile oxygen related functionalities” onset of Tg,
causing the molecules movement having enough energy
to overcome the resonance-stabilization from the ether
linkages.[30] The distribution near 134 kHz at 140 �C is
attributed to the crystalline regions because these are not
significantly affected by the increase in temperature. By
counting the number of measurements associated with
each distribution, the results indicate that the crystallin-
ity degree of the sample surface is around 40%, just
slightly greater than the bulk crystallinity degree esti-
mated by XRD (36.42%, Data S1).

It is worth noting that the bimodal resonance fre-
quency response of the PEEK at 140 �C shows not only
the presence of two distinct phases, but also the variation
of the tip-sample interaction stiffness of these two phases.
Because the crystalline size is less than 20 nm while the
CR-AFM spot size is 50 nm, it is possible that each indi-
vidual measurement in the array includes both crystal-
line and amorphous contributions to the tip-sample
interaction. We assume that the observed mechanical
response represents the dominant phase in the tested
location. As the temperature approaches Tg, the detected
resonant frequency would remain constant if the crystal-
line component is dominant. On the contrary, if the
amorphous component is dominant and the temperature
is near Tg, the measurement will show a more compliant
mechanical response, causing the resonance frequency to

shift lower. To the best of our knowledge, localized varia-
tions of Tg cannot be detected by other global, or macro-
scale measurement techniques. The 10 × 10 array map
provides an effective quantitative method to distinguish
the amorphous and crystalline domains with nanoscale
spatial resolution.

3.2 | Frequency and FWHM histogram
of array mapping measurement

To investigate the phase distribution of PEEK and the
nature of the tip-sample interaction in more detail, CR-
AFM was performed at several temperatures between
30 and 180 �C. Figure 3a shows the frequency histogram
obtained from the CR-AFM spectra (Figures S3-S7) at
30�C and elevated temperatures from 80 to 140 �C in
steps of 20 �C. Figure 3b shows the frequency histogram
obtained from the CR-AFM spectra (Figures S7-S11) at
elevated temperatures from 140 to 180 �C in steps of
10 �C. As the temperature increased from 30 to 140 �C,
the distribution near 134 kHz (Indicating the “crystal-
line-like" regions) remains present while the distribution
near 131 kHz (indicating the “amorphous-like" regions)
gradually appears due to the PEEK transitioning to a
more rubbery-like state. When the temperature increases
above 140 �C, up to 180 �C, the “crystalline-like" distribu-
tion remains, but the “amorphous-like" distribution grad-
ually disappears. A similar histogram which shows the
full width at half maximum (FWHM) of the frequency
response spectra is shown in Figure 4a-b. Briefly, the
FWHM is a value that is related to the tip-sample
damping interaction and is indicative of viscous contribu-
tions to the mechanical response (see Data S1). As the

FIGURE 2 (a and b) CR-AFM spectrum of PEEK at 30 and 140 �C, respectively, with 10 by 10 array in the scan area of 5 × 5 μm2;

(c and d) the statistical histogram plots of peak frequency at 30 and 140 �C, respectively [Color figure can be viewed at

wileyonlinelibrary.com]
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temperature increased from 30 to 140 �C, the distribution
of FWHM values broadens, indicating the increasing
observation of more “amorphous-like" tip-sample interac-
tion. Notably, when the temperature increases from
140 to 180 �C, the distribution of FWHM values gradually
narrows, indicating the increasing observation of more
“crystalline-like" tip-sample interaction.

The ostensible “disappearance” of the amorphous
regions in the observed measurements of PEEK above its
Tg can be reasonably explained. While below Tg, the
amorphous regions of the semicrystalline polymer are
entangled. This entanglement prevents significant chain
motion in the amorphous regions, making it difficult to
decouple the mechanical behaviors of two phases. As a
result, the tip-sample interaction is dominated by the
“crystalline-like" response. As the temperature nears Tg,
the amorphous regions begin to untangle, chain motion
increases, and the local stiffness decreases. The onset of
this phenomena is detectable by CR-AFM as the appear-
ance of a resonance frequency distribution that is attrib-
uted to the “amorphous-like" regions. Finally, when the
temperature increases beyond Tg, the amorphous regions
of the polymer become rubbery, resulting in a negligible
contribution to the dominant mechanical response of the
tip-sample interaction. As a result, only the “crystalline-

like" response is observed. Additionally, while under Tg,
there is little or no penetration of the tip into the sample.
However, above Tg, the heated AFM tip creates plastic
deformations in the surface. We observed that tip pene-
tration depth increased from ~15 nm to ~30 nm when
the temperature increased from 160 to 180 �C
(Figures S12–14), which is due to both the softening of
the surface and adhesion effects. [31,32] In order to exam-
ine the consistency of these results, we have repeated the
CR-AFM measurements in different areas at the same
temperatures of 140, 150, and 160 �C, as shown in
Figure S15. The repeated measurements on different
areas are similar and consistent.

3.3 | Mechanical model for contact
resonance spectrum

An AFM cantilever beam (with cross-sectional area A,
Young's modulus E, bending moment of inertia I, damping
of the beam χ, density of the beam ρ) in contact with a vis-
coelastic surface is modeled as shown in Figure 5a-b where
q(x,t) is the displacement along the cantilever at time t. In
most cases, the AFM cantilever is installed with a small
angle (θ0 ~ 15�).[33] For simplicity, the AFM cantilever is

FIGURE 3 Frequency histograms of 10 by 10 array peak frequency of CR-AFM spectrum at elevated temperatures, (a) from 30 to

140 �C and (b) from 140 to 180 �C [Color figure can be viewed at wileyonlinelibrary.com]
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assumed here to be parallel to the sample surface when
engaged (θ0 ~ 0�). The cantilever beam is also considered
to be of rectangular shape with width w, thickness b, and
total length LT.

[34,35] The AFM cantilever tip-sample inter-
action is modeled as a spring with stiffness k and a dashpot
with damping coefficient, c in a parallel configuration. In
CR-AFM, spectra are obtained from a non-contact case
(also known as the free case) and a contact case to obtain
frequency spectra fn

0 and fn
C, respectively. The spectra

from the free case and the contact case also contain the
free and contact resonance quality factors Qn

0 and Qn
C, for

the nth flexural eigenmode, which are then used to deter-
mine viscoelastic properties of storage modulus E0 and loss
modulus E00. Additional discussion of the mechanical
model is presented in Data S1.

3.4 | Local storage and loss modulus
analysis of crystalline and amorphous
phases

Using the mechanical model, an in-house program to ana-
lyze the frequency response of CR-AFM data, intelligent
contact resonance AFM for viscoelasticity (iCRAVE), was

developed to evaluate the frequency response of the probe
and PEEK. iCRAVE was used to determine local storage
modulus of the two distinct phases at different tempera-
tures from 80 to 160 �C, as shown in Figure 6a. At 80 �C,
average E0

“amorphous-like” = 1.399 ± 0.123 GPa, average
E0

“crystalline-like” = 2.494 ± 0.075 GPa; at 140 �C, average
E0

“amorphous-like” = 1.335 ± 0.089 GPa, average E0
“crystalline-

like” = 2.442 ± 0.116 GPa. These results show that the
average value of local storage modulus for “crystalline-
like” (2.4–2.5 GPa) and “amorphous-like” (1.3–1.4 GPa)
phase are stable and have little variation at different tem-
peratures. Furthermore, we acquired local loss modulus of
the two distinctive phases at different temperatures from
80 to 160 �C, as shown in Figure 6b. At 80 �C, average
E00

“amorphous-like” = 0.058 ± 0.017 GPa, average E00
“crystalline-

like” = 0.037 ± 0.003 GPa; at 100 �C, average E00
“amorphous-

like” = 0.078 ± 0.012 GPa, average E00
“crystalline-like” = 0.041

± 0.005 GPa. These results show that the average values of
local loss modulus for “crystalline-like" phase are still very
stable within the narrow range of 0.035–0.041 GPa at dif-
ferent temperatures, but the local loss modulus of “amor-
phous-like" phase has a variation from 0.045 to 0.078 GPa.
In addition, we also acquired the average storage modulus
values with uncertainty (Figure 6c) for the 10 × 10 arrays

FIGURE 4 Statistical histogram plots of 10 by 10 array FWHM of CR-AFM spectrum at elevated temperatures, (a) from 30 to 140 �C
and (b) from 140 to 180 �C [Color figure can be viewed at wileyonlinelibrary.com]
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at different temperatures. For the results at each tempera-
ture, a weighted average was calculated based on the per-
centage of positions that exhibit the two types of behavior.
For example, if a 10 × 10 array included 73 “amorphous-
like" spectra and 27 “crystalline-like" spectra, the weighted

average storage modulus is given by E0
Ave =

0.73E0
“amorphous-like” + 0.27E0

“crystalline-like”. The minimum
value of the weighted-average storage modulus was
observed for a temperature of 140 �C, indicating the pres-
ence of a glass transition of PEEK.

FIGURE 6 (a) The average values of local storage modulus of the “crystalline-like" and “amorphous-like" phases at different

temperatures, respectively, (b) the average values of local loss modulus of the “crystalline-like" and “amorphous-like" phases at different

temperatures, respectively, and (c) the average storage modulus values of a total 100 spots at different temperatures [Color figure can be

viewed at wileyonlinelibrary.com]

FIGURE 5 (a) Dimensions

of the U-shaped Thermalever

probe, 300 × 50 × 2 μm3

(length × width × thickness)

with a tip height ~ 5 μm and

(b) CR-AFM beam model with a

parallel spring-dashpot

viscoelastic model [Color figure

can be viewed at

wileyonlinelibrary.com]

FIGURE 7 (a and b) DSC heating curve and cooling curves of sample, respectively
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To determine the accuracy of the Tg information
obtained by thermal CR-AFM, we also performed differ-
ential scanning calorimeter (DSC) measurements to
investigate the glass transition temperature of PEEK.
The DSC heating and cooling curves are shown in
Figure 7a,b. The melting temperature Tm for the sample
is around 350 �C. The Tg for the bulk sample is around
152.2 �C, as highlighted with a circle in Figure 7a
(inset), a value that is 8.57% higher than Tg (140 �C)
measured at the nanoscale by thermal CR-AFM. We also
performed dynamic mechanical analysis (DMA) on
PEEK at the frequency of 1 Hz for time–temperature
superposition (TTS) analysis. As shown in Figure S16,
the peak value of Tg is around 160 �C from these mea-
surements. Differences of Tg between bulk and local
scales has already been confirmed by refined model-
ing.[36] In addition, the degree of crystallinity can also
be obtained by integrating the area under the melting
peak (37.10 J/g) and crystallization peak (37.94 J/g) dur-
ing the heating and cooling cycles, respectively. The
integration is normalized to the actual weight fraction of
PEEK sample and then divided the area by the heat of
fusion of 100% crystalline PEEK (130 J/g).[37] The crys-
tallinity degree was calculated to be 32.56%, which is
similar with our density measurement results (33.65%),
as shown in Table S1.

4 | CONCLUSIONS

In summary, we employed a unique and effective tech-
nique by using CR-AFM and local heating to quantify the
localized viscoelastic properties of PEEK. We demon-
strated that CR-AFM has the capability to differentiate the
crystalline and amorphous phases, to estimate Tg and to
investigate the crystallinity degree at nanoscale. This
approach also quantified the localized storage and loss
moduli, at elevated temperatures via the iCRAVE analysis
code. In ongoing work, iCRAVE will be further developed
and optimized to support the modeling of a U-shaped
probe, which is capable of shear modulus measurement at
the nanoscale, and the local thermal CR-AFM technique
will be optimized for other semicrystalline polymers.
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