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for their unique physiochemical properties, where the highly stretched polymer
chains can be used to tune surface properties such as wetting and adhesion, and
these system have been demonstrated
promise in a wide breadth of applications,
including biomaterials, nanotechnology,
and thin-film devices.[7] Jeffamine M-2070,
a 31:10 copolymer of poly(ethylene
oxide) and poly(propylene oxide) with
an average molecular weight of 2000 g
mol-1 end capped with a primary amine,
was used for PPM, which upon reaction
with PFPA results in a drastic increase in
surface-bound polymer molecular weight
(at fixed grafting density) and a subsequent increase in thickness of resulting
brushes.[8] Poly(PFPA) brushes are highly
reactive toward primary amines, and under confinement, stress
from both the large, rapid increase in thickness of the film, and
the formation of a bilayer system with a large modulus mismatch (between the bottle-brush structure and the underlying
unreacted polymer backbone) results in nanoscale creases.[9]
These feature sizes could be manipulated by changing the pressure on the polydimethylsiloxane (PDMS) stamp and/or the
grafting density of the brush. The experimental studies were
corroborated using finite element simulations, and it was proposed that the observed pressure dependence was a result of the
amount of reactant penetration into the brush, with a greater
pressure applied to the stamp equating to more Jeffamine penetration and a larger degree of functionalization in the brush.
In order to further elucidate the factors governing crease
formation in this system, as well as other polymer brush platforms, we report a surprisingly simple method to form creases
on reactive polymer brushes that uses a droplet of Jeffamine
on the surface of poly(PFPA) brushes. Furthermore, using this
method, experimental variables in crease formation can be isolated and manipulated to better understand the mechanism of
crease formation in reactive polymer brushes platforms. In this
work, we examined the effect of reaction time as well as the reaction kinetics of aminolysis on crease formation in poly(PFPA)
brushes, resulting in a multitude of crease sizes and shapes fabricated with a high degree of control and reproducibility.

Precisely controlling the morphology in thin film coatings has emerged as an
important tool used to tune surface properties in a wide variety of applications. Previously, a method is reported to fabricate nanoscale surface creases
with a high degree of control over crease size and shape using microcontact
printing to perform post-polymerization modification on reactive polymer
brush surfaces. In this work, this approach has been expanded to manipulate
crease morphology in reactive thin films, using only a drop of a reactive,
viscous polymer, and crease formation has been investigated with a combination of experimental observations and computational validations. The effects
of various rate constants of the reactive polymer brush scaffold, hydrostatic
pressure within the droplet of reactive polymer, diffusion profile, and the evolution of the creased morphologies with reaction time are examined in order
to better understand crease formation in ultrathin films.

1. Introduction
Creasing is a failure mechanism that occurs when a soft, elastic
material is compressed beyond a critical strain.[1] Characterized
by sharp folds, this reversible instability has been studied extensively and has potential for uses in a multitude of applications
such as polymeric thin film devices, controllable wettability,
antireflective coatings, cell patterning and differentiation, anticounterfeiting techniques, and soft tissue growth remodeling.[2]
Creasing is commonly observed in surface-attached swollen
polymer gels.[3] When a gel is confined to a surface and swollen,
substantial stress is placed on the system as growth normal
to the surface is restricted, triggering crease formation.[1b,c,e,4]
These creases are typically on the order of micrometers,
and the size of the features varies with swelling time, with
larger creases observed after longer time periods.[1b,4c] Many
approaches have been explored to incite instabilities in gels
using various stimuli,[1e,4a–d,5] but creasing in sub-micrometer
films is a rare occurrence. Previously, we reported a method to
fabricate nanoscale creases with a larger degree of control over
crease size and shape using post-polymerization modification
(PPM) with reactive microcontact printing (µCP) on submicrometer thick poly(pentafluorophenyl acrylate) (poly(PFPA))
brushes (50 and 500 nm).[6] Polymer brushes are well-known
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2. Results and Discussion
Poly(PFPA) brushes were made through photoinitiated freeradical polymerization using an asymmetric azo-based silane
initiator on silicon/silicon dioxide substrates as previously
reported.[6,9b] Each brush was irradiated under 350 nm light
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Figure 1. A) Crease formation on a poly(PFPA) brush using only Jeffamine M-2070. B) The creases formed are similar to those formed through µCP
with C) Jeffamine as seen in our previous study.

for 2 h, and a grafting density of 0.168 chains nm−2 was estimated using the molecular weight of the free polymer formed
in solution. The brushes exhibited a smooth topography, giving
an average root mean square (RMS) roughness of 2.11 nm
(Figure S1, Supporting Information). To crease the substrate,
40 µg of Jeffamine M-2070 was placed on top of a poly(PFPA)
brush inside an O-ring (5/16 in. OD) as seen in Figure 1. The
reaction was allowed to proceed for 90 s, and the substrate was
then washed with toluene and dried under a stream of nitrogen.
Atomic force microscopy (AFM) topography images showed a
creased morphology in the functionalized area (Figure 1B). These
creases were similar in size to creases fabricated using reactive µCP for the same grafting density (Figure 1C), albeit with
sharper edges at the folds. AFM topography images were then

taken at several points along the radius of the droplet in the area
of functionalization, ranging from the center of the functionalized area to the edge, in order to observe any changes in crease
size along different parts of the functionalized area (Figure 2).
The largest creases were observed at the center of the substrate
with an average crease size of 115.81 ± 22.94 nm (Figure 2A).
The size of the creases gradually decreased from the center to
the edge of the functionalized area resulting in average crease
sizes of 70.64 ± 13.70 nm (Figure 2B) and 47.66 ± 12.61 nm
(Figure 2C). The boundary of the functionalized area was also
imaged as shown in Figure 2D, which has a discrete edge line
with small creases and a smooth surface (RMS roughness of
2.62 nm). This method was reproducible, showing the same
decreasing trend in feature size over more than 20 poly(PFPA)

Figure 2. Left: AFM topography images (A–D) taken at different points in the Jeffamine functionalized area. When moving from (A) the center to
(D) the edge of the drop, the crease sizes decrease significantly. Right: Simulation of the effect of the hydrostatic pressure of the droplet on crease
formation. The simulations corroborate the experimental results, resulting in smaller creases when moving away from the center. Color bar shows the
out-of-plate displacement of creases. Details for the finite element model are available in the Experimental Section (Computational Methods). Letters
A–D correspond the AFM topography images on the left.
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Figure 3. Diffusion study of an aqueous solution of Fast Green FCF into
an agarose gel to mimic the reactive diffusion front of Jeffamine into a
poly(PFPA) brush substrate.

brush substrates which offers an approach to form a gradient of
crease sizes using only a droplet of reactive polymer.
In order to examine the dependence of crease size on
the droplet pressure and the extent of diffusion, a model
experiment was used to mimic Jeffamine diffusion into a
poly(PFPA) brush (Figure 3). An aqueous solution of Fast
Green FCF (green food coloring) was prepared, and 40 µL
of the solution was placed on a slab of agarose gel, confined
by the same o-ring used for post-polymerization modification (Figure S2, Supporting Information). The dye containing
droplet was allowed to diffuse into the gel for a specific amount
of time, and the gels were subsequently cut in half to observe
the extent and pattern of diffusion. The resulting photographs
are shown in Figure 3. For short time periods (90 s and 5 min),
the permeated solution had a cylindrical shape with a seemingly constant concentration of dye throughout diffused area.
However, as time progressed, the dye began to diffuse parabolically, where across the width of the diffused area, the center
consistently had a higher concentration than the edges. The
diffusion of material is greater at the center of the droplet due
to pressures arising from the column of liquid confined in the
o-ring, which taper from the center to the edge of the droplet.
Pressure inside a heavy droplet of liquid is known to differ
from the center to the edge, varying with the distance from the
surface to the liquid/air interface, and these subtle differences
in pressure within the droplet play a large role in the diffusion
pattern observed in Figure 3.[10] This simple model experiment
was used to lay the foundation of the bilayer model proposed
to explain the underlying crease gradient in this system.
The experimental results were simulated using a 3D nonlinear
finite element model (Figure 2). From the simulations, the same
trend was observed, where larger creases are found in the middle
of the functionalized area, and crease sizes decrease when
moving toward the edge. The trend can be explained using a
growing bilayer model.[2g,11] With reactive diffusion, it is assumed
that a growing bilayer is formed based on the extent of diffusion,
where the soft Jeffamine M-2070 bottle-brush structure sits on
top of the glassy poly(PFPA). This creates a significant modulus
mismatch between the two layers and further in-plane growth
exerts compressive residual stress on the system, which results
in creases.[9a,11,12] The crease size can therefore be altered by
changing the thickness of the top layer, with a thinner top layer of
the soft bottle-brush giving smaller creases and a thicker top layer
of bottle-brush yielding larger creases. In both the simulation and
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the experimental results, there are larger creases in the center of
the functionalized area, suggesting that there is greater penetration of Jeffamine into the brush and a thicker top layer of Jeffamine at the apex of the droplet meniscus. This formation of a
gradient in crease size is the result of differences in the extent of
diffusion due to the hydrostatic pressure within the droplet.
Unlike the model system in Figure 3, in the creased system,
the propagating front of Jeffamine is not only diffusing into the
poly(PFPA) brush but also reacting (undergoing aminolysis),
which changes the chemical nature, the polymer/reactant miscibility, and can plasticize the glassy PFPA layer as Jeffamine
diffuses and reacts further. Assuming the model system follows
the same diffusion profile as the creased system, there will be
a higher concentration of Jeffamine at the center of the droplet
than the edges due to differences in pressure, which results in a
greater extent of reaction at the center of the droplet. The greater
extent of reaction results in a thicker top Jeffamine bottle-brush
layer in the bilayer model, and therefore, larger creases result
at the center of the droplet. Furthermore, because of the concentration gradient established by pressure variations, a lower
concentration of Jeffamine is experienced when moving from
the center of the functionalized area. This lower concentration
and lower pressure result in less PPM, a thinner top layer of
Jeffamine in the bilayer model, and ultimately smaller creases.
In order to further investigate the role of Jeffamine penetration on crease formation, substrates were creased for
different amounts of time ranging from 90 s to 2 h. After
each time point, AFM topography images were taken on
each substrate in the center of the functionalized area
(Figure 4). As time progressed, the creased morphologies changed significantly, increasing in size from 90 s
(Figure 4A) to 5 min (Figure 4B) before gradually ballooning
and collapsing (Figure 4C–F) and then finally disappearing
after 2 h (Figure 4G). This behavior was highly reproducible,
producing the same morphologies for the same grafting density over more than ten trials.
In order to further probe the cause of this behavior, the thickness, contact angle, and infrared spectra were taken for each
of the substrates with the results displayed in Figure 5. With
increased reaction time, the thickness of the films increased
and contact angles decreased, indicating more Jeffamine
on the surface and a greater extent of reaction as time progressed (Figure 5A). Also, the percentage of amide in the films,
obtained by dividing the absorbance of the characteristic amide
peak in the IR spectra (1635 cm−1) by the absorbance of the
characteristic ester peak in PFPA (1785 cm−1), increased with
time as well (Figure 5B). These results indicate that with longer
reaction time, Jeffamine can penetrate and react further into
the brush resulting in a larger top layer of Jeffamine in the
bilayer model. The increased amount of Jeffamine on the substrate alters the bilayer, changing the crease size significantly.
A 2D finite element model for the various reaction times
was carried out to validate the experimental results in
Figure 4. Results of the FE model for the penetration, creasing,
and relaxation processes were shown in Figure 6. Heterogeneous growth in the thickness and in-plane directions of the
growing model (Figure 6A) induces compressive residual
stress, resulting in crease formation (Figure 6B). Since the free
surface of the model grows faster than the bottom surface, the
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rate threshold is defined to terminate further
growth of the model. The corresponding
growth rate profiles and threshold concept
are shown schematically in Figure 9. Every
physical point in the model that reaches this
threshold discontinues further growth and
instead undergoes relaxation, with the relaxation process starting from the free surface
(Figure 6E–H). As time proceeds, the model
gradually releases the compressive residual
stress, resulting in smaller crease sizes
(Figure 6E–G) and ultimately yielding a flat
surface (Figure 6H) which corroborates the
experimental results (Figure 4G).
While the penetration of Jeffamine into
the brush plays a substantial role in crease
formation in order to form a bilayer system,
creasing also depends on the aminolysis reaction rate on the substrate. Poly(PFPA) reacts
with primary amines in ≈30 s and has a rate
constant of ≈0.191 s−1 for brushes (Figure S3,
Supporting Information).[9b] It is hypothesized that when Jeffamine M-2070 reacts with
poly(PFPA) brushes under confined conditions, the fast reaction kinetics accompanied
with the confinement of growth normal to
the surface results in substantial stress on the
system. This stress coupled with the generated bilayer and modulus mismatch triggers
crease formation. In order to test the reaction
kinetic dependence, poly(pentafluorophenyl
methacrylate) brushes were fabricated in
order to see if creasing can be obtained in
this system as well. Pentafluorophenyl methacrylate (PFPMA) is structurally similar to
PFPA, differing only by a methyl substituent
in the polymeric backbone. However, PFPMA
is much less reactive than PFPA, taking over
24 h to fully react with a k′ = 2.03 × 10−5 s−1
(Figure S3, Supporting Information), and
the decrease in reaction rate may not generate enough stress (i.e., rapid bilayer formation) needed to induce crease formation.
Brushes were fabricated through surface
initiated free-radical polymerization in glass
vials in dioxane with 85% w/w mono
mer.
The substrates were creased using 40 µg of
Jeffamine M-2070 for 90 s, and AFM topography images were taken for each substrate.
As seen in the AFM topography images in
Figure 7, creasing poly(PFPA) results in distinct folds (Figure 7A); however, no features
were observed for the poly(PFPMA) surface
(Figure 7B), suggesting a dependence on
Figure 4. Effect of time on crease formation. A) 90 s, B) 5 min, C) 10 min, D) 20 min, E) 30 min,
reaction kinetics for crease formation.
F) 1 h, and G) 2 h.
In the poly(PFPMA) brush, the thicknesses
and contact angles before and after functionalization show little
crease size increases gradually through heterogeneous growth
change after 90 s (Table 1) compared to the noticeable changes
(Figure 6C,D) in the thickness direction. In order to mimic the
observed in the poly(PFPA) brush. The small difference in
reaction saturation point in the experimental studies, a growth
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Figure 5. A) Effect of reaction time on contact angle and thickness of crease substrates. B) Percentage of amide as an effect of time.

the contact angles and thicknesses is attributed to the slow
reaction kinetics of poly(PFPMA). The lack of creases in the
poly(PFPMA) brushes implies that reaction rate is integral in
crease formation. Since a slow overall reaction does not result
in creasing, it implies that reaction rate may play a large role in
generating sufficient residual stress to trigger crease formation.

of the creases, resulting in easy fabrication and precise modification. By understanding these governing forces, creasing of
other polymer brush systems can be designed and carried out
to create nanoscale morphology in ultrathin films for a multitude of promising applications and platforms.

4. Experimental Section

3. Conclusion

Materials: Silicon wafers (orientation 〈100〉, native oxide) were
purchased from University Wafer. Solvents were purified using an
MBraun purification system. O-rings were purchased from Home Depot
(DANCO #36). Jeffamine M-2070 was provided as a gift by Huntsman
Chemical. Pentafluorophenol was purchased from Oakwood Chemical
and used as received. All other chemicals were purchased from SigmaAldrich or TCI and were used as received.
Poly(PFPA) Brush Fabrication: PFPA and the asymmetric
azobisisobutyronitrile (AIBN)-silane initiator were synthesized using
previously reported methods.[6,9b,13] Polymer brushes were prepared using
a previously published procedure.[6] Briefly, silicon wafers and quartz
slides were cleaned through sonication in hexanes, isopropanol, acetone,
and water and subjected to argon plasma for 5 min. The surfaces were
then placed in a 10 × 10−3 m solution of the AIBN-silane initiator in
dry toluene in a nitrogen glovebox for 16 h. The
surfaces were subsequently sonicated and washed
in toluene. Next, a substrate functionalized with
initiator was placed on a glass microscope slide
(Fischer precleaned microscope slide) with 300 µL
PFPA and sandwiched between another microscope
slide and polymerized using a handheld UV lamp
(350 nm, 4.15 mW cm−2) for 2 h. A glassy polymer
formed on the glass slides, which was collected and
saved for molecular weight determination via gel
permeation chromatography (GPC). The substrate
was then Soxhlet extracted in tetrahydrofuran (THF)
to remove any remaining glassy polymer from the
substrate. GPC was performed using a Shimadzu
LC-20 AD series equipped with an RID-10A refractive
index detector. Polymer samples were diluted in
the chloroform mobile phase and passed through
Phenomonex Phenogel (10E3A, 10E4A, and 10E5A)
Figure 6. Simulation of the effect of time on crease formation. As reaction time increases, Jef- columns under a constant volumetric flow rate
of 1 mL min−1. Molecular weight determination
famine penetration expands the model from A) flat state to B) an unstable state, which incites
was referenced to polystyrene standards (Agilent
crease formation. C,D) Further expansion in the model increases crease size. Upon reaching E) a
critical value, the growth reaches a threshold and is stopped, but the Jeffamine continues to dif- technologies EasiCal PS-2). The poly(PFPA) brushes
fuse and react. F–H) After complete saturation, the model starts to release residual stress, and the had an Mn of 343 227 g mol−1 and a Đ of 2.05, giving
creases gradually disappear. Here, blue to red shows more displacement in the vertical direction. a grafting density of 0.168 chains nm−2.

Here, we have proposed a simple method to fabricate
nanoscale surface creases using post-polymerization modification, discussed two conditions that influence nanoscale
creasing in polymer brushes, and provided evidence for the
physical forces driving crease formation in reactive polymer
brush platforms. Foremost, the amount of penetration of a
high molecular weight reactant plays a large role in crease size
and can be controlled through reaction time or physical pressure. Also, the reaction rate must be rapid in order to provide
substantial stress under confinement to induce crease formation. Both variables can be manipulated to control feature size

Adv. Mater. Interfaces 2017, 1700084

1700084 (5 of 7)

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

www.advmatinterfaces.de
c
W = (e Q − 1)
2

(1)

where c is a constant and Q is a function of the
three principal strain components. The continuum
mechanics basis of the FE model are detailed in the
previous work.[6]
3D Finite Element Model: A nonlinear finite
element model was implemented to simulate
creasing patterns upon the onset of instability
in the growing polymer brush. In the FE model,
the polymer brush system was mimicked with a
3D circular plate partitioned between two layers
(Figure 8). The top layer (film) represents the
growing film due to the post-polymerization
modification, and the bottom layer represents a
relatively stiff substrate (Figure 8A). The thickness of
Figure 7. AFM topography images of A) poly(PFPA) and B) poly(PFPMA) reacted with
the growing film was considered to be nonuniform
Jeffamine M-2070 for 90 s.
since results in Figure 3 showed that diffusion of the
material is greater at the center of the droplet which
Poly(PFPMA) Brush Fabrication: PFPMA was synthesized using
tapers from the center to the edges of the droplet. Therefore, in the FE
[13]
previously reported methods.
The material was further purified
model the growing top film was simulated to have thicknesses that vary
using a plug of neutral alumina with CH2Cl2 as an eluent. Surfaces
linearly through the radius of the plate with the highest thickness in the
functionalized with the AIBN-silane initiator were placed in glass vials
middle and the lowest at the edge (Figure 8B). The thickness ratios of
and transferred into a glovebox. Dry dioxane was added to the vials
the two layers were determined based on the experimental results.
(72.6 µL) with 319 µL PFPMA. The vials were placed in a UV reactor
In the model, the bottom surface of the substrate layer was fixed, and
(Rayonet RPR-600 mini, 350 nm, 1.25 mW cm−2) for 2 h. After 2 h, THF
symmetry boundary conditions were employed along the sides of the
was added to the vials and sonicated to remove the substrate from
plate. Dimensions of the plate were selected to be large enough, when
the glassy polymer. The substrates were finally dried under a stream of
compared to creases size, to prevent boundary condition effects.
nitrogen, and the glassy polymer was saved for analysis via GPC. The
To control the normal and in-plane growth of the film, anisotropic
−1
poly(PFPMA) brushes had an Mn of 477,659 g mol with a Đ of 1.48,
growth was considered for the model. The growth of the film was
giving a grafting density of 0.136 chains nm−2.
simulated via thermal expansion, and anisotropic growth was modeled
Creasing Formation: A rubber O-ring (3/16 in. I.D.; 5/16 in O.D.)
by adjusting different thermal expansion coefficients in different
was placed on a poly(PFPA) brush, and 40 µg of Jeffamine M-2070
directions.[15] Therefore, in the FE model the temperature was increased
was pipetted into the center of the O-ring. The polymer was allowed to
gradually with time and the thickness of the model started to grow (or
react for a specified amount of time (90 s to 2 h). The surface was then
expand) until it reached a critical value to trigger system instability and
washed with toluene and dried under a stream of nitrogen.
crease formation. The free surface of the film was allowed to be selfSubstrate Characterization: The creased morphologies of
contacting, and the model was meshed by small enough structured
the substrates were collected using a PeakForce QNM (Bruker
elements. The ABAQUS finite element package was implemented
Multimode AFM, ScanAsyst-AIR, k = 0.4 N m−1, resonant frequency
to perform the morphological changes in the growing film on the
(f0) = 50–90 kHz). Average crease sizes were determined by
substrate. In this model, the creased pattern after growth and instability
calculating the distance from the end of one crease to the middle of a
is independent of the absolute difference of the elastic modulus between
neighboring crease using Nanoscope Analysis software from Bruker and
the film and substrate, only depending on the modulus ratio between the
averaging 30 measurements. The infrared spectra of the substrates were
film and substrate.[16] For material properties, material coefficients are
taken using a Nicolet model 6700 with a grazing angle attenuated total
defined
as a function of temperature. In other words, material properties
reflectance accessory at 256 scans with a 4 cm−1 resolution. Contact
in this model are growth-dependent, and it was further assumed that
angle measurements were collected using Krüss DSA 100 using a 1 µL
the material modulus has an inverse linear relationship with growth rate.
drop of 18 mΩ (pH = 7) water and averaging the results over three
2D Finite Element Model: A 2D finite element model with a growing
experiments. The thicknesses of the polymer brushes were measured
rectangle (fixed bottom line and symmetric boundary conditions on two
using an M-2000 spectroscopic ellipsometer (J.A. Woollam Co., Inc.)
sides) was carried out to explain penetration, creasing, and relaxation
with a white light source at three angles of incidence (65°, 70°, and 75°)
processes of the experimental results in Figure 4. Two different steps
to the silicon wafer normal. The data were modeled using a Cauchy layer
were considered to model the penetration and relaxation processes,
fitting for the extinction coefficient and refractive index of the polymer
where creasing was induced in the penetration step. For the penetration
brush layer.
Computational Methods: Material Model: The boundary value problem
of a swollen gel is equivalent to that of a hyperelastic solid.[14] There are
several proposed material behaviors for hyperelastic materials. Here, the
Fung model was implemented and was given by Equation (1)
Table 1. Thickness and contact angle measurements for poly(PFPMA)
and poly(PFPA) containing brushes before and after reaction with
Jeffamine.
Thickness before
[nm]

Contact angle
[°]

PFPMA

80.48

100.1

82.98

97.3

PFPA

77.68

94.5

88.56

69.2
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Reacted thickness Reacted contact
[nm]
angle [°]

Figure 8. The bilayer model used for modeling polymer brush creasing
after PPM. A) The top layer (film) represents the growing section due to
PPM and the bottom layer represents a relatively stiff substrate. B) The
cross-section of the model. The red line shows that the thickness of the
film varies throughout the radius of the plate.
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Figure 9. Growth model for the penetration, creasing, and relaxation processes. The numbers show the growth rate profiles through the thickness of
the model, where 1–3 represents penetration and creasing and 4–6 represents relaxation.
process, it was supposed that the growth rate in top layers was higher
than the growth rate in the bottom layers. In this model, it was also
assumed that the growing rectangle is consisting of infinite layers. With
this assumption, while the growth rate varies through the thickness of
the rectangle, all the layers begin to expand, but the top and bottom
layers exhibit the highest and lowest growth rate, respectively. During
this process, the growth rate ratio between the layers was held constant,
where the top layer grew twice as fast as the bottom layer. In Figure 9,
the growth rate profiles 1–3 show the penetration and creasing stages,
and the slope of growth rate is constant during the penetration process.
The growth rate increases step by step in all the layers, causing model
expansion, inducing residual stress, and eventually forming creases.
A growth rate threshold was defined for the second process
(relaxation). When a layer reached this value, growth was terminated,
and this assumption mimicked the real phenomenon where the creased
polymer brush was gradually saturated from top to down. The relaxation
process ended when the bottom layer reached this threshold. Growth
profiles 4–6 in Figure 9 schematically show the relaxation process.
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