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The importance of the two-dimensional (2D) visualization of validity for nanomechanical mapping in atomic
force microscopy (AFM) for sulphur cross-linked rubber is emphasized for accurately interpreting the
nanoscale physical properties on the surface of the soft material. The “R-factor,” evaluated to be the
difference between the experimental and theoretical force—deformation curves, was considered to be the
reliability index of the AFM analysis for all data points on the sample surface. A small R-factor corresponds
to high accuracy. The advantage of the R-factor mapping method is demonstrated using nanomechanical
mapping data of the inhomogeneous isoprene rubber network by the Johnson—Kendall-Roberts and the
Derjaguin, Muller, and Toporov contact mechanics models. The 2D R-factor mapping clearly and correctly
supported the roles of sulphur cross-linking reagents to control the network morphology of vulcanizates.

Additionally, the blanket effect, which is induced by the rubber layer on the hard part and influences
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Accepted 18th September 2018 experimental force—deformation curves, is firstly proposed in this study. Nanomechanical mapping with 2D

reliability indexes is expected to contribute to an advance in AFM studies on soft matter such as rubber
materials, leading to a more accurate understanding of the structural characteristics of the rubber
networks. Thus, this validity confirmation method is necessary for developing rubber science and technology.
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1. Introduction

Since its invention in 1986," atomic force microscopy (AFM) has
emerged as a powerful tool to image the surface topographies of
an extensive range of materials.>* AFM is suitable for confirming
the nanoscale characterization of surfaces and interfaces, and the
image resolution ranges from tens of micrometers to 1 nm.
Generally, the selective staining that is required for transmission
electron microscopy is not necessary for AFM. AFM can be easily
conducted under various conditions (e.g., under vacuum, in air,
or in liquid, and at low or high temperatures). Additionally, to
characterise different materials, numerous types of AFM
measurements, including amplitude-modulation mode (a
tapping mode also referred to as dynamic mode or intermittent
contact mode), force mode (e.g.,, nanoindentation and nano-
mechanical mapping), and conductive mode, can be conducted.
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These advantages increase the versatility of AFM which has given
rise to numerous discoveries and technologies, and has opened
new doors in various fields such as physics, chemistry, materials
science, and biology.**

In polymer materials science, AFM has been extensively utilized
to evaluate the morphological characteristics of plastics, rubbers
and fibres, because several polymeric materials are observed to
possess inhomogeneous structures on a nanometer scale.>*”
Particularly, conventional rubber materials are comprised of cross-
linked network structures and filler particles. Thus, imaging the
morphologies of these materials on a nanoscale resolution is
becoming increasingly important. In general, the phase image of
the tapping mode is used to reveal the different components in the
sample surface.® This is because the phase contrast is mainly
governed by the various mechanical properties of the regions or
components on the sample surface, and is highly sensitive to the
sample heterogeneity. However, the phase image can be visualized
differently depending on the measurement conditions. For
example, the reversal of phase contrast possibly occurs when a set
point ratio was increased.’ Therefore, a quantitative AFM image
became necessary to characterise the morphologies of soft mate-
rials. For this purpose, the AFM nanomechanical mapping® or
nano-palpation has been used, where the nanomechanical
properties of the material surface were evaluated by analyzing the
AFM data using contact mechanics, and followed by mapping as
a two-dimensional (2D) image.

This journal is © The Royal Society of Chemistry 2018
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Presently, many techniques of AFM nanomechanical
mapping are well-known. The methods are categorized into the
non-vibrating and the vibrating systems. The representative
case of the former is the force volume (FV) imaging firstly
proposed by Heinz et al.** This method is to collect an array of
force curves over the surface and to assemble those curves into
FV data. It possesses some advantages of the simple principal of
the measurement and easy interpretation of the data. Further-
more, an indentation depth can be controlled, which allows us
to acquire the sample information in the depth direction. On
the other hand, the method which is used in the vibrating
system is further separated into two types; vibrations of the
cantilever and the sample. The former is the system where the
cantilever is vibrating, such as the PeakForce™ quantitative
nanomechanical mapping (QNM)“ and the multifrequency
force microscopy." The latter is the system where the sample is
vibrating, such as the atomic force acoustic microscope
(AFAM)" and the contact resonance.'> Among these techniques,
especially in the FV imaging and PeakForce™ QNM methods,
the Young's moduli are calculated by analyzing force-sample
deformation curves with contact mechanics models for their
fitting process or a two-point method. In many cases, however,
the 2D Young's modulus image was shown without any evalu-
ation on a deviation between experimental and theoretical
force-deformation curves at all measured points. This deviation
should not be ignored, especially for soft matters such as rubber
materials due to the inhomogeneity of hardness in the sample.

Up to now, several contact mechanics models, including the
Hertzian, Johnson-Kendall-Roberts (JKR), Derjaguin, Muller,
and Toporov (DMT), and Maugis-Dugdale (MD) models, have
been used in AFM studies on rubber materials. For example,
Glebova et al. investigated the morphology of a vulcanized
butadiene-styrene rubber containing ZnO particles by employ-
ing AFM nanomechanical mapping with the DMT and Hertzian
models; their results confirmed that the rubber surrounding the
ZnO particles exhibited a high Young's modulus and a small
hysteresis.'® Xue et al. also found the domain and interfaces of
ZnO in NR vulcanizates by AFM nanomechanical mapping with
the JKR model.”” Wang et al. successfully combined the JKR
model and a two-point method with AFM to visualize the
nanomechanical mapping of a natural rubber (NR) nano-
composite filled with carbon nanotubes (CNTs); the authors
quantitatively characterised the CNT and NR regions in the
nanocomposites.>'® Lu et al. also investigated the Young's
moduli of interface between CNTs and NR at nanoscale reso-
lution using the DMT model in the PeakForce™ QNM
method." However, the AFM measurements used to perform
nanomechanical mapping have been known to be affected by
several factors, including tip geometry, instrument calibration
errors, the presence of extrinsic mechanical heterogeneities and
the physical justifications of the contact mechanics models of
materials.'®?** Therefore, evaluating the validity of AFM data
becomes necessary for developing scientific techniques.

In the recent AFM studies, a confirmation of the validity of
force curve analysis by contact mechanics models has been
achieved only by naked eyes.'®'¢*%?52¢ In addition, only a few
points were used for the confirmation, i.e., many authors did
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not ensure that good agreements with the contact mechanics
models at all points of the measurement. Thus, a quantitative
analytical method that provides a reliability index for all the
AFM data is required to ensure an accurate interpretation of
data. However, the all point's evaluation for the validity of
nanomechanical properties has been scarcely discussed in the
academic publications, although the commercial software for
AFM mapping may be available. Only one paper reported the
goodness of fit R* images together with mappings of tip-sample
contact potential difference and capacitance second derivative
of indium tin oxide and poly(3-hexylthiophene) nanowires by
electrostatic force microscopy (EFM or a conductive AFM).*
Therefore, in this study, the 2D mapping of reliability indexes
for nanomechanical mapping is reported for the first time.

The objective of this study is to show a necessity of a quan-
titative and reliable evaluation process for the fitting quality of
all data points in the elasticity (Young's modulus) mapping. The
2D mapping image of the reliability index in the AFM nano-
mechanical mapping is demonstrated for a sulphur cross-
linked rubber and its importance is emphasized for the first
time as far as we have concerned. The quantitative and reliable
Young's modulus map will become an evidence to correctly
support a new concept for the vulcanization mechanism which
we found in the studies by small-angle neutron scattering
(SANS)*® and synchrotron X-ray absorption fine structure
(XAFS)*** The novel mechanism was expected to be a key to
develop rubber science and technology as described in the ACS
News Service Weekly PressPac in 2015.%

2. Experimental
2.1 Preparation of sulphur cross-linked isoprene rubber

The sulphur cross-linked isoprene rubber, abbreviated as SIR was
obtained by heat pressing at 140 °C of its compound prepared by
conventional milling as follow: the isoprene rubber (IR2200
supplied from JSR Co.) was mixed with 1 part per hundred rubber
by weight (phr) of zinc oxide (ZnO, average diameter 0.29 um
purchased from Sakai Chemical Industry Co., Ltd.), 1 phr of N-
(1,3-benzothiazol-2-ylsulfanyl)cyclohexanamine (CBS, Sanceler
CM-G supplied from Sanshin Chemical Industry Co., Ltd.) and
1.5 phr of elemental sulphur (Sg, powder, 150 mesh purchased
from Hosoi Chemical Industry Co., Ltd.), respectively. All
reagents were commercial grades for rubber processing and used
as received. Network-chain density of SIR determined by the
swelling test in toluene at 25 °C was 1.00 x 10~ * mol cm >, The
detail of swelling experiment can be followed in our previous
study.®

2.2 AFM measurement

The AFM measurement in this study was performed using
a commercial AFM system (Shimadzu, SPM-9700) with a contact
mode under ambient condition. For a preparation of the sample
surface, the sulphur cross-linked rubber sheet was cut by an
ultra-microtome (MT-XL CR-X, RMC Boeckeler Instruments,
Inc., AZ, USA) at about —80 °C to prepare the flat surface. A
cantilever used in this mode was made of SiN (OMCL-
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RC800PSA, Olympus, Japan) with a nominal spring constant of
0.76 Nm™" and a tip radius of 15 nm. Before the measurement,
an actual spring constant of the cantilever was measured by
Sader's method.** The AFM measurement was operated with
very small applied force of 1.4 nN as trigger set point for
acquiring only the surface information, preventing the damage
of sample surface and contamination of the cantilever. A

loading speed was set at 6720 nm s~ .

2.3 Force volume (FV) measurement for SIR

Force-distance curves were randomly collected over the selected
surfaces area of 2 pym x 2 pm with a resolution of 64 x 64 pixels.
Simultaneously, z-displacement values of the piezo scanner
under 0.49 nN as the relative operating point were recorded to
construct an “apparent height” image. Each force-distance
curve was converted to the force-deformation curve according
to the method proposed by Nakajima et al'® as shown in
Fig. S1.t

2.4 Theoretical basis

2.4.1 JKR theory. Each experimental withdrawing force-
deformation curve was analysed by using the JKR theory, which
has been proved to be suitable for soft materials."® The JKR
theory is expressed by the following two eqns.****

, - N
a = E(F+3TCWV+\/6TCVVIF+(3TEWV) ) = Eg(F) (1)
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where a, r, F and W are a contact radius, the tip radius, an

applied force and an adhesive energy, respectively.
By combining eqn (1) with eqn (2), the sample deformation
(6) becomes in a function of F. Then, the JKR theoretical force-

deformation curves can be calculated using the experimental
force. Here, K is the elastic coefficient, which can be expressed

by eqn (3),

K=-E*= -
3 3

4 4 {1 . G)

1— V22 -
E, E,

where E* is a reduced modulus, and E; and E, are the moduli of
the sample and cantilever, respectively. Also, Poisson's ratios of
the sample and cantilever are represented as v; and v,,
respectively.

In the case of rubber materials, the Young's modulus of the
cantilever (E,) is generally much larger than that of the sample
(E4)”” In addition, the Poisson's ratio of an unfilled rubber
sample is almost 0.5 in general.*® Thus, eqn (3) can be approx-

imated as eqn (4).
4 E, 16
k=3 (1 7) =5k @

In the case of the JKR two-point method,* it is possible to
determine K and W as shown in eqn (5) and (6) from the max-
adhesion point (6;, F;) and the balance point (6,, 0) obtained
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in each experimental force-deformation curve, respectively
(Fig. 3). Note that the point where the attractive force and the
repulsive force become equivalent is defined as the “balance
point” (6o, 0), and the point where adhesive force becomes
maximum is defined as the “max-adhesion point” (6;, F;). By
combining eqn (4) and (5), the Young's modulus of the sample,
E, can be obtained.

3
1\ 5
oo _(1 +3163) F (7, <0) 5
(60 — 61)°
2R
= 3 (6)

Note that the relationship between sample deformation at
max-adhesion point (6,) and sample deformation at balance
point (6o) in withdrawing process based on the JKR theory was
considered as the following equation®®

1 L
1/F2\3 1/16F*\3 1
61 : 60:—§ (E) : g(Kzr =—1:163= —1 : 252
(7)

Therefore, the origin of sample deformation in withdrawing
force-deformation curve (¢') can be calculated as shown in eqn

9).

5’:{(50—51)x %}—50 (8)

2.4.2 DMT theory. Each experimental approaching force-
deformation curve was analysed by using the DMT (Derjaguin,
Muller, and Toporov) contact mechanics model for a spherical
indenter as expressed by following eqn (9),***!

1 3
F = K262 — Fyan 9)

where F, K, r, 6 and F,qy, are the applied force, the elastic coef-
ficient, the tip radius, the sample deformation and the adhesive
force between sample and cantilever tip. The elastic coefficient,
K is similarly expressed as eqn (4).

The DMT theory is simply considered as the Hertzain

13
equation (F = Kriéi), in which the spherical tip of the canti-

lever is regarded, added by the term of an adhesive force (Faqgn)-
When the sample deformation follows Hertzian prediction, F is

3
assumed to be proportional to 62.°7* Importantly, this
assumption should be also used for the DMT theory. Therefore,
in this study, the fitting range for the DMT theory was set in the

range of 6 <r, where F is still proportional to 6% and spherical tip
of the cantilever can be assumed.** The jump-in-contact point is
regarded as the origin of sample deformation in approaching
process. However, the minimum point before the substantial
increase of cantilever deflection is decided to be an origin of
sample deformation for the complicate approaching force
curve, e.g., existing a few jump-in-contact points.

This journal is © The Royal Society of Chemistry 2018
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2.5 Calculation of a reliability index (R-factor)

The accuracy of nanomechanical mapping using AFM is deter-
mined as a matching degree between experimental and theo-
retical force-deformation curves in this study. It is represented
as a dimensionless error parameter or R-factor which has
general form as shown in eqn (10).

Z‘ATheory - AExp’
> !AEXP|
where A can be a force (F) or sample deformation (6) depending

on the contact mechanics applied. The calculation range of R-
factor is considered according to the range of theoretical force—

R-factor =

(10)

deformation curve by a contact mechanics. The smaller the R-
factor is, the better an agreement between the experimental and
the theoretical force-deformation curves is. If there is no
difference of both force-deformation curves, the R-factor
becomes zero. By using a self-made program and Igor Pro
(WaveMetrics, Inc., USA), the R-factor for all points was mapped
and visualized in 2D images. The concept to use R-factor as an
indicator for checking the quality of data has been also used in
the X-ray diffraction studies.”>*

3. Results and discussion
3.1 Selection of a contact mechanics model for SIR

Fig. 1 depicts an apparent-height image of SIR obtained from
the force volume (FV) measurements from which the high and
low regions on the surface can be clearly detected. This exper-
imental mode suggests that the soft parts were more easily and
extensively deformed than the hard parts on the surface.
Therefore, the high and low regions in Fig. 1 depict the hard
and soft parts in the SIR, respectively. Specifically, the apparent-
height image clearly indicates that the SIR possesses an inho-
mogeneous network structure. In our previous study,”® we
detected an inhomogeneous network structure by SANS even for
vulcanizates prepared without stearic acid. Thus, the apparent-
height image of SIR may be related to the two-phase inhomo-
geneous network structure illustrated in Fig. 2 where two pha-
ses with high and low network-chain densities are predicted to
be present. The former and the latter are referred to as
a network domain and a mesh network in this study,

300
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-300

-400

Fig. 1 An apparent height image of SIR (the scan size is 2.0 um).
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: Mesh network

Fig. 2 The model of
morphology of SIR.

inhomogeneous two-phase network

respectively, among which the network domain is proposed to
be embedded in a matrix of the mesh network.?

Measurement of the Young's moduli of SIR by AFM may
provide a powerful tool to quantitatively confirm its network
morphology. Note that an adequate contact mechanics model
must be applied to the results of FV measurements to accurately
determine each Young's modulus. Thus, selection of an
appropriate contact mechanics model becomes important. For
this purpose, in the present study, the presence or absence of an
adhesive force was first evaluated from the force-deformation
curves of AFM measurements. For example, Fig. 3 depicts the
force-deformation curves corresponding to a gray circle in
Fig. 1. The force at the jump-in-contact in the approaching curve
(®) and at the pull-off in the withdrawing curve () were
observed to be the adhesive forces of the approaching and
withdrawing curves, respectively. Other points were also
confirmed to represent the adhesive forces in both the
approaching and withdrawing processes even the adhesive
forces were very small in several points (Fig. 4(a) and (b)).

The experimental force-deformation curves require
a contact model that includes adhesion. Thus, the JKR and DMT
models were investigated as candidates for use in the AFM

S ST S TS TS NS S S
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Fig. 3 The representative force—deformation curve of SIR. Orange
dots show the approaching curve and pale blue dots show the with-
drawing curve. The close circle (@) is the “jump-in-contact point”,
close triangle (A) is the "balance point” (6o, 0), and the close square
(M) is the "max-adhesion point” or "pull-off point” (61, F).
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Fig. 4 (a) An adhesive force mapping image from the withdrawing
curves, (b) an adhesive force mapping image from the approaching
curves of SIR (the scan size is 2.0 um).

analysis in this study. Because the JKR model*® has been well
utilized to determine the Young's moduli of soft matters,
including cross-linked rubbers,'>'®**> we initially selected this
model for the force-curve mapping of SIR.

3.2 Two-dimensional visualization of the reliability of
Young's moduli determined by the JKR theory

Fig. 5(a) depicts the Young's modulus mapping image of SIR
calculated using the JKR theory, where the colour variation from
purple to red corresponds to an increase in the modulus from low
to high. The obtained Young's moduli of all the points in SIR
were clearly observed to be related to the apparent heights.
However, confirmation of the accuracy of all the Young's moduli
in the mapping was necessary because the values were obtained
by the JKR two-point method.*® To evaluate the reliability of these
Young's modulus values, we compared the experimental and the
theoretical JKR force-deformation curves. For example, two JKR
force-deformation curves corresponding to the gray circle in
Fig. 5(a) are depicted in Fig. 5(c). The experimental curve was well
superimposed on a theoretical curve, with negligible differences.
However, such a good agreement may not have been obtained for
all the measurement points. Therefore, we should carefully
consider the results in Fig. 5(a). Further, we should also verify
whether it is possible to discuss the Young's modulus mapping
image of SIR in detail without any evidence.

32934 | RSC Adv., 2018, 8, 32930-32941
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Fig. 5 (a) The Young's modulus mapping image of SIR and (b) the R-
factor mapping image of SIR (the scan size is 2.0 um). (c) The force—
deformation curves of SIR. The pale blue dots show an experimental
withdrawing curve and the solid line is a JKR theoretical curve.

To confirm the reliability of all the modulus mapping
results, a matching degree between the experimental and the
theoretical force-deformation curves (i.e., the “R-factor”) was
conducted in this study. All R-factors were quantitatively
calculated on the basis of eqn (10) for each experimental and
theoretical force-deformation curve, and the obtained R-factors
were visualized in a two-dimensional manner for all the points,
as depicted in Fig. 5(b). To the best of our knowledge, the
imaging of reliability for all the moduli in the cross-linked
rubber was reported for the first time in this study. The index
is abbreviated as Rjxr where the JKR theoretical deformation
(djxr) and the experimental deformation (0gyp) under a given
force were used for Arpeory and Agyp in eqn (10), respectively.

This journal is © The Royal Society of Chemistry 2018
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Note that the range of the calculation was set between the
maximum adhesive force and the maximum loading force in
the withdrawing force-deformation curve. In Fig. 5(b), the
variation of colour from yellow to black indicates the variation
from a small error to a large error. Thus, the reliability of the
Young's modulus values increases with the increasing yellow
area in the image. Note that the missing Young's moduli are
denoted by the white points in Fig. 5(a). These white points were
ascribed to the severe experimental conditions. Specifically, the
balance point (dy, 0), which is required for the JKR two-point
method, as depicted in Fig. 3 (A), could not be obtained in
these white points, partially because the loading force was set to
be as small as possible to minimize the sample deformation.
Their points were strictly eliminated as invalid points from the
Young's modulus mapping in this study. Overall, the reliability
of the Young's moduli for the surface of SIR was concluded to be
poor, as detected in Fig. 5(b). Before going to the application of
other model, a reason of the mismatch in the JKR analysis is
considered next using extracted mapping images. As shown in
Fig. 6, a classification of R-factor ranges may give us not only
a reliable Young's modulus mapping image but also important
information on the poor agreement between the experimental
and the theoretical curves.

The Young's modulus and R-factor mappings are visualized
in Fig. 6 based on each given R-factor range for our discussion.
Namely, the Rjkg in Fig. 5(b) was categorized into three groups
in this study as shown in Fig. 6(b), (d) and (f), i.e., 0 =< Rjxg = 0.1,
0.1 < Rjxg = 0.3 and Rjxg > 0.3, respectively. Note that the
classification of R-factors can be freely conducted by researchers
depending on the objective of their discussion. Fig. 6(a) shows
the points which could be fully explained by the JKR theory and
whose Young's moduli were approximately 10 MPa. Principally,
only these points can be used for characterization of the
sample, because the Young's moduli in Fig. 6(c) and (e) were not
much reliable. However, the best extracted Young's modulus
mapping with the low Rk in Fig. 6(a) was insufficient to fully
explain the total elastic properties of SIR due to a few points. In
order to obtain the more reliable Young's modulus mapping, an
elucidation for the large Rjxgr was conducted as follows.

In the regions of Rjxr > 0.3, the representative experimental
force-deformation curves of SIR significantly showed the devi-
ation from the theoretical curves. When all deviations were
investigated, the large Rjxg was mainly ascribed to the sharper
slope of F-¢ at the initial stage of the withdrawal than the
prediction by the JKR theory as shown in Fig. 7(c) as one typical
example. This suggests that the reason of large Rjxg was mostly
the high viscous response from the matrix of SIR. This response
is generally difficult to be explained by the elastic contact
mechanic models.* In the regions of 0.1 < Rjxg = 0.3, the two
types of representative force-deformation curves of SIR were
observed. The first deviation type due to the high viscosity was
also observed similarly in the region of Rjxr > 0.3 as shown in
Fig. 7(a). The second deviation type was not simply explained,
because the slope of tangential line of experimental curve was
not continuously changed. For example, as shown in Fig. 7(b),
the slope of tangential line of experimental curve was suddenly
increased around ¢ = 5 nm during withdrawal. Therefore, it

This journal is © The Royal Society of Chemistry 2018
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cannot be explained by one theoretical curve. The discontin-
uous change of the slope of tangential line of experimental
curve was possibly supposed to occur by the different responses
of SIR against the indentation depth during withdrawal.

It is worth noting that the two main types of deviation were
distinguished using this 2D R-factor mapping technique by
separating the Rjxr regions. However, the analysis to get a better
agreement between the experimental-theoretical JKR force-
deformation curves for both deviation types in SIR as presented
in Fig. 7 will be considered in near future. At least, here, it was
thought that the viscosity effect is possibly avoided. The tech-
nique to change the scanning speed was reported to be useful.
However, this technique requires very slow or high scanning
speed, and was not so practical for our AFM machine. There-
fore, the force-deformation curve during approaching was
utilized for the analysis of AFM nanomechanical mapping in
this study, because the viscous response of the material surfaces
is known to be less explicit in the approaching process than the
withdrawing process in general. Then, the DMT theory, where
the elastic behaviour of the surfaces is considered in the
approaching process, was subsequently used to evaluate the
Young's moduli for all the points on SIR. As demonstrated
above, the introduction of R-factor mapping to AFM studies is
highly useful in materials science.

3.3 Two-dimensional visualization of the reliability of the
Young's moduli determined by the DMT theory

Young's modulus mapping calculated by the DMT theory and
the corresponding R-factor mapping images for SIR are pre-
sented in Fig. 8(a) and (b), respectively. The R-factor in the DMT
theory (Rpmr) was calculated using eqn (10), where the DMT-
calculated force (Fpmr) and the experimental force (Fpyp)
under a given sample deformation were used as Arheory and Agxp
in eqn (10), respectively, in the range of 0 < ¢ < r for the DMT
force-deformation curve. Fig. 8(b) clearly depicts that the R-
factors in several points of SIR were less than 0.1 and that the
validity of all the modulus mapping results was considerable.

The low R-factors (for example, R-factors less than 0.1)
exhibited a greater increase in reliability during the application
of the DMT theory to the FV measurements than upon the
application of the JKR theory for this sample. For example,
Fig. 8(c) depicts a good agreement between the experimental
and the theoretical DMT force-deformation curves corre-
sponding to the gray circle in Fig. 8(a). However, all of the
Young's moduli did not always result in low R-factors; some of
the values were greater than 0.2 even when the DMT theory was
used to perform the analysis. Therefore, the evaluation of the
Young's moduli of SIR in Fig. 8(a) was carefully conducted using
their R-factors in the next section.

To obtain a reliable Young's modulus map by the DMT
theory, the classification of Young's modulus mapping based on
the R-factor range was conducted. Here, the R-factors were
separated into three groups for ease of discussion: 0 = Rpyr =
0.1, 0.1 < Rpyr = 0.2, and Rpyyr > 0.2 (Fig. 9(b), (d) and (f),
respectively). The extracted Young's modulus image in Fig. 9(a)
depicts that almost all of the points can be completely explained

RSC Adv., 2018, 8, 32930-32941 | 32935
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Fig. 6 The extracted mapping images of Young's modulus and R-factor (Rjkr) from the JKR analysis of SIR (the scan size was 2.0 um). (a) and (b)

0.0 =Ryr=0., (c)and (d) 0.1 < Ryxg = 0.3, (e) and (f) Ryxg > 0.3.

by the DMT theory (0 = Rpyr = 0.1), which is sufficiently reli-
able for quantitative discussion of the morphology of the SIR.
In contrast, large R-factors of greater than 0.1 were detected
at the points at which a very small deformation occurred even
when the same loading force was applied for all the points, as
depicted in Fig. 10(a) and (b). For example, ¢ was ca. 30 nm in
Fig. 8(c) but was ca. 3 nm in Fig. 10(b) even though the loading

32936 | RSC Adv., 2018, 8, 32930-32941

force was 1 nN in both cases. The latter was assumed to be
related to the deformation of hard parts, such as the ZnO
clusters, in SIR. In addition, the slope of the experimental force—
deformation curve was suggested to vary. For example, the slope
of tangential line of the experimental curve was suddenly
increased at around 6 = 2 nm during approaching. These
phenomena were similar to the effect of multiple components

This journal is © The Royal Society of Chemistry 2018
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in force-deformation curves of SIR by JKR theory as shown in
Fig. 7(b). The gentle and keen experimental slopes were possibly
attributed to the soft and hard phases, respectively (Fig. 10(a)
and (b)). The observation indicates the presence of multiple
layers in the depth direction within the region for analysis,
which was assumed to contribute to the mismatch between the
experimental curves and those predicted by the DMT and JKR
theories in both approaching and withdrawing processes.

3.4 Effect of multiple layers on the force-deformation curves

To explain the complicated experimental force-deformation
curves, we consider the phenomena ascribed to the multiple
layers from viewpoints of a “blanket effect” and a “mattress
effect”, respectively, according to Fig. 11. As previously
described, the gentler experimental slope during the initial
stage of the approaching process (Fig. 10(a) and (b)) indicate
a presence of a soft phase; a small adhesive force was also
detected during the measurement. Therefore, the observed
hard parts were predicted to be a thin rubber-coated ZnO
particle and not a naked ZnO particle surface. The effect
induced by this thin rubber layer on the ZnO particle is the
aforementioned blanket effect. Our previous SANS study on the
formation of a two-phase network structure in the vulcanizates

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 (a) The Young's modulus mapping image and (b) the R-factor
mapping image of SIR (the scan size is 2.0 um). (c) The force—defor-
mation curves of SIR. The orange dots show an experimental
approaching curve and solid line is a DMT theoretical curve.

in 2009 (ref. 28) supports this interpretation, where sulphur and
an accelerator, CBS, were reported to be easily adsorbed onto
the surface of ZnO, followed by a cross-linking reaction around
the ZnO particle to form a network structure with a high
network-chain density. Specifically, the presence of a network
on ZnO was feasible based on the vulcanization reaction. For
example, recently, using a scanning electron microscope
equipped with an energy-dispersive X-ray spectrometer, Glebova
et al. detected a strong signal that can be attributed to the
carbon on the surface of a ZnO particle even though they did not
discuss the phenomena in detail.* This result clearly supports
our interpretation of the blanket effect on the ZnO particles in

RSC Adv., 2018, 8, 32930-32941 | 32937
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Fig. 9 The extracted mapping images of Young's modulus of SIR (the scan size is 2.0 um) according to R-factor (Rpmt) range of (a) and (b) 0.0 =

Romt = 0.1, (c) and (d) 0.1 < Rpmt = 0.2, (e) and (f) Rpmt > 0.2.

SIR. In fact, the presence of blanket effect was confirmed by the
change of slope from the gentle one in the initial stage to the
keen one during approaching in the experimental force-defor-
mation curve of SIR as depicted in Fig. 8(c), 10(a) and (b).

On the other hand, as shown in Fig. 5(c), the Young's
modulus calculated by the force-deformation curve in the
seemingly hard part near ZnO was in an order of megapascals,
but not the gigapascals*” expected for naked ZnO particles in
the rubber matrix. This observation clearly suggests that the

32938 | RSC Adv., 2018, 8, 32930-32941

ZnO particles are embedded in the soft rubber phase in
a manner similar to that of the objects lying on a mattress in the
two-phase network morphology of the vulcanizates. In this
study, the phenomenon resulting from the rubber phase under
the hard part is the aforementioned mattress effect. Similar
phenomena have been reported by other authors. For example,
Nakajima et al*® reported that their calculated Young's
modulus of the ZnO region was smaller than the predicted value
of raw ZnO particles in a vulcanized rubber blend system. Wang

This journal is © The Royal Society of Chemistry 2018
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Fig.10 The representative force—deformation curves of SIR in (a) 0.10 <
Rpmt = 0.20 and (b) Rpmr > 0.20. The orange dots show an experimental
approaching curve and the solid line is a DMT theoretical curve.

et al.*® reported that the Young's modulus of CNTs on an NR
matrix was much smaller than the typical Young's modulus of
the CNTs. In both the cases, the hard material region exhibited
a lower elastic modulus than the predicted modulus because
the rubber phase around ZnO was deformed. Note that they did
not report the validity in their nanomechanical mappings for all
points.

Till now, only the mattress effect has been hypothesized to
explain the phenomena mentioned above.'®* Our research is
the first report to emphasize the presence of the blanket effect
as far as we know. Further, a question arises as to whether the
blanket effect or the mattress effect is influential for the nano-
mechanical mapping of AFM. This question is difficult to
answer in the case of heterogeneous rubber materials. It can be
thought that the experimental force-deformation curve con-
taining multiple components within the region for analysis may
not be explained using only one theoretical force-deformation
curve. However, our experimental results pointed out that the
blanket effect evidently existed with the mattress effect, partic-
ularly when the approaching process with the very small force
applied is considered. Therefore, this finding suggested that the
blanket effect should be carefully considered more for the
analysis of nanomechanical AFM data based on FV
measurement.

3.5 Characterization of network morphology in SIR using
good R-factors

The Young's modulus map based on the DMT theory with the R-
factors having less than 10% error is illustrated in Fig. 9(a),

This journal is © The Royal Society of Chemistry 2018
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Fig. 11 The speculated models of (a) the blanket effect, (b) the
mattress effect and (c) both blanket and mattress effects presented in
the rubber matrix. Note that the hard parts in all three models are
possibly protruded on the rubber surface (left) and/or buried under the
rubber surface (right).

which was the most acceptable result of nanomechanical
mapping for SIR in the present study. A two-phase inhomoge-
neous network structure corresponding to our previously
proposed structure based on SANS*® was apparently visualized
for SIR. It means that the inhomogeneous network structure in
the vulcanized isoprene rubber was clearly observed in both the
swollen state by SANS and the dry state by AFM measurement.
The morphology of SIR was acceptable, where the domains of
high network-chain density were embedded in the matrix of
mesh network as proposed in Fig. 2. Note that it is supposed
that network-chain density of the mesh network was very small
because stearic acid was not added in SIR in this study. This
consideration is based on our previous SANS study: the size of
mesh network is controlled by the concentration of solubilized
zinc stearate, which was generated by the reaction of stearic
acid and ZnO in the rubber matrix upon milling and heat-
pressing the rubber compound. The generated zinc stearate
further reacts with sulphur and the accelerator in the rubber
matrix to form sulphur crosslinks. The accurate Young's
modulus map apparently supported our consideration about
the formation of network domains in the rubber matrix: As
predicted by the SANS results, sulphur and the accelerator were
adsorbed on the ZnO clusters, and followed by sulphur cross-
linking on the surface area of ZnO clusters. Since stearic acid
was not mixed in this study, the sulphur cross-linking reaction

RSC Adv., 2018, 8, 32930-32941 | 32939
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mainly and significantly occurred around the ZnO particles to
result in the formation of network with a high network-chain
density near ZnO.”®** Consequently, the very low Young's
moduli in the order of a few megapascals were observed in the
matrix of the SIR, and the dispersed phases with Young's
moduli (>50 MPa) greater than the Young's moduli of the matrix
were detected.

By this two-dimensional and highly accurate Young's moduli
in the AFM nanomechanical mapping, we could reconfirm the
aforementioned consideration. The results also supported the
important concept for the vulcanization:*® sulphur cross-linking
reagents play a role in controlling not only the cross-linking
reaction but also the morphology of the rubber network.
Namely, the combination and composition of ZnO with the
other reagents are crucial to control the structural network
inhomogeneity in the vulcanizate. After this publication,*
several studies on the inhomogeneous structures of vulcani-
zates by AFM have been reported.'*'*** However, the validity of
nanomechanical mapping was not confirmed for all data
points. Therefore, it is emphasized that a confirmation of reli-
ability for the morphology obtained by AFM nanomechanical
mapping is important in order to reveal the complicated
vulcanization mechanism of rubbers by AFM.

4. Conclusion

Necessity of the two-dimensional visualization to confirm the
validity of AFM nanomechanical mapping for all data points in
the sulphur cross-linked rubber was shown for the first time for
accurately interpreting the nanoscale physical properties of the
typical soft matter. The quality of fitting was evaluated on the
basis of the reliability indexes (R-factors) to depict the difference
between the theoretical and the experimental force-deforma-
tion curves of the materials. By separating the poor R-factor
regions, this method enabled us to obtain a reliable Young's
modulus mapping image that was completely explained by
contact mechanics. As a result, the most reliable Young's
modulus mapping by DMT theory was achieved to reveal the
role of sulphur cross-linking reagents on the two-phase inho-
mogeneous network formation of vulcanized rubber in this
study. To the best of our knowledge, this present study is the
first report to consider the vulcanization mechanisms in the
inhomogeneous rubber network for both the network domain
and mesh network phases based on AFM study.

Moreover, the classification of R-factors in this 2D validity
mapping, two effects of a thin rubber layer on the particles and
a soft rubber phase under the particles were apparently detected
and found to decrease the Young's moduli of virgin zinc oxide.
To explain the phenomena, the “blanket effect” and the
“mattress effect” were named and used for the discussion,
especially the idea of blanket effect is the first report as far as we
know. The presence of blanket and mattress effects as well as
the effect of high viscous response from the rubber matrix
within the region for analysis were ascribed to the reason of the
deviation of experimental results from the theoretical ones.

The usefulness and importance of 2D R-factor mapping for
the soft matter were confirmed as aforementioned. Notably, this

32940 | RSC Adv., 2018, 8, 32930-32941
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method for all fitting quality is also highly required for hard
materials. Because various techniques in AFM are now avail-
able, the 2D mapping method of reliability indexes can be
a powerful tool not only for AFM nanomechanical mapping but
also for other AFM analysis modes when experimental and
theoretical values are compared. Therefore, this method should
be much more used for developing AFM technology that will
advance science.
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