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Abstract. The composites are typically created by embedding functional fillers in
polymeric matrices. The key indicators of reliable performance include homogeneous
filler dispersion and optimal interfacial properties between the fillers and matrix. Poor
dispersion causes stress concentration, premature failure, and increased filler requirement
for achieving functional properties like conductivity. Additionally, interfacial characteristics
are governed by surface energy differences and significantly influence the mechanical
properties like elongation and rupture stress. Conventional methods for measuring
surface energy, such as contact angle or Washburn adsorption, have limitations when
applied to microscale powders, including issuers with accurate size handling and bulk
material requirements. To overcome these challenges, the PeakForce QNM (quantitative
nanomechanical mapping) mode of atomic force microscopy (AFM) was used to measure
the surface energy on the surface of the powder microspheres. This method was used to
characterize the surface energies of 2—5 um carbonyl iron powders with various surface
coatings. Differences in the surface energies corresponded to variations in the dispersibility
and mechanical performances of these powder-based composites. The proposed nanoscale
approach provides critical insights into the interfacial mechanisms, enabling enhanced
design and optimization of stetchable composites for advanced electronic applications.
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1. INTRODUCTION

Given the increasing interest in flexible and stretchable electronics, there is increasing
demand for compliant composites that are reliable under severe mechanical deformations
[1-3]. The main strategy for fabricating such composites involves incorporating functional
fillers along with the stretchable polymeric matrix [4-6]. Generally, these fillers are one-
or two-dimensional materials that are dispersed in the polymer matrix via a homogenization
process [7-9]. Depending on the physical properties of each component, these stretchable
composites can be used in various applications [10-12]. In the fabrication of these
composites, homogeneous dispersion of the fillers in the matrix is an important step for
achieving highly stable stretchable composites [7, 13]. Agglomeration of the filler material
can cause involuntary stress concentration that can result in failure of the composite at a
much lower stress level than that expected for a composite with uniformly dispersed fillers
[14, 15]. Furthermore, the amount of filler needed to achieve a certain level of functional
properties, such as electrical conductivity or magnetic interference, can be much larger for
composites with inhomogeneously dispersed fillers. Another factor that affects the physical
stability of a stretchable composite is the characteristics of the interface between the filler
surface and matrix [16, 17]. Depending on the status of interface formation, the mechanical
properties of a composite such as its elongation or rupture stress is determined; thus,
controlling the interfacial characteristics is crucial to obtaining the desired mechanical
properties of stretchable composites [18, 19].

The dispersibility of a filler in a matrix as well as the interfacial characteristics between
the filler and matrix are closely related to the differences in their surface energies [20, 21].
The higher wettability of a solid filler in a matrix indicates better dispersibility in the matrix
[22, 23]. The method of measuring the contact angle using the sessile drop is the most
common approach for obtaining the surface energies of each of the components in the
composites [24, 25]. However, for microscale powders, the size of the liquid drop is larger
than the particle size, which can cause errors in the surface energy calculations [26, 27]. The
Washburn adsorption method is another option for evaluating the surface energy of a microscale
powder [28], where the amount of liquid adsorbed on the powder is converted to the wetting
ability of the powder, i.e., its surface energy [29]. However, group of agglomerated particles is
required to measure the surface energy using the Washburn method; here, the surface energy of
the individual particle is ignored even though it is important for understanding the detailed
mechanisms of the changes in the mechanical properties of the composites. Hence, this method
cannot be used for measuring hydrophobic (>90°) powders.

To overcome the limitations of the conventional surface energy characterization
methods for microscale powders, the PeakForce quantitative nanomechanical mapping
(PF-QNM) imaging mode of atomic force microscopy (AFM) was utilized. In the PF-QNM
mode, the adhesion force is measured with nanometer resolution and converted into surface
energy using a calibration curve established for well-known silane-coated surfaces [30,
31]. For example, Park et al. [32] characterized the surface energy of nanoscale Au strips
using the AFM PF-QNM mode. This work revealed a relationship between adhesion force
and contact angle at the nanoscale, representing a novel measurement method for challenging
characterization of the nanoscale surface energy. In another work by Ha et al. [33], the grain
size effect on the surface energy of metal thin film was investigated through PF-QNM method.
However, there have been no attempts to characterize the surface energies of microscale
powders. Herein, the surface energies of various carbony! iron powders (CIPs) with diameters
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in the range of 2-5 um and different hydrophobicities were characterized using the PF-QNM
mode of AFM. Different surface coatings on the CIPs resulted in different surface energy values
that could change the dispersibility in the composite states. The surface energies of individual
microscale powders will enhance the understanding of the detailed mechanisms regarding the
effects of interfacial characteristics on the mechanical properties of the CIP-based composites.

2. MATERIALS AND METHODS
2.1. Materials and Sample Fabrication

In this study, the commercially available carbonyl iron powders (BASF SE) of different
grades (HQ, CC, and HQ-1) were used as received.

Additionally, the surface of HQ CIP was chemically modified by the different
functionality. For this, the native oxide layer was needed to be removed, firstly. 100 g of
HQ grade was added to 250 mL of 0.5 M hydrochloric acid (HCI; 35-37%, Daejung
Chemical Co. Ltd.) and sonicated for 30 min. A permanent magnet was then used to settle
the CIPs at the bottom of the container. The sedimented CIPs were later separated from the
solvent and sequentially washed thrice with ethanol and deionized (DI) water for 15 min each.

To synthesize the CIP coated by tetraethyl orthosilicate (TEOS), ethanol and TEOS
were mixed in a 7.6:1 ratio and reacted for a total volume of 200 mL. One drop of HCI was
added to the mixture to create an acidic pH environment that acted as the catalyst. The sol-
aging process was conducted by storing the mixture for 24 h to ensure full reaction
development. The pretreated HQ grade with removed native oxide layer were added to the
TEOS mixture and mechanically stirred at room temperature for 2 h, resulting in the
formation of the SiO; layer on the CIP surfaces. The TEOS coated CIPs were settled at the
bottom of the container by using a permanent magnet, and the solvent was removed. The
HQ@TEOS particles were sequentially cleaned thrice with ethanol and DI water for 15
min each. Finally, the HQ@TEOS were dried in a vacuum oven at 120°C for 12 h to
evaporate the remaining ethanol and water on their surfaces. All CIP grades and their
particle size and chemical surface modification are listed in table 1.

To compare the conventional sessile drop method for determining the surface energy
with the AFM PF-QNM technique, a PET substrate was coated with a 30 um thick Acronal
dispersion layer (BASF SE, Ludwigshafen, Germany) using a doctor blade. Afterwards,
the CIPs were sprinkled onto the Acronal surface, and the unattached powder particles were
removed by using a nitrogen blow gun.

To measure the adhesion force on CIP surface with nanometer resolution, the AFM PF-
QNM technique needs a calibration curve to convert the adhesion data into a corresponding
surface energy as well as contact angle. For this purpose, various self-assembled alkyl
silane monolayers (SAMs) in a wide range of hydrophobicities were prepared on an ultra-
flat silicon wafer. In a first instance, the silicon wafers were initially ultrasonic cleaned in
a 1:1 mixture of acetone:ethanol for 15 min and subsequently dried under a nitrogen gas
atmosphere. Moreover, the cleaned silicon wafers were treated with oxygen plasma (100
W) for 5 min to activate the surface for the chemical treatment. Directly after the plasma
treatment, the clean and activated silicon wafers were immersed in a 2% silane/ anhydrous
toluene solution for 15 min. Subsequently, the wafers were rinsed with toluene to remove
any aggregates or contaminants. The SAM-treated silicon wafers were dried at 150 °C for
5 min on a hot plate.
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Table 1 Carbonyl iron powder (CIP) grades and their average particle size and surface coating

Sample Particle size (D50) Coating
HQ 1.7 um No
HQ@TEOS 1.8 um TEOS modified
CcC 4.3 pm Silica
HQ-I 3.6 um | = Insulated

2.2. Characterization

The surface morphologies of the CIPs were analyzed using field-emission scanning
electron microscopy (FESEM; S-3400 N, Hitachi). The particle sizes of the CIPs were
determined using a particle size analyzer (PSA; Microtrac P3000, USA). Prior to measuring
the particle sizes, calibrations were performed to eliminate the influence of ethanol. The
contact angle and surface energy were measured with a drop shape analyzer (DSA100, Krss,
Germany) by using the sessile drop method. DI water, formamide and diiodomethane were
used as solvents that represented the polar and nonpolar state, respectively. The surface
roughness and adhesion force were measured by AFM (Dimension ICON microscope,
Bruker, USA) with a standard silicon cantilever (RTESPA-300-125; Bruker, tip radius:
125 nm, spring constant: 40 N/m). To ensure a consistent tip force, the deflection sensitivity
and spring constant were calibrated.

3. RESULTS AND DISCUSSION

Analyzing particles with different surface properties is a key step in the measurement
of single-particle adhesion force at the nanoscale resolution. Although most of the particles
have similar structures, their surface roughness and coating conditions tend to vary. Using
PF-QNM, it was possible to analyze individual particles with surface energy across a broad
range. The use of CIP particles that are commonly used in industries showed that it was
possible to investigate diverse sample conditions with different coatings and surface roughness.
The CIPs included HQ grade with a native oxide layer as well as silica- or insulate-coated
grades, which enable comparisons using the conventional sessile drop method as well as
other approaches. Additionally, particles with TEOS-modified surface functionalities and
roughness were fabricated in this study.

Fig. 1 illustrates the SEM top-view, AFM topography and phase images of the different
CIP grades with a varying particle size distribution, surface roughness, and coatings. In Fig.
1(a), and (b), after removing the native oxide layer of the HQ particles, they were coated
with silica to produce the TEOS particles with similar sizes and shapes [34, 35]. Consequently,
the TEOS particles coated with thin silica layers exhibited reduced surface roughness. The Ra
roughness values (calculated from the 1pmx1pum AFM topography image) for the HQ grade
were initially ~2.6 nm but decreased to ~2.2 nm for the TEOS particles. However, Fig. 1(c),
and (d) showing silica or insulated coatings presented higher surface roughness; these
rough and dotted surfaces resulted in Ra roughness values of 4.5, and 5.5 nm, respectively.

To measure the contact angles of the CIP particles with varying surface structures, the
sessile drop method was used as the conventional measurement method. However, significant
measurement errors were noted owing to time-dependent variations. The spreading rate of
the solvent droplet was influenced by the particle hydrophilicity, which created challenges
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in obtaining precise contact angle measurements. Furthermore, as the droplet size was
larger than the average particle size, there was additional complexity as the effects of both
the particles and substrate (acrylic glue used for fixation) could not be disregarded.

AFM Phase AFM Topography AFM Phase
3pmx 3 pm lpmx 1 pm Tpmx 1 pm

T
R T.v

Ra 2.6 nm 3 m _ S
¥ A S

TEOS

CcC

HQ-T |

Fig. 1 The SEM top-view, AFM tapping mode topography and corresponding phase
images show the particle distribution, surface structure and roughness of different
CIP grades: (a) HQ, (b) TEOS-modified, (c) CC, and (d) HQ-I

Fig. 2 shows the changes in the contact angles over time from 0 to 30 s. The HQ grade
particles showed relatively small reductions from 119° to 102°, while the CC and HQ-I grade
particles showed steeper reductions from 78° to 58° as well as 43° to 17° over a dwell time
of 30 s, respectively. These results represent the strong time dependency of the contact angle
measurements, which can decrease the accuracy of the particle surface energy measurements.
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Fig. 2 Macro contact angle variation of CIP grades according to time measured by using
the Kriiss drop shape analyzer

The need for precise nanoscale measurements and particle-specific analysis is
increasingly evident. The AFM PF-QNM mode offers a high-resolution method for
characterizing the mechanical and chemical surface properties at the nanoscale. PF-QNM
is an innovative AFM mode that uses low frequencies to periodically tap the peak force on
the wanted area of the sample, allowing real-time recording of force versus separation
curves. The peak force, representing the maximum vertical force applied to the sample
surface, is recorded. In PF-QNM mode, the software calculates the force between the AFM
tip and the sample surface based on feedback that reflects surface morphology and mechanical
properties, so the peak force remains constant.

Fig. 3 presents a schematic illustration of the nanoscopic contact angle (nCA) measurement
on micro-particles using AFM PF-QNM. The macroscopic wettability behavior is correlated
with adhesion force and can be evaluated using the PF-QNM mode to calculate the contact
angle and surface energy (SE) at the nanoscale. A variety of silane-modified silicon wafers
are utilized as references to determine the nCA and SE across a wide hydrophilic-hydrophobic
range. On these reference silane layers, the macroscopic contact angle and surface energy are
obtained through the sessile drop method, while the adhesion force on silanes was measured
using AFM to create the calibration curves (which will be explained later in the paper) with
linear fit equations:

nCA = —4.4-F,,, + 185.2 Q)

SE = 25 " Fadh - 23.4 (2)
where Fagn represents the adhesion force measured from the sample surface.

The types of silanes used, along with their corresponding macro contact angle, surface
energy, and adhesion force values, are listed in Table 2. Subsequently, the contact angle
and surface energy values of the microscale CIP particles are derived by comparing the
measured adhesion forces with those from the previously established calibration curve.
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Fig. 3 Schematic illustration of the process to evaluate the nano contact angle or surface
energy on micrometer sized CIP particle measured by the AFM PF-QNM technique

Table 2 Macro contact angles, surface energies, and adhesion forces of different alkyl
silane types as reference system for the calibration curve

Contact Surface energy Adhesion

Silane type angle [°] [MmN/m] force [nN]
Octyltrichlorosilane (OTS) 105 27 18
(3-Aminopropyl)triethoxysilan (APTES) 91 54 21
(3-Glycidyloxypropyl)trimethoxysilane (GPTMS) 77 42 25
Methoxy(polyethyleneoxy)propyl]triethoxysilane (PEGn-Si) 38 61 33

The high-resolution topological AFM images of the surface of individual CIP particles
are shown in Fig. 4. Variations in adhesion force are influenced by the surface structure,
roughness and chemical groups. The particulate surface structure of each CIP grade, as
shown in Fig. 4, was compared with the corresponding Fasn presented in Fig. 5, and the
data were appropriately analyzed for the nCA and for the SE calculations.

25
15

5
5

25
Fig. 4 AFM PF-QNM topography images on the surface of single CIP particle of different
grades: (a) HQ, (b) TEOS-modified, (c) CC, and (d) HQ-I

different grades: (a) HQ, (b) TEOS-madified, (c) CC, and (g) HQ-I
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Fig. 6 Calibration curves according to adhesion forces from the different alkyl silane
monolayers measured by AFM PF-QNM versus the (a) macro contact angle and
(b) surface energy measured with the Kriiss drop shape analyzer. (¢) Adhesion forces
measured on CIP surface versus the nano contact angle and surface energy calculated
from the calibration curve. (d) Comparison of the nano and macro contact angle of the
CIP grades measured with two different measuring systems — Kriss drop shape
Analyzer versus AFM PF-QNM

Using the calibration curve given by Egs. (1) and (2), the adhesion forces of the CIP
particles with varying surface conditions and roughness from Fig. 5 were used to calculate
the nCA and SE values, shown in Fig. 6(c) and (d). These results show high correlations
between the adhesion forces and conventional macroscopic methods. The hydrophilicity
of the silanes used for the calibration curves significantly influenced the Faan, which was
correlated with the nCA and SE (Figs. 6 (2) and (b)). The Fagn for single CIP particles were
substituted into the equations to calculate the nCA and SE values. Fig. 6 (c) presents the
nCA and SE values of single CIP particles with different surface conditions and roughness;
this shows that hydrophobic particles exhibit lower Fagn, consistent with their higher nCA.
Conversely, hydrophilic samples show higher Fagn, confirming that the Faan are inversely
proportional to nCA and directly proportional to SE. Fig. 6 (d) highlights the correlations
between the macro contact angle measured at 0.1 s and the nCA values, showing their
similarity. This indicates the potential applicability of the proposed method to similar types
of particles, as it confirms the time intervals suitable for conventional techniques that
evolve over time. Consequently, the proposed approach is anticipated to be extendable to
a wide range of particle types.
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The findings of this study demonstrate the feasibility of accurate nanoscale measurements
and possibility of in-situ analysis of single particles. This study focused on the surface
properties of single particles by assuming stable chemical structures. However, it also shows
the possibility of in-situ analysis of chemically unstable particles or surfaces for future
research endeavors.

4. CONCLUSIONS

In this study, the feasibility and effectiveness of using PF-QNM mode in AFM was
demonstrated for characterizing the surface energies of individual microscale particles,
specifically microscale CIPs. By overcoming the limitations of conventional methods such
as the sessile drop and Washburn adsorption methods, the PF-QNM mode offers a
nanoscale resolution approach to surface energy measurements. The results reveal that the
surface energies vary significantly depending on the surface modification and roughness
of the CIPs. These variations can directly influence the dispersibility of the particles in
composite materials, thereby affecting their mechanical properties and functionalities. The
correlations between adhesion force measurements and traditional contact angle methods
validate the reliability of the PF-QNM approach. Additionally, the high-resolution insights
provided by the proposed technique offer new possibilities for in-situ analyses of
chemically or structurally unstable particles, extending its applicability to a broader range
of materials and industries. The results of this study highlight the critical roles of interfacial
characteristics in determining the mechanical performances of composites and underscore
the value of advanced characterization techniques for optimizing the material properties.
Future research could focus on applying PF-QNM to various particle systems and studying
the potential for real-time monitoring of dynamic interfacial processes, including time-
dependent changes in surface energy during particle interactions or aging. This approach
deepens our understanding of time-dependent material behavior and allows for more
precise control of the manufacturing process for advanced composites.
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