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Abstract: Atomic force microscopy (AFM) belongs to the high-resolution surface morphology in-
vestigation methods. Since it can, in many cases, be applied in air, samples can more easily be
inspected than by a scanning electron microscope (SEM). In addition, several special modes exist
which enable examination of the mechanical and other physical parameters of the specimen, such
as friction, adhesion between tip and sample, elastic modulus, etc. In tapping mode, e.g., phase
imaging can be used to qualitatively distinguish between different materials on the surface. This is
especially interesting for polymers, for which the evaluation by energy-dispersive X-ray spectroscopy
(EDS) is mostly irrelevant. Here we give an overview of phase imaging experiments on different
filaments used for 3D printing by fused deposition modeling (FDM). Furthermore, the acrylonitrile
butadiene styrene (ABS), especially different poly(lactide acids) (PLAs) with special features, such as
thermochromic or photochromic properties, are investigated and compared with SEM images.

Keywords: atomic force microscopy (AFM); acrylonitrile butadiene styrene (ABS); poly(lactic acid) (PLA);
fused deposition modeling (FDM); additive manufacturing; polymer blends

1. Introduction

Atomic force microscopy (AFM) was developed in 1986 and has rapidly been de-
veloped further since, with new cantilevers, measuring modes and other improvements
making faster and more exact measurements possible [1,2]. With AFM, single atoms can be
depicted on perfectly flat surfaces, while measurements on biological samples still reach
resolutions around 1 nm [3]. While other imaging methods, such as scanning electron
microscopy (SEM) or transmission electron microscopy (TEM), reach similar resolutions,
the AFM has the advantage of also enabling investigation of different mechanical and
other physical properties of the sample surface. This is based on the AFM measurement
principle in which a cantilever with a tip at its end is used to mechanically detect the sample
surface [4]. The tip can have a radius typically around 1-20 nm and can either be moved
along the sample surface (contact mode) or oscillate with the cantilever (tapping mode).
For tips that are not further functionalized, very small forces around 10~ and 1077 N
work on the tip [4]. The distance between the tip and sample surface is, for most modes,
in the range of 0.1-10 nm. In the tapping mode, the oscillating cantilever can experience
long-range attractive and short-range repulsive forces [5], which may increase or even
delete the contrast and resolution, making it necessary to carefully choose the vibration
amplitude in order to optimize these values [6-8].

This is not only valid for topography measurements but also for phase imaging which
is often used in tapping mode. The phase, as well as the amplitude of the cantilever oscil-
lation, highlight edges and, in this way, often show sharper images than the topography
image [9]. On the other hand, the phase is additionally dependent on sample hardness, the
elasticity of the surface and the adhesion between the sample surface and tip, allowing for
differentiating between different materials at the surface by comparing which features are
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visible only in the phase, not in the topography [10]. It should be mentioned that for a quan-
titative evaluation, AFM can be combined with nanoscale infrared spectroscopy [11], while
the AFM phase imaging mode enables qualitative differentiation between different phases.

This is especially interesting when polymer blends are developed, e.g., in the form
of filaments for fused deposition modeling (FDM) or as photocurable resins for stere-
olithography (SLA). Generally, polymer blends can be used to optimize mechanical or
other properties of polymers by combining different polymers, each of which adds its
own advantages to the final blend [12-14]. Here we show AFM phase imaging results
of different FDM printed layers, from acrylonitrile butadiene styrene (ABS) as a polymer
with well-known phase separation to different poly(lactic acid) (PLA) blends containing
thermochromic or photochromic materials and compare them with SEM images to evaluate
which information can be received from both methods. Recently, only very few reports
of AFM phase image investigations of 3D printed polymer blends are available in the
literature, suggesting more investigations of such material blends [15-17].

2. Materials and Methods

As an example, for the differences between topography, amplitude and phase im-
ages, a polymer blend from polystyrene (PS) and a poly(styrene-butadiene-styrene) block-
copolymer (SBS) is chosen, which is available in a toluene solution from Nanosurf (Liestal,
Switzerland) and was dropped on a mica slide and is known to separate into two im-
miscible phases during evaporation of the solvent. The PS/SBS blend serves as a typical
example of a blend in which the two phases are known to be well differentiable in AFM
phase imaging.

One of the 3D printing filaments used in this study consists of ABS (Filamentworld,
Neu-Ulm, Germany). ABS belongs to the high-impact composite materials which contain
a particulate rubber (polybutadiene) phase in a polymer matrix (styrene-acrylonitrile
copolymer, SAN), where the embedded rubber phase transfers the polymer into a ductile
thermoplastic material [18]. Depending on the preparation process, different shapes and
dimensions around 0.1-1.5 um of the embedded rubber particles in the matrix can be
expected [18].

Besides ABS, the following FDM printing filaments were investigated: HT-PLA (high-
temperature poly(lactic acid)) (Filamentworld), PLA “UV” (photochromic filament from
esun, Shenzhen, China), PLA “temp” (thermochromic filament from esun), PLA “color-
change” (thermochromic filament “Z3D” from Zaper, Berlin, Germany) and PLA “sunlight
change” (photochromic filament from TopZeal, China).

3D printing was performed with the FDM printer Orcabot XXL (Prodim, The Nether-
lands), nozzle diameter 0.4 mm, printing temperatures 215 °C (HT-PLA) or 210 °C (all other
PLA samples), as well as with a CR-10 V2(Creality, Shenzhen, China), nozzle diameter
0.4 mm and printing temperature 230 °C (ABS).

AFM measurements were performed by a FlexAFM Axiom (Nanosurf) in tapping
mode, using Tap190Al g cantilevers. The standard settings are setpoint 55%, P-gain 550,
I-gain 1000, D-gain 100 and vibration amplitude 2 V.

Additional investigations of the material surfaces were performed by scanning electron
microscopy (SEM, FEI XL30 ESEM, Philips, Amsterdam, The Netherlands) at a voltage of
13 kV after sputtering the samples with palladium.

The chemical investigation of the materials was performed by a Fourier-transform
infrared (FTIR) spectrometer Excalibur 3100 (Varian Inc., Palo Alto, CA, USA) in attenuated
total reflection mode (ATR-FTIR) in the wavenumber range from 4000-700 cm~!.

3. Results and Discussion

Firstly, Figure 1 depicts images of the PS-SBS blend taken with a relatively low
magnification. According to the literature, the isles can be assumed to show the SBS phase,
while PS establishes the matrix [19]. As mentioned before, the different polymers can only
be distinguished qualitatively, not quantitatively, by the phase image (Figure 1c), meaning
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that it is not generally possible to evaluate a special mechanical property from the phase
difference since the phase is based on a large amount of different physical properties. Some
papers report that the darker phase areas (i.e., the smaller or more negative phase) show
the softer material [20-22], while other studies show the opposite [10,23,24]. Here, SBS is a
thermoplastic elastomer which is softer than the surrounding brittle PS matrix, so here the
darker (smaller) phase corresponds to the harder material. It should be mentioned that the
amplitude image (Figure 1b) highlights the edges so that this image looks much sharper
than the topography image (Figure 1a), while real height differences are only visible in the
topography image. Furthermore, especially the amplitude image shows some shadowing
due to the scanning direction (from left to right), which is opposed in the image with an
opposite scanning direction (not shown here); the minimum and maximum amplitudes
and frequencies, however, are identical for both scanning directions.

Figure 1. Atomic force microscopy (AFM) images of a polystyrene/styrene-butadiene-styrene block-
copolymer (PS/SBS) blend: (a) topography (height range 1.4 um); (b) amplitude; (c) phase image
(phase range 137°).

Interestingly, there are also PS residues in the SBS isles visible at higher magnification,
as Figure 2 shows. Here, the topography differences (Figure 2a) are much lower, while the
phase image (Figure 2c) again shows clear differences, and the amplitude image (Figure 2b)
shows a sharper image of the isles-in-isle distribution.

(b) (0)

Figure 2. AFM images of a polystyrene/styrene-butadiene-styrene block-copolymer (PS/SBS) blend
with higher resolution: (a) topography (height range 1.0 um); (b) amplitude; (c) phase image (phase
range 55° without the black area which was not correctly measured).

After this general test of the phase imaging technique, ABS was investigated as another
sample whose composition is known. The results are depicted in Figure 3, here taken with
an edge length of 1 um, i.e., a higher resolution than in the previous images. While the
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very small height differences (the height range in Figure 3a is only 16 nm) are not very well
visible, and the amplitude (Figure 3b) correspondingly does not show clear differences
between isles and matrix, either, the amplitude again shows a strong contrast (here with a
phase range of 90°), enabling distinguishing between two different polymers. As described
in Section 2, ABS consists of a soft, rubbery polybutadiene phase embedded in a harder
SAN matrix. Here again, the softer isles have the higher (brighter) phase. Nevertheless, as
mentioned before, this correlation cannot be taken for granted for the next evaluations.

Figure 3. AFM images of a 3D printed acrylonitrile butadiene styrene (ABS) surface: (a) topography
(height range 16 nm); (b) amplitude; (c) phase image (phase range 90°).

Next, the different PLA samples are investigated. To get an idea of their chemical
composition, the results of the FTIR measurements are depicted in Figure 4. Generally,
the following peaks can be expected for PLA: 2995 cm~! (asymmetric -CHj stretching
vibration), 2946 cm ! (symmetric -CHj stretching vibration), 1746 cm~ ! (C=0 stretching
vibration), 1452 cm ! (asymmetric -CHj3 bending vibration), 1361 cm ™! (symmetric -CH3
bending vibration) and 1080 cm ™! (C-O stretching vibration) [25-28]. While these peaks
can be identified in Figure 4, no other peaks are visible, indicating a specific thermochromic
or photochromic filler. No differences between the HT-PLA and the PLA blends are visible,
indicating that other investigation methods are necessary to get an idea about the material
blends used in this study.

PLA TopZeal

o

- PLA Z3D W

PLA "UV"

r PLA "temp" W
[ HT-PLA W

4000 3500 3000 2500 2000 1500 1000
Wave number (cm™)

Transmittance (arb. units)

Figure 4. Fourier transform infrared spectroscopy (FTIR) measurements of the different PLA filaments
used in this study. The graphs are vertically shifted for clarity.
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AFM images of the HT-PLA samples are depicted in Figure 5. In addition, the deep
crack on the left side of the display window, no strong differences in the amplitude or
phase images are visible. The phase image does not show any details that are not visible in
the other two images, suggesting a homogeneous polymer surface.

Figure 5. AFM images of a 3D printed HT-PLA surface: (a) topography (height range 0.7 pm);
(b) amplitude; (c) phase image (phase range 12° without the crack).

In the SEM image depicted in Figure 6, a rough structure with fine lines in a “vertical”
direction is visible. The lines are oriented along the printing direction. Comparing this
image with Figure 5, the crack visible in Figure 5a may be identical to these fine lines;
however, SEM investigations with higher resolution were not performed since the effect of
printing on the surface structure is not in the focus of this study.

Mag: 1000x
21.04.2022 HV: 13 kV WD: 9.9 mm

Figure 6. Scanning electron microscopy (SEM) image of HT-PLA.

To get an idea of the surface of the photochromic and thermochromic PLA materials,
Figure 7 depicts SEM images of PLA “temp” and PLA “UV” as two examples of these
filled PLA materials. For PLA “UV”, a relatively rough surface is visible (Figure 7a),
which can be attributed to the printing process. The surface of the PLA “temp” here
looks smoother (Figure 7b), but averaging over several SEM images, both materials have
smoother and more fractioned positions. Interestingly, an inspection of the fracture surface
(Figure 7c) of PLA “temp” reveals holes of diameters of several micrometers in which
original microcapsules are located [29]. This is also visible for fracture surfaces of PLA
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“UV” [30]. However, no hints for different polymer phases are visible here, so that the SEM
images suggest the material consists of thermochromic or photochromic microcapsules in
pure PLA.

Mag: 2000x
21.04.2022 HV: 13KV WD: 9.4 mm

Mag: 1000x
HV: 13KV WD: 10 mm

Mag: 2000x
21.04.2022 HV: 13KV WD: 9.9 mm

(b)

Figure 7. SEM images of 3D printed materials: (a) surface of PLA “UV”; (b) surface of PLA “temp”;
() fractured surface of PLA “temp”.

To investigate whether this interpretation is correct, AFM images of PLA “temp” are
shown in Figure 8. It should be mentioned that the large microcapsules are not easily
investigated by a contact method, such as AFM; thus, only the smooth printed surface was
examined and not a fractured surface.

s
E-
3
b 7
>

-y

(b)

Figure 8. AFM images of a 3D printed PLA “temp” surface: (a) topography (height range 154 nm);
(b) amplitude; (c) phase image (phase range 16°).

Generally, the phase image interpretation of such an irregular surface is more compli-
cated than for the previously shown flat surfaces (Figures 1-3). Nevertheless, comparing
the phase image (Figure 8c) and amplitude image (Figure 8b) shows that there are no
features exclusively visible in the phase image, indicating that no second polymer is visible
here, i.e., that the thermochromic properties are reached by the microcapsules.

Unexpectedly, this is different for the filament PLA “UV” from the same producer, as
shown in Figure 9. Here, strong phase differences are visible (Figure 9¢), indicating either a
polymer blend or an undesired contamination of the printed surface. Due to this finding,
more AFM images were taken on both PLA “UV” and PLA “temp” (20 measurements per
material with different image sizes from 2.5 pm to 50 pm). Outside the area depicted in
Figure 9, no hints at a second phase were visible; all phase images looked similar to the
one depicted in Figure 10c, while the surface topographies and the amplitudes also looked
similar to Figure 8 (cf. Figure 10a,b). This more detailed examination suggests that although
the printing nozzle was cleaned with cleaning filament when the filament material was
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changed, contamination is visible in Figure 9, and the thermochromic/photochromic effects
of these two filaments are reached by the microcapsules depicted in Figure 7c.

(b)

Figure 9. AFM images of a 3D printed PLA “UV” surface: (a) topography (height range 1.2 pum);
(b) amplitude; (c) phase image (phase range 77°).

(b)

Figure 10. AFM images of a 3D printed PLA “UV” surface, taken at another position: (a) topography
(height range 265 nm); (b) amplitude; (c) phase image (phase range 26°).

Next, the thermochromic filament Z3D is investigated by AFM. As Figure 11 shows,
the surface structure looks different from the previous thermochromic and photochromic
filaments, as visible in the topography (Figure 11a) and amplitude (Figure 11b). More
interestingly, the phase image (Figure 11c) shows a clear phase separation. This finding
was verified at 20 different sample positions to exclude the possibility that erroneous
contamination was measured.

The large area of the second phase, verified by the other AFM images, is nevertheless
unexpected since no second material was visible in the FTIR measurements (Figure 4),
and the material should consist of PLA only, according to the material specifications
from the producer. One possible explanation for this finding is that the phases visi-
ble in Figure 11c do not consist of two different polymers but of PLA with inorganic
particles—which are usually not visible in the FTIR wavelength range used here—and
without them. Suzukietal. suggested using VO,-coated SiO, nanoparticles in a PLA
matrix to prepare a thermochromic nano composite and showed that the FTIR graphs
depicted only PLA features [30]. Generally, such VO, /polymer nanocomposites are often
used as nano thermochromic materials [31-33]. It can thus be assumed that VO, or similar



Technologies 2023, 11, 56

8of 11

thermochromic nanoparticles [34] may be partly embedded in the PLA matrix of this mate-
rial and show a slightly inhomogeneous distribution on the small scales investigated here,
which does not translate into macroscopic inhomogeneities.

Figure 11. AFM images of a 3D printed Z3D surface: (a) topography (height range 174 nm);
(b) amplitude; (c) phase image (phase range 77°).

Finally, the photochromic filament from TopZeal is investigated. The results are
depicted in Figure 12. Here again, two phases seem to be visible in the phase image
(Figure 12c), although with much lower phase contrast than in the thermochromic Z3D
sample (Figure 11c), while the surface topographies and amplitudes look quite similar. One
of the typical photochromic nanomaterials is WO3; which can be embedded in polymers
and does not modify their FTIR spectra in the usually examined wavelength range [35,36].

Figure 12. AFM images of a 3D printed TopZeal surface: (a) topography (height range 216 nm);
(b) amplitude; (c) phase image (phase range 43°).

As these examples show, AFM phase imaging is a simple method to identify different
polymer phases qualitatively, while additional techniques, such as X-ray photoelectron
spectroscopy (XPS), Raman microscopy or infrared spectroscopy, are necessary to fully
identify the different polymers [37-39]. Nevertheless, the general question of whether a
material consists of a pure polymer or of a blend from two or more immiscible polymers
can be answered by AFM phase imaging.



Technologies 2023, 11, 56

9o0f 11

References

4. Conclusions and Outlook

FDM printed samples from ABS and filled /blended PLA as well as a PS/SBS blend
were investigated by AFM phase imaging. While the PS/SBS blend shows a very high
phase contrast of up to 137° between the SBS isles and the PS matrix, the 3D printed
ABS sample had a clear phase contrast of 90° between the polybutadiene isles and the
surrounding SAN matrix. HT-PLA had a very low phase contrast of only 12°, indicating a
homogeneous polymer.

In two of the thermochromic/photochromic PLA filaments, relatively low phase
contrasts of 16° and 26° were found, respectively, apparently resulting from the surface
roughness visible in the topography images and the amplitude too. In these samples,
SEM investigations found microcapsules which are apparently solely responsible for the
color changes.

The other thermochromic and photochromic PLA filaments, however, showed higher
phase contrasts of 43° and 77°, which were not correlated with surface roughness and
allowed for identifying two different phases. Comparison with the FTIR results suggests
that here inorganic nanoparticles are introduced in one of the phases, which are responsible
for the color change effect.

This investigation shows that AFM phase imaging is a simple but powerful method to
analyze whether a polymer is homogeneous or contains two or more phases.

In the future, comparing AFM phase images with Raman microscope images is
planned for a large amount of polymer blends to enable a quantitative evaluation of the
different phases and correspondingly figuring out why harder/softer phases are sometimes
visible as darker, sometimes as brighter areas, i.e., show larger or smaller phase angles,
and in which way other mechanical parameters of the polymers influence the phase angle.
Ideally, for this purpose, a reference with a well-known phase angle should be defined so
that not only blends but also pure polymers can be investigated to build up a large database
on which the analysis regarding different mechanical properties can be performed.
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