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Abstract: Article presents a comparison of surface structure study methods, such as atomic force
microscopy, scanning and transition electron microscopy in terms of metallic materials 3D-printed
using the laser powder bed fusion technique. The main features, advantages, disadvantages of
atomic force microscopy as a research method for the LPBF synthesized samples are discussed in
the context of hard magnetic material, specifically Nd-Fe-B. The ability to provide qualitative grain
structure analysis with the high-resolution images of atomic force microscopy is comprehensively
studied. For confirmation good applicability of the above-mentioned method for LPBF sample
analysis images of a magnetic domain structure obtained via atomic force microscopy are presented.
Thus, the applicability of atomic force microscopy to the quality microstructural investigation of
metallic materials obtained by LPBF is demonstrated.

Keywords: laser powder bed fusion; selective laser melting; atomic force microscopy; analytical
methods; microstructure; microscopy

1. Introduction

Laser powder bed fusion (LPBF) is one of the most common methods for metal
additive manufacturing (MAM) [1,2]. Fine powder material is used as the initial material.
The 3D-sample synthesis is carried out layer-by-layer according to a 3D CAD model
under high-power laser irradiation. A laser spot scans each layer of the powder bed
according to the CAD model and forms a volumetric 3D object. Preheating of the powder
is not essential in most cases of LPBF synthesis. Under the laser impact, the molten pool
quickly (order of 102–103 mm/s) moves through the layer, and the dimensions of the
pool are about 100 µm [3,4]. As the result a high temperature gradients are formed in
the vicinity of a molten pool, which, in turn, leads to rapid solidification (cooling rate
104–106 K/s) [5,6]. High rate of crystallization of the material usually leads to fine grain
structure, nonequilibrium state, meta-stable phase formation, etc. [7–9].

A wide range of metal matrix composites (MMC) are adopted to be synthesized via the
LPBF method with the addition of various micro- and nano-sized reinforcing phases, which
remain solid during melting and spread in the synthesized structure as inclusions [10–12].
LPBF is utilized for various high-tech applications in aerospace and automotive indus-
tries [13–16]. The ability to rapidly and easily promote customization of each item along
with high accuracy of the method has made LPBF indispensable for specific biomedical
applications [17–19]. For a further increase in the LPBF resolution, the so-called micro LPBF
approach was developed, which combines the usage of a finer initial powder (<10 µm), as
well as a reduction in the laser beam diameter (usually ~20 µm) and in the layer thickness
(<10 µm) [20]. This combination of printing parameters allows improving the resolution of
the printing track from ~200 to 100 µm, which makes it possible to produce specific devices,
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for example, stents for anatomic vessels [21,22], microfluidic devices [23], etc. [24]. The
accuracy of the printing along with its control are of great importance in these cases.

Based on the above mentioned, a thorough microstructure and surface analysis is of
high importance in case of LPBF synthesis. There are a large variety of common analytical
methods for these purposes. First of all, optical microscopy (OM) is usually used for
printing quality control, i.e., for the study of polished cross sections of the investigated
material [25]. The defects in the synthesis (pores, cracks, voids, etc.) can be easily defined
by OM [26]. Scanning electron microscopy (SEM) is also a widely used method to study
the microstructure of materials, including ones synthesized via LPBF [27–29]. The high
resolution and the relatively simple preparation of the samples makes the SEM method
convenient for a wide range of material sciences research. Moreover, SEM machines
are often equipped with energy-dispersive X-ray spectroscopy (EDS) and/or electron
backscatter diffraction (EBSD), which allows significantly expand SEM facilities. EDS
method provides thorough investigations of the chemical composition at specific points or
within a certain area set by operator [29]. EBSD analysis gives comprehensive information
about the grain structure of the investigated material including crystal lattice orientation of
each grain, high-angle and low-angle grain boundaries, texture, etc. [28,30,31]. While EDS
analysis is simple to operate, EBSD is much more complicated time-consuming method,
which requires a highly-qualified operator. Generally, high price of SEM equipment could
limits its utilization in everyday analytical practice.

Transmission electron microscopy (TEM) is also a widely used method for detailed
analysis with a high resolution. TEM allows investigating nano-scale objects as well [27].
Electron diffraction patterns can be applied for certain small regions for crystal structure
analysis, which is a unique advantage of the TEM method [31]. Complicated sample prepa-
ration, high requirements for operator skills and competencies, limited sample dimensions,
and high cost of TEM equipment are main disadvantages of the method.

One more analytical method, which is rarely used to investigate density, shape dis-
tortion, and volumetric distribution of pores and voids, is tomography [32]. It is a non-
destructive method realizing in various types, such as X-ray tomography, ultrasound
tomography, electron tomography, etc. Nevertheless, X-ray-type tomography is the most
suitable and applicable method for metallic material investigations. The 3D image of
a metallic object with details of its inner structure can be obtained with relatively high
resolution (depending on the equipment), which makes this approach useful and attractive
method to control LPBF materials and complex volumetric structures (like cells, gyroids,
foams, etc.), their porosity, and their shape deviations. Moreover, X-ray tomography al-
lows receiving information about the phase distribution, deformation, crack formation,
propagation during failure, etc.

Atomic force microscopy (AFM) is one of the analytical methods possessing high
resolution and various operating modes, which provides comprehensive microstructural
studies along with the ability to obtain the surface profile [33]. AFM is a type of scanning
probe microscopy, which operates as follows: a small cantilever with sharp tip scans the
surface of the investigated sample, while a laser beam falls on it. The laser beam is reflected
from the cantilever and detected by a photodiode. The movement of the cantilever over
the surface leads to its hesitation and bending, which changes the amount of the laser
light detected by the photodiode. It permits the measurement of the profile height along
the line with high accuracy, and the reiteration of the measurement along the adjacent
trajectories gives the 2D and/or 3D image of the studied surface area. The AFM method is
widely used in biophysics [34], and it has advantages and disadvantages; however, it is
rarely mentioned in the literature as being applied to 3D-printed metallic materials. This
study is an attempt to analyze the applicability of the AFM method for different tasks of
LPBF materials investigation taking into account the main features and advantages of the
AFM methodology.
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2. Materials and Methods

An intermetallic Nd-Pr-Fe-Co-Ti-Zr-B material with stoichiometry close to Nd2Fe14B
was chosen as a convenient model material to show the wide possibilities of AFM analysis.
Specifically, MQP-S-11-9-20001 [35] magnetic powder with spherical particles was used to
synthesize volumetric 3D samples by means of the LPBF technique. A detailed analysis of
the powder was performed in a previous study [36], including the morphology, flowability,
particle size distribution, and elemental and phase composition analyses. An Addsol D50
(Moscow, Russia) 3D printing machine equipped with a 400 W power ytterbium fiber laser
(IPG Photonics, Oxford, MA, USA) of 1064 nm wavelength and a 80 µm laser spot size was
used for LPBF synthesis. Cubic samples with a size of 5 mm × 5 mm × 5 mm were printed
using a double exposure scanning strategy, as described in [36] (sample 2.16).

Images of the surface morphology were obtained via AFM analysis using a SMENA-A
scanning probe microscope (Solver platform, ZAO NT-MDT, Russia). Standard HA_NC
ETALON silicon cantilevers with resonant frequencies from 110 to 235 kHz and NSG
03 frequencies of 300–400 kHz were utilized. To identify the shape and size of the grain
structure of the synthesized 3D samples, the surface was etched with a 5% solution of HCl
in alcohol. Magnetic force microscopy (MFM) was conducted on the smoothing of the areas
of the sample’s surface using MFM01 cantilevers with 70–110 kHz frequencies and a 40 nm
curvature radius. The AFM studies were carried out in semi-contact mode using the phase
contrast method. NOVA software was used to process the images.

SEM images of the sample surface were taken using TESCAN Vega 3 (Brno, Czech
Republic) equipment in back-scattering electron mode with 5000× magnification.

3. Results

The Nd-Fe-B material is based on a brittle intermetallic phase with poor processability
via LPBF, which leads to low density in the as-built state in view of cracks, pores, and
voids. In addition, the high cooling rates (~105–107 K/s) inherent in the LPBF predetermine
the ultrafine grain structure of the material, including nano-sized grains and sub-grains,
what is a complicated task using ordinary analytical equipment such as SEM [37]. The
formation of nano-sized grains in Nd-Fe-B material after LPBF was also shown by Kim
et al. [38]. AFM analysis is appropriate for this purpose due to its higher resolution and
other advantages including its easy sample preparation. The Nd-Fe-B material was chosen
as a suitable one to show the capabilities and limitations of AFM analysis applied to a
LPBF substance. Figure 1a represents the microstructure of a 3D sample after etching, and
the area of 6 µm × 6 µm was scanned. The fine grain structure is clearly visible, and the
average grain size was estimated as ~100 nm. It should be noted that the grain size analysis
via AFM can be considered as reliable based on the previous studies, which are in good
agreement with the results obtained via AFM and X-ray diffraction [39,40]. In addition,
AFM allows visualization of the height profile of the surface along the chosen line (see
Figure 1b), giving additional information about the surface morphology and microstructure
features, which is generally impossible to demonstrate using SEM and/or TEM methods.

AFM, in comparison with SEM facilities, possesses higher resolution up to the atomic
level [41]. The maximum SEM resolution is close to AFM; however, SEM is more expensive
equipment, and it is not always easily accessible to users. In comparison to AFM, an SEM
image of the same surface is presented in Figure 2. A 5000× magnification was set, which
gives a 40 µm × 40 µm area. However, even for the higher magnification of SEM images,
a significant increase in detailing would not be achieved for the specific high-resolution
mode of SEM, which was used here. No grain structure can be discerned, since the average
size of the structural element was smaller than the resolution. This example shows that
the main advantage of the AFM method compared to the SEM is the better resolution of
the microstructure of the LPBF materials, since most of them have a fine grain structure
because of the high cooling range inherent in this synthesis approach.
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Moreover, the AFM image shown in Figure 1 did not represent the maximum reso-
lution of the AFM. A square area with an 800 nm edge was scanned via AFM, and it is
depicted in Figure 3a. Small grains are clearly visible; however, the used magnification is
close to the limit since the edges of the elements are not sharp. A further magnification
increase will not give any significant improvement in structural detail. Thus, it can be
concluded that the AFM method opens the possibility to investigate fine structures with
grain size up to ~10 nm and larger. The resolution depends on the specific equipment and
other factors (generally, the resolution of AFM reaches 1 nm); however, the mentioned
approximate value could be taken into account for structural investigations in the case of
working with average equipment. It should be noted that this resolution is suitable for
most cases of LPBF material analysis, since high cooling rates during the LPBF process are
still lower than that for rapid quenching/melt spinning, which often leads to nano-sized
grain formation (less than 10 nm) and even amorphization. The disadvantage of AFM
compared to SEM is the small scanning field size, which makes the method unsuitable for
observation of structural defects like pores and cracks.
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Figure 4. AFM (a) and MFM (b) images of the same region of the Nd-Fe-B sample on a not-etched 
surface. 

Figure 3. High resolution AFM image (a) and MFM image of the same area (b).

AFM resolution is comparable with TEM analysis, which works on a near-atomic
level. However, AFM has a few essential advantages. The AFM method is much easier
to perform due to easier sample preparation (only the flat surface of the sample and
etching are needed). In addition, it is much more affordable and requires less-experienced
staff to operate. Thus, AFM can be a good replacement for TEM analysis when mostly
surface morphology and grain structure analysis are needed without demand to thoroughly
investigate the microstructure and phase composition.

Taking into account the microstructure anisotropy of 3D-printed materials synthesized
via LPBF, the simplicity of the sample preparation for AFM analysis becomes significant.
In most cases, both the XY and XZ cross sections of a printed sample should be studied.
For AFM, only polishing/cutting and etching are needed, and it could be conducted on
one cubic sample. For TEM, where thin foil is explored, and analysis can be executed only
in one plane, more samples are needed to provide full data.

Another feature of AFM should be noted: magnetic cantilevers allow scanning a
picture of the magnetic forces’ distribution over a surface (see Figure 3b for example),
which is essential in the case of magnetic materials study. It is not a common task in the
context of LPBF, however, the 3D-printing of magnetic materials and permanent magnets is
now a scientific focus [36,42,43]. Thus, this feature can be crucial for some specific research.
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The comparison of AFM and MFM analysis, in particular, makes it is easy to control the
magnetic state of grains (single- or multidomain). An interesting case of structural analysis
is presented in Figure 4. Figure 4a shows an area of a not-etched surface, where no grain
structure is visible, while Figure 4b is the MFM picture of the same area. Different regions
with finer domains and boundary regions with larger domains are clearly visible, thus
giving an approximate picture of the grain structure and melt pool boundaries of the
magnetic material after LPBF without etching of its surface.
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Summarizing the above discussion, the most significant advantages and disadvantages
of AFM analysis are given in Table 1 in comparison with SEM and TEM. Another advantage
of AFM, which should be noticed, is a tabletop size of the equipment, which does not
require inert gas and/or a vacuum to operate. As a result of this, AFM equipment is
more affordable than any SEM or especially TEM. The only issue concerns the frequent
cantilever replacement, which is the main consumable and has a relatively high cost. It
should be noted that the discussion and conclusions are given in terms of its application for
3D-printed metallic materials via the LPBF method. Other materials science fields for these
analytical methods could imply other specific tasks, and other features of each microscopic
method may be indispensable. Additionally, SEM extensions should be noted, such as EDS
and EBSD, which expand the scope of SEM application significantly allowing investigation
of the chemical composition and crystallographic orientation of grains in the scanned area.

Table 1. Advantages and disadvantages of the AFM, SEM, and TEM methods applied to the mi-
crostructure analysis of LPBF metallic materials.

Characteristic AFM SEM TEM

Advantages

- High resolution
- Easy sample preparation
- Ability to investigate

magnetic domain structure
- Small size and affordable

equipment

- Easy sample preparation
- Ability to investigate

chemical composition
(+EDX)

- High resolution
- Ability to investigate phase

composition (+XPS)

Disadvantages

- Expensive consumables
(cantilevers)

- Impossibility of
investigating chemical and
phase composition

- Relatively low resolution
- Expensive and large

equipment

- Expensive and large
equipment

- Difficult sample preparation
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4. Conclusions

The comprehensive research and given examples show the promise of using the
AFM technique for LPBF material microstructure investigations. The high resolution, easy
sample preparation, low price, and size of the equipment make the AFM investigation
process facile and fast, all of which are among the main advantages of the method. It
enables observing the grain structure of the metallic material after 3D-printing in the grain
size range from ~10 nm. For some specific research tasks, MFM analysis is essential. The
impossibility of carrying out chemical and phase composition analysis is an undeniable
limitation of the AFM method; however, in many practical cases there is no need for this
research. Thus, it was shown that the AFM analytical method can be used more often than
it is now in the metal additive manufacturing industry, especially in small laboratories and
enterprises due to the affordable equipment of atomic force microscopy compared to SEM
and TEM.
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