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A B S T R A C T

This paper deals with the M300 high strength maraging steel fabricated via selective laser melting method.
Mechanical properties especially microhardness and compressive yield strength of maraging steel in as-printed
state were observed. The acquired data was implemented in Johnson-Cook constitutive equation used for
numeric simulation, which showed the satisfactory correlation with the observed experiment. Dynamic behav-
iour under high strain rate (impact velocity reached 185 m.s− 1) was investigated via Taylor Anvil Test. The
experiment revealed structure and geometrical changes accompanied with the creation of characteristic funnel-
like and cylindrical areas on the deformed sample. Impacted sample forehead featured the increase of micro-
hardness (465 HV) accompanied with structure changes. The structure in the funnel-like area exhibited the
decrease of average grain size, which reached the minimum (3.1 μm) in the vicinity of the impacted forehead.
Closer analysis revealed that the high strain rate caused the increase of high fraction high-angle grain boundaries
(50,8 %) and higher geometrically necessary dislocation density (52.77 1.m− 2) in the funnel-like area.

1. Introduction

Additive manufacturing (AM) is the process of creating a part based
on a digital model created via Computer Aided Design (CAD) software.
In AM, material is gradually added (layer by layer), while in machining,
material is gradually removed. The part is finally formed by sintering
individual layers of a defined thickness, which are stacked on top of each
other [1]. This technology enables production of complex shapes that
would not be possible to produce by conventional methods [2,3]. AM is
used and represented in several sectors such as the automotive and
aerospace industries. It could also find its application in healthcare and
fashion [4–6]. AM enables to manufacture various types of materials,
such as tool steel [7] stainless steel 15-5PH [8] and 316 L steel [9–11],
Inconel 718 [12–14], Ni alloy [15], Ti alloy [16,17] or Al alloy [18,19],
whose structure and mechanical properties can differ depending on the
printing parameters, strategies, heat treatment, etc. [20,21].

Generally, the behaviour of most materials under dynamic loading is
different than under static/quasi-static loading [22,23]. Machine com-
ponents such as gearboxes, crankshafts etc. are subjected to dynamic
loading decreasing their life. The use of dynamic tests provides a ma-
terial assessment, which helps to design new components. Dynamic tests
will obtain inputs into the material models, which can be used for

numeric simulation. The simulation provides real results, which can be
used in the design of machine components. The methods, which can be
used to evaluate dynamic properties of the material are the Split Hop-
kinson Pressure Bar (SHPB) method and the Taylor Anvil Test (TAT)
often performed to gain hardening behaviours of numerous alloys at
ultra-high strain [24]. TAT can also be used in reverse mode to evaluate
the response of the material to dynamic loading or can be used in bal-
listics tests [25]. Using the results of the dynamic properties in practice
could lead to a better, more accurate and faster design of a machine
component [26].

Many studies and articles focused on the investigation of the dy-
namic properties of materials. Rua et al. [27] studied composites with
epoxy resin polymer matrix. The microstructure of the test samples were
investigated using scanning electron microscopy. Dynamic tests of the
material were performed using the SHPB test, which provided stress-
strain curves for different strain rates. Lu and Li [28] investigated the
dynamic behaviour of polymers at high strain rates using the SHPB. The
experimentally measured dependence of stress on strain for different
strain rates is subsequently implemented into the dynamic constitutive
Johnson-Cook equation including the effect of strain rate and temper-
ature. Gilbertson [29] investigated the dynamic properties of wood
using the SHPB. The deformation of the sample was measured by strain
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gauge and digital image analysis. SHPB has been found to be a useful
tool for assessing the material properties of wood subjected to high
strain rates for short loading times. Chen et al. [30] investigated the
dynamic properties of specimens made from concrete. Testing was
performed using The SHPB for different loading angles and different
impact velocities. For lower impact velocities, the stress-strain curve
featured a similar course to quasi-static loading, in which the initial
crack occurs in the centre of the specimen and propagates outward.
Impact velocity has a significant role in terms of local stress distribution
in the sample. Kang et al. [31] compared the dynamic properties of shale
and granite. Dynamic properties were evaluated using SHPB. They
found that dynamic loading reduced the impact strength. Renliang et al.
[32] investigated the dynamic behaviour of sandstone via the SHPB. The
temperature of the samples was maintained at − 15 ◦C during the
experiment. The test results revealed that when the average strain rate
was low, the sample strength changed gradually but when it was high,
its strength changed rapidly. Li, Xu, Chen et al. [33] investigated the
dynamic properties of coal samples subjected to different impact ve-
locities. They observed an obvious strain rate effect on the dynamic
strength of specimens, which exhibited cracks under defined impacted
angle, affecting stress concentration in specimens and changed their
dynamic behaviour.

High demands on the high-series production of such components,
which are typically manufactured from Fe material by automatic
sequential machines, which can produce components at strain rates up
to 103 s− 1. To ensure successful industrial production the mapping of
dynamic behaviour of the used material is critical. Liu et al. [34] used
SHPB for the investigation of U71Mn steel (used for rails) the dynamic
properties over a wide range of strain rates and temperatures. Johnson-
Cook models were determined regarding this material based on the
experimental data. Jopek [35] investigated the dynamic behaviour of
TRISTAL low carbon steel using the TAT. The experiment was performed
on a device in the laboratory of high deformation rates at the Faculty of
Mechanical Engineering in Brno. The LS DYNA program was used to
simulate the mechanical behaviour of TRISTAL steel under dynamic
loading. Kuncicka et al. [36] showed the results of the important pa-
rameters implemented in Johnson-Cook constitutive equation of TRIS-
TAL steel. Numeric simulation confirmed a satisfactory correlation with
experimentally observed data.

The study of dynamic behaviour of materials produced by the 3D
printing method have been addressed by several studies. Zhang et al.
[37] investigated the dynamic properties of 3D-printed ceramics. Due to
different structures of AM part compared to traditionally manufactured
the differences in dynamic behaviour was observed. Sharma et al. [38]
investigated the effect of printing parameters on the dynamic behaviour
of polyamide samples produced by the selective laser melting (SLM)
method. Storage modulus increases as the laser power, bed temperature
and scan length increased while it decreased with the increase in the
scan spacing. Mansour et al. [39] investigated the dynamic properties of
PLA material samples produced via FDM technology. A few samples
were reinforced with graphene and subsequently subjected to dynamic
tests. The results showed that the incorporation of graphene improved
the elastic modulus, strength, and hardness of the 3D printed samples.
Studies [40,41] investigated the dynamic behaviour of Ti-6Al-4 V
samples fabricated by AM. The results obtained through numeric
simulation showed a linear relationship with experimentally obtained
results. Dynamic-mechanical properties of AM AlSi10Mg aluminium
alloy were investigated via SHPB to gain stress-strain curves. Differences
in the dynamic properties of this alloy produced with different material
orientations accompanied with anisotropic properties were observed
[42–44]. A series of TATs were performed on additively (by SLM) and
conventionally manufactured 316 L stainless steel samples. A difference
in dynamic properties was observed between vertical, horizontal (SLM)
and conventionally manufactured specimens [45,46]. Researchers
[47,48] tested AM as-built maraging steel specimens, which were sub-
jected to dynamic loadings to investigate the dynamic behaviour,

deformation mechanisms, microstructural and texture evolution via
SHPB. Results showed, as-built samples exhibited fracture at the strain
rate of 3500 s− 1.

Maraging steel produced by AM is not perfectly known in regard of
the dynamic behaviour. Not many existing studies were focused on
dynamic investigation of M300 maraging steel fabricated via SLM. The
aim of this study is to analyse the dynamic behaviour of M300 maraging
steel via Taylor anvil test. Mechanical properties especially compressive
yield strength and microhardness in as-printed state were evaluated to
gain the information about the material model, which is implemented
into the Johnson-Cook constitutive equation and subsequently used for
numeric simulation. The Real experiment is accompanied with the
following analysis revealing a severe structure change. Crystallographic
texture, average grain size, high angle grain boundaries and geometri-
cally necessary dislocation density are described in detail.

2. Experimental procedure

Metal powder of the M300 maraging steel was used to produce the
samples. Four various types of samples, which were used for different
types of analysis were fabricated (types of samples are listed in Table 1).
Furthermore, the chemical composition of as-printed sample (type 1)
was determined using the Q4 TASMAN (Bruker, Rudice, Czech Repub-
lic) device. The gained chemical composition of this sample (presented
in Table 2) complied with the virgin chemical composition of powder
provided by the producer. Cylindrical samples for testing were fabri-
cated using the RENISHAW RenAM 500E (RENISHAW, New Mills, UK)
3D printer. Meander Hatching Patten strategy with 67◦ rotation after
each layer was used for fabrication of the samples (see Fig. 1a). The
strategy provides sufficient melting process, which exhibits low porosity
and formation of a favourable structure [49]. Sample porosity (type 2)
was evaluated by optical microscope Olympus DSX500, which was used
to scan the surface of the sample. The building direction (BD) was
directed to the Z axis (vertical direction). Process parameters used for
fabrication are listed in Table 3. The eq. (1) [50,51] was used for the
calculation of the energy density, which was set during the building
process.

E =
P
vht

(1)

where E is laser energy density (J.mm− 3), P is laser power (W), v is
scanning speed (mm.s− 1), h is hatch spacing (mm) and t is layer thick-
ness (mm).

Microhardness of the samples (type 3) was measured in as-printed
state. Microhardness measurement was performed in two various di-
rections i.e. horizontal and vertical, using load of 200 g and dwell time
10s. To gain the compressive yield strength, necessary machining
operation was carried out. Both faces of the sample were not perfectly
flat after fabrication (there was a support on the first face and the second
face was not flat). Post process face turning brought favourable surface
quality on both faces. Subsequently the samples were placed into a
special fixture, which was used to compressive test and were pressed at
the constant speed 10 mm.min− 1 at the room temperature 22 ◦C ± 1.
Machine with an EDC 60 (Brno, Czech Republic) control unit was used
for compressive loading. For data acquisition the TIRAtest v.2.1 soft-
ware was used. Stress–logarithmic strain curves were determined from
acquired data.

Table 1
Types of different samples used for different type of analysis.

Type Analysis state amount [− ]

1 Chemical composition as-fabricated 1
2 Porosity evaluation as-fabricated 1
3 Testing of mechanical properties as-fabricated 8
4 Dynamic testing as-fabricated 1

S. Kolomy et al.



Journal of Manufacturing Processes 125 (2024) 283–294

285

Test of dynamic behaviour via TAT took place in the laboratory of
high strain rates at the Faculty of Mechanical Engineering BUT in Brno.
The device used for testing of the dynamic properties is shown in Fig. 2a.
The sample (type 4) together with the carrier (see Fig. 2b) is placed in
the air vessel from where the sample was fired towards the fixed bar.
Imminently the sample was separated from the carrier, the impact ve-
locity was measured. The impact velocity reached max. Value of 185 m.
s− 1 in this experiment. Fig. 2c shows initial dimensions of the sample

used for dynamic testing, where L0 is the length of the sample and D1 and
D2 are diameters on both sample faces. Fig. 2d represents material model
with the key parameters (Lf = final length, X = length of non-deformed
area, L = length of deformed area, D1 = diameter of non-deformed
cylindrical area, Dmax = max. Diameter after deformation) subse-
quently integrated in the numeric simulation.

Detailed structure observation of sample after TAT, which was pre-
pared by puck casting and automatically polished and etched by 2 %
nital solution was examined. Microhardness of deformed sample was
measured in YZ plane (see Fig. 1b) along and perpendicular to sample
axis (see Fig. 1c). The structure was observed in the YZ plane using the
Olympus DSX500 (Olympus, Prag, Czech Republic) light microscope
and the KEYENCE VHX-F (KEYENCE, Mechelen, Belgium) digital mi-
croscope. Tescan Lyra 3 XMU FEG/SEMxFIB (Tescan, Brno, Czech Re-
public) with Symmetry EBSD detector was used for detailed study of the
microstructure. The scan step for the EBSD (electron-backscatter)
scanning was 0.15 μm.

Numerical simulation of TAT was realised using software ANSYS
Explicit dynamic (Ansys Inc., Canonsburg, Pennsylvania, USA). Hexag-
onal mesh was applied to evaluate the sample after TAT via finite
element method (FEM). Close to 270 thousand elements with 308
thousand nodes were implemented for the detail definition, with no
applied re-meshing. The starting temperature was set as 22 ◦C. The TAT
numerical simulation was carried out using Johnson-Cook (J–C) eq. (2).
Each parameter from the equation was determined experimentally and
compared to parameters acquired by the numeric simulation.

σ = (σ0 +Bφn) •

⎛

⎝1+C ln
φ̇
φ̇0

⎞

⎠ • (1 − T*m) (2)

where σ0 is static flow stress, B is work hardening coefficient, φ̇ is strain
rate, n is work hardening exponent, C is strain rate sensitivity, m is the
thermal softening coefficient, and T* is homological temperature
defined in the range 0 < T* < 1 by eq. (3)

T* =
T − T0
Tm − T0

(3)

where T0 is the reference temperature (at static flow stress σ0 = σ), and
Tm is the melting temperature.

3. Results and discussions

The process of 3D printing is based on the concept of placing each
layer by layer until the whole part is fabricated. Direct printed surface is
depicted in Fig. 3. Fig. 3a shows the front view of the as-printed sample
where the hatching paths are clearly visible. Distance between each path
is approximately equal to 0.095 mm (hatch spacing). Fig. 3b shows the
side view of the printed sample. This surface featured a non-sufficient
surface quality after printing. The cover layer of printed samples con-
tains plenty of micropores and voids, which can negatively affect dy-
namic and mechanical properties [52]. Therefore, it is needed to
machine surfaces, which are considered to be functional.

AM technology especially SLM can produce nearly fully dense and
high-performance parts of a very complex shape [53]. The combination
of implemented process parameters could affect the forming structure
and the porosity [54]. Pores, cavities, or voids could appear due to the
protecting gas, which is entrapped during the sintering process [55,56].
Structure, which reports lower porosity would feature higher fatigue
resistance and mechanical properties [57]. Porosity was examined on

Table 2
Chemical composition of tested sample.

Element Ni Co Mo Ti Si Mn C P Fe

Q4 TASMAN [Wt%] 18.38 8.84 4.67 0.71 0.01 0.04 0.02 0.02 66.40

Fig. 1. (a) Meander Hatching Patten 67◦ rotation after each layer and (b) Cross-
section plane depicted in the sample subjected to TAT and (c) lines 1–3 used for
microhardness measurement and places I-III in YZ plane used for structure
observation.

Table 3
Process parameters used for fabrication of the samples.

Energy
density [J/
mm3]

Laser
power [W]

Scanning speed
[mm/s]

Laser
thickness
[mm]

Hatch
spacing
[mm]

133 410 810 0.04 0.095

Fig. 2. (a) Device used for testing of dynamic properties via TAT, (b) assemble
contains of sample and carrier and material model (c) before deformation (d)
after deformation.
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the sample (type 2 mentioned in Table 1), which was fabricated with
identical process parameters. Porosity was evaluated in horizontal (see
Fig. 4a) and vertical direction (see Fig. 4b). Three individual planes in
each direction (perpendicular and parallel to BD) were chosen. The
planes were situated on top, in middle height and in the bottom of the
sample. These planes were separately scanned on optical microscope
Olympus DSX500. Porosity of the sample is calculated as average value
from each single evaluated plane (see Table 4). Fig. 4 shows the micro
and macro pores, which are situated dominantly in cover layer of the
sample. In case of removal the cover layer (0.4 mm from surface) the
global porosity would decrease dramatically. The porosity was also
evaluated without considering the cover layer, which brought the sig-
nificant reduction of porosity.

3.1. Mechanical properties

The as-printed samples (type 3 corresponding to Table 1) were used
for the microhardness evaluation. Four individual samples were
measured to determine microhardness in horizontal (perpendicular to
BD) and vertical (parallel to BD) directions, which is depicted in Fig. 5.
The middle height plane was used to measure microhardness in

horizontal direction due to the expectations of the highest porosity
connected with lower microhardness [58]. The resulting values of
microhardness are given as the average values calculated from 12 in-
dentations in each direction. Average microhardness in horizontal and
vertical direction featured to 411 HV and 410 HV respectively. It could
be concluded; the microhardness is independent on its measuring
direction.

Both faces of as-printed samples (type 3) were not perfectly flat after
fabrication. The first face of the sample featured a building support, and
the second face did not exhibit with an appropriate surface quality. Face
turning provided a favourable surface quality, which ensured the suffi-
cient conditions for compressive testing. The compressive stress – log-
arithmic strain curves of the examined samples are shown in Fig. 6. The
different compression stroke was applied, which varied for each sample:
sample 1 featured the 6 mm stroke, sample 2 was exposed to 7 mm
compression stroke, sample 3 and sample 4 were exposed to 8 mm and 9
mm compression stroke. Due to the various compression stroke the
imposed logarithmic strain was different for each sample. The average

Fig. 3. Surface quality in as-printed state: (a) front view on SLM piece and (b) side view.

Fig. 4. Light optical microscopy (LOM) images show porosity (cross-section in
middle height) in (a, b) horizontal direction and (c, d) vertical direction, (a–d)
corresponds to sample type 2 according to Table 1.

Table 4
Evaluated porosity of the sample in horizontal a vertical direction.

SAMPLE Type 2 Porosity in horizontal
direction [%]

Porosity in vertical direction
[%]

Section 1 2 3 1 2 3

Unbounded area 0.161 0.180 0.170 0.160 0.150 0.190
Bounded area 0.022 0.025 0.031 0.025 0.023 0.029

Fig. 5. Microhardness of four different samples in as-printed state. Micro-
hardness is given in horizontal and vertical direction.
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compressive yield strength calculated from all samples featured 1177 ±

5 MPa. Additive manufactured part should withstand the higher
dynamical load the higher mechanical properties, the part exhibited
[59]. The final dimensions (final height, maximal and minimal diam-
eter) of compressed samples were imputed into numeric simulation to
perform dynamic behaviour.

3.2. Dynamic testing

Dynamic behaviour of the sample (type 4) was examined using the
TAT device. Dimensions of tested sample in undeformed state were
measured and subsequently used for final evaluation as well as the di-
mensions after deformation. Utilisation of acquired parameters led to
evaluation of dynamic behaviour via FEM. Impact velocity was 185 m.
s− 1, which inflicted uniform plastic deformation depicted in Fig. 7.
Deformed sample can be divided in two characteristic areas i.e., funnel-
like, and cylindrical area. The first area was exposed to high strain rate,
which led in creation of the funnel-like area, corresponding to severe
plastic deformation. The creation of funnel-like area instead of barrel (in
case of compressive test) proved that the sample was exposed to high
strain rate (dynamic loading) and was not influenced by the friction. The
second area was defined as undeformed cylinder with the initial diam-
eter. The fact, that any macro cracks were observed, can be attributed to
low impact velocity. Higher impact velocity can cause destruction of the
sample due to cracks initiation [29]. The next factor, which can affect
deformation could be impurity, voids, pores etc., contained in cover
layer, which can lead to crack initiation and rapid destruction of the

sample [60].
The sample after high strain rate was observed via scanning electron

microscopy (SEM). SEM was used to detail scan of areas containing
defects on the impacted region of the sample, which is depicted in Fig. 8.
The uniform plastic deformation of the sample forehead (depicted in
Fig. 8a) contained a huge number of traces equally spread in whole area.
Fig. 8b showing the detail area containing visible impurities marked in
yellow circle within this area. In addition, they can serve as a stress
concentrator, from which cracks can initiate during the mechanical as
well as dynamic loading. The deformed surface contained plenty of
cracks formed after the frontal impact. Close detail of crack is presented
in Fig. 8c. Each crack is formed in main direction with several secondary
micro scratches perpendicular to main crack.

3.3. Numerical simulation

The choice of the constitutive equation was based on several re-
quirements involving the physical nature of the event. The J–C equation
includes five parameters, where two parameters, i.e. the static flow
stress and the hardening coefficient, were obtained from compressive
test. The acquired results from compressive test showed that the
compressive yield strength are in the range 1150 MPa to 1204 MPa. The
value 1204MPa was set in J–C constitutive equation, which was used for
the TAT numeric simulation.

Fig. 9a shows the dependences between the errors (percentage dif-
ferences between the experiment and the simulation in the observed
areas) on the strain rate sensitivity. These curves were evaluated from
the sample, which featured the 185 m.s− 1 impact speed. The percentage
differences were observed in the areas of maximum sample diameter
Dmax and final length Lf. The average error reached a minimum value at
C = 0.138. When the strain rate coefficient increase/decrease the de-
viation would increase. After the optimization of the strain rate sensi-
tivity parameter C, the softening exponent m was also optimized. TAT
experiments were also performed at elevated temperatures, specifically
for a measured surface impact temperature of 175 ◦C, where the heated
sample was accelerated towards the bar's face. At the bar's face, the
surface temperature of the sample was recorded with a non-contact
temperature meter. By comparing the contour of the sample, namely
the maximum sample diameter Dmax and the final length Lf of the sample
after the experiment and optimizing Dmax and Lf of the sample in the
numerical simulation given the recorded surface impact temperature,
the softening exponent m was optimized. The results of the softening
exponent optimization can be seen in Fig. 9b.

The dependence of deformation strain on the logarithmic deforma-
tion was obtained (see Fig. 10) by substituting individual parameters
into the constitutive equation according to J–C. The curves were plotted
for different strain rates, i.e., 0.02, 1200, 3000 s− 1. The curve acquired
by compressive test (represented by the yellow line) was also included.
The observed deviation between yellow and blue lines (compressive test
and J–C equation) featured the minimal deviation. The parameters

Fig. 6. Compressive stress – logarithmic strain curves of all the examined
samples in as-built conditions, the sample placed in fixture and is also included.

Fig. 7. Sample subjected to TAT: (a) front view of the impacted forehead of the sample, (b) side view presenting funnel-like and cylindrical area of the sample.
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corresponding to J–C equation, which were finally obtained by numeric
simulation are shown in Table 5. The results for the effective strain, the
actual strain in individual axis is depicted in Fig. 11a-d. Fig. 11a shows
the distribution of XY strain components throughout the tested sample
after TAT, which exhibited the highest deformation at impacted fore-
head. Numerically predicted distributions of the stress is depicted in

Fig. 8. SEM images of the deformed TAT sample forehead imposed to high strain rate: (a) front view of the sample, (b) area of interest, (c) detail of micro crack.

Fig. 9. Dependence of the deviation on the strain rate sensitivity (a) and dependence of the deviation on the softening exponent m (b).

Fig. 10. Dependence of deformation strain on the logarithmic deformation.

Table 5
Numerically obtained parameters of J–C constitutive equation.

σ0 [MPa] B [− ] n [− ] C [− ] m [− ]

1104 1099 0.449 0.138 0.46

Fig. 11. Numerically predicted distributions of strain in XY (a), distribution of
stress (b), YY strain (c) and XX strain (d).

S. Kolomy et al.
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Fig. 11b whereas Fig. 11c predicts the distribution of YY strain within
tested sample, which reached maximum in vicinity of the centre.
Fig. 11d predicts distribution of XX strain in the TAT tested sample.

3.4. Microhardness evaluation

Microhardness in deformed state after TAT was evaluated in vertical
(YZ plane is depicted Fig. 1b) direction. The microhardness (according
to Vickers HV 0.2) was evaluated in three individual measurements
(lines 1–3 corresponding to Fig. 1c) in longitudinal and transverse di-
rection. Microhardness in line 1 (depicted in Fig. 12a) was measured
along the sample axis. A total of 193 individual indentions in 0.1 mm
were performed in this line. The course of the microhardness corre-
sponds with the contour (depicted in Fig. 12a) of deformed sample. The
microhardness copies the course of the contour, which reached the
highest observed value (465 HV) in the vicinity of the impacted sample
forehead due to severe plastic deformation noticed in this region. This is
an increase of 13,1 % within this area, compared to the sample in as-
printed state. The course shows that the microhardness decreased with
the increasing distance, which is probably caused due to factors corre-
sponding with average grain size, high angle grain boundaries and
dislocation density. These factors were affected by severe plastic
deformation (described in Section 3.5). The evaluated microhardness
oscillated within cylindrical area (increased and decreased) according to
the place, where the microhardness was measured. The structure (closer
view is described in following chapter) of the as-built samples featured
melting pool structure with two distinct regions, which corresponds to
different etching contrast (see Fig. 12A2). Darker areas presenting a
tempered martensite region, which alternate with brighter areas corre-
sponding to less extensive tempering [61]. SEM image (see Fig. 12A1)
revealed a presence of fine secondary carbides within tempered area.
The microhardness measurements confirmed the lower microhardness
of the darker areas (T = Tempered = 393 ± 5 HV 0.2), then brighter

areas of less tempered martensite (Q = Quench = 420 ± 5 HV 0.2),
which can be considered as quickly quenched region. Other current
work [62] discussed the fact that as each subsequent layer is deposited,
the temperature increases due to heat transfer from the solidifying layer
towards to the previously deposited layer. The increase of temperature
may cause the tempering process in neighbouring layers (i.e., intrinsic
tempering during the SLM process). Based on acquired data, the cylin-
drical area of as-deformed sample can be considered to have the same
microhardness as the sample in as-printed state. In other words, the
strain rate influenced the microhardness only in impacted funnel-like
area of the sample, as well as the cylindrical area within the sample
exhibited no significant changes.

Microhardness in line 2 and 3 (see Fig. 12b) was measured perpen-
dicular to the sample axis. Total of 33 and 26 individual indentions in
distance of 0.2 mm were performed in these lines, where line 2 presents
higher average value (459 ± 8 HV) of microhardness than line 3 (409 ±

7 HV). This is an increase of 12.2 % corresponding with geometrical and
structure changes affected by severe plastic deformation, lower average
grain size and high fraction of high-angle grain boundaries (HAGB,
described in following chapter in detail). Considering the course of the
values in each line, acquired data resulted higher dispersion in line 3
corresponding to different measured region (tempered and quench). The
dispersion in line 2 was diminished due the overwhelming effect of
lower average grain size, high fraction HAGB and dislocation density.

3.5. Structure observation

Fig. 13 shows a light optical microscopy image taken from the
sample subjected to dynamic testing via TAT. The images represent the
longitudinal cross-section in YZ plane. The structure in the cylindrical
area of the sample shows (see Fig. 13a) visible scanning paths and
characteristic melt pool structure typically created by the sintering
process. The structure features semi-elliptical grains crystallizing in the
solidifying layer, which have their longer axis perpendicular to the laser
beam. The deposited layer is covered with the following scanning path
creating the overlapped areas. This type of observed structure is typical
for cross-section made parrallel to the building direction. SLM process
causes a nonuniformal cooling rate, which is slower inside the melt pool
than at the boundary resulting in a different crystallization rates and
undesirable segregation inside the melting pools [63]. This segregation
can affect mechanical properties of pieces produced via SLM. Due to
lower set layer thickness (40 μm), it can be predicted that individual
layers could be remelted several times. The remelting process can cause
partial annealing of the already deposited layer resulting in nonhomo-
geneous mechanical properties. Structure in funnel-like area of the
sample is depicted in Fig. 13b. Deformation under strain rate entailed in
a change of structure. The shape of a melt pools exhibited longer main
axis and shorter secondary axis compared to pools in cylindrical area
resulting in change of mechanical properties.

EBSD Orientation image maps (OIMs) (depicted in Fig. 14) were
constructed on images captured at 1000× magnification represent lon-
gitudinal (YZ plane) cross-section of the sample subjected to dynamic
test via TAT. The grains are shown in the maps, using colours (red, green
and blue) relating to their individual orientations along the three prin-
cipal crystal directions i.e., 〈001〉, 〈101〉, and 〈111〉, according to Miller
indices (the legend triangle is depicted in each figure). These orientation
maps are presented on each area I-III corresponding to Fig. 1c. The grain
orientations in each area were observed parallel to the building direc-
tion i.e., the longitudinal images (YZ plane) were evaluated parallel to
the x axis (|| x).

Grain structure in the cylindrical area (depicted in Fig. 14a) featured
mostly an irregular shape within this area I and exhibited no tendency to
form in certain orientation. Grain structure depicted in Fig. 14d and g
present clusters of fine equiaxed grain and few elongated grains, which
can be seen legibly. Considering the OIM and orientation together, it
appears that the elongated grains form perpendicular to the sample axis.

Fig. 12. Dependence of Vickers microhardness on distance in YZ plane: (a)
measured microhardness in line 1, (A1) presence of fine secondary carbides,
(A2) two different regions i.e., tempered, and quenched structure, (b) measured
microhardness in line 2 a 3.
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Fig. 14d describes elongated grains in the centre of the sample, which
feature a tendency to form the<101>||z preferential orientation as well
as the area at the boundary of the sample (see Fig. 14g) exhibits the same
tendency. Such clusters of fine equiaxed grains appear in vicinity of the
impacted forehead, where the applied stress reached the maximum
value. The lower impacted stress (correlate with numeric simulation) on
the edge of deformed region of the sample resulted in a lower number of
such clusters of fine grains. Prasad et al. [64] observed creation of the
cluster of fine grains in areas which were subjected to the remelting
process of successive layers.

The average grain size in all areas was examined (examination was
carried out in YZ plane considering the areas I-III, see OIMs images
depicted in Fig. 14a, d, g) using grain ferret diameter (defined as a
maximum distance between two points within a single grain). In each
area I-III the average grain size slightly varied, but the highest observed
difference was among areas I and II corresponding to cylindrical and
funnel-like region, respectively. Average max. Grain feret diameter in
area I (cylindrical shape of the sample, which was not significantly
affected with strain rate) was evaluated as 10.2 μm (the examined grain
size in area I is depicted in Fig. 14b). Area II and III exhibited a structure
change compared to area I. Due to strain rate a significant grain
refinement was observed within areas II and III (each area II and III was
chosen in funnel-like area of the sample). The average grain size
decreased to 3.1 μm and 3.6 μm (see Fig. 14e and h) in area II and III
respectively. This is an almost three times finer structure compared to
area I (the cylindrical part of the sample).

The crystallographic texture in areas I, II, and III was studied
considering the inverse pole figures (IPFs) of YZ plane. IPFs captured in
area I (see Fig. 14c) featured a dominant orientation, which is formed to
〈111〉|| z. The crystallographic texture of the as-built sample can be
affected by the energy density deposited during sintering process
[65–67]. Fig. 14f and i showing characteristic IPFs for areas II and III
situated in the funnel-like area of impacted forehead. Considering the
IPFs of deformed region in area II, it is evident that the prevalent crystal
orientation along the build direction was formed to <001>|| x orien-
tation as well as in area III. The crystallographic texture in these areas is
related rather to the impact deformation than to the sintering process.
The HAGB fraction (analysis based on OIM images, threshold for a high-
angle grain boundary considered to be 15) in cylindrical area I exhibited
30.6 %, which was the lowest observed fraction. The observed HAGB
exhibited no significant difference in areas II and III (examined HAGB in
both areas were 50.8 % and 48.2 % respectively). It is evident that after
severe plastic deformation the increase of HAGB in funnel-like area of
the sample was observed. However, the highest HAGB fraction was
observed in the centre of the impacted forehead.

Fig. 15 shows geometrically necessary dislocation (GND) density

maps estimated from the EBSD orientation data corresponding to area I-
III. GNDs have been mapped in field 100 × 100 μm around grain
boundaries affected by strain rate. Black pixels in each map are corre-
sponding to non-indexed regions. Colour-scale, which is presented in
each map illustrates the estimated amount of dislocation density
(number of dislocations/m2) contained within each measured pixel on
the map. Fig. 15a presents acquired GND in area I, which corresponding
to the lowest value of 11.25 probably due to the insufficient macroscopic
stress level. The minimumGND density is in the centre of the grains with
high GND accumulation in the vicinity of the grain boundaries. Grains,
which showed a strong tendency to form in <101>||z preferential
orientation exhibited a low GND density on these slip systems. The GND
shows the highest level 52.77 in the centre of funnel-like area II (see
Fig. 15b) corresponding to the highest number of high-angle grain
boundaries, the lowest average grain size and to the highest observed
microhardness. Fig. 15c depicts area III, where the GND decreased as
well as average grain size increased compared to area II. The severe
plastic deformation featured a dominant effect in the centre of the
funnel-like area of the deformed sample due to creation of structure with
the lowest average grain size, highest fraction of HAGB and GND
density.

Based on obtained data, the microstructure and geometrical changes
were influenced by high impact velocity accompanied with high strain
rate. Most affected region (considering structure and geometrical shape)
was the funnel-like area in the vicinity of impacted forehead of the
sample. However, the cylindrical area I featured very similar micro-
hardness compared to as-printed samples. The increase of microhard-
ness in the funnel-like area was probably influenced by several factors:
average grain size, number of dislocations and HAGB fraction. The
applied impact velocity resulted in severe plastic deformation, which
mainly affected the region of the deformed forehead. The average grain
size decreased due to a creation of the cluster of fine grains in the vi-
cinity of the centre sample axis. The creation of such clusters of fine
grains was accompanied with forming of dislocations presented domi-
nantly on grain boundaries. The area II close to sample axis exhibited the
highest HAGB fraction, which decrease with increasing distance from
the sample axis. These factors perfectly correlate with numeric simula-
tion, which confirmed the highest observed stress in the centre area II of
the sample decreasing towards area III. Mapping of the dynamic
behaviour will obtain a significant data, which can be used in numeric
simulations. The acquired data from compressive testing were imple-
mented in Johnson-Cook equation used for numeric simulation. Thanks
to the J-C equation new dynamically loaded components can be
designed faster and more accurate (based on numeric simulation).
Appropriate part surface quality is expected to increase resistance to
dynamic cyclic loading as well as the final porosity of the component.

Fig. 13. Light optical microscopy (LOM) images of areas (a) I, (b) II presented in Fig. 1c.
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Fig. 14. OIMs of the sample subjected to dynamic test via TAT in YZ plane (a) area I, (b) max. Feret diameter in area I, (c) IPFs in area I, (d) area II, (e) max. Feret
diameter in area II, (f) IPFs in area II, (g) OIMs in area III, (h) max. Feret diameter in area III, (i) IPFs in area III.
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SLM process can provide parts with low porosity concentrating pre-
dominantly in cover layer. By applying post-process machining the
higher surface quality corresponding with lower final porosity can be
achieved. Both surface quality and porosity influence component life
because any pores or microcracks situated on the component surface can
initiate a crack, which very often leads to the parts destruction (espe-
cially when the part is exposed to cyclic load). The effects of post process
machining (cutting speed, feed rate, type of cooling etc.) on surface
quality and final porosity of additively manufacture pieces would be the
focus of our following study.

4. Conclusion

In this paper, the dynamic behaviour of M300 high strength mar-
aging steel produced by SLM via Taylor anvil test was investigated. The
impact velocity of the tested sample was set to 185 m.s− 1, which caused
the creation of characteristic funnel-like and cylindrical areas on the
sample subjected to TAT. The most important conclusions revealed by
the study can be described as follows:

Microhardness measured in the funnel-like area increased to 465 HV
as well as the microhardness in the cylindrical area (410 HV) was not
affected with high strain rate. The increase of microhardness was
affected mainly with the following factors. The average grain size in the
funnel-like area decreased from 10.2 to 3.1 μm in the centre of the
impacted forehead of the sample. The funnel-like area featured the
highest HAGB fraction, which increased from 30.6 % to 50.8 % within
this area. Geometrically necessary dislocation density within the funnel-
like area reached the maximum value (52.77 × 10^14 1/m2) on the
grain's boundaries observed in the centre of the tested specimen. The
structure changes were influenced by the severe plastic deformation,
was imparted by high impact velocity.

The study of mechanical properties in as-printed state helped to gain
important parameters presented in Johnson-Cook equation, which was
implemented in the numerical simulation of TAT process. The results
confirmed a favourable model showing the highest observed stress in the
centre of funnel-like area, which corresponded with acquired results
based on structure analysis and microhardness measurement.
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High Cycle Fatigue Behaviour of 316L Stainless Steel Produced via Selective Laser
Melting Method and Post Processed by Hot Rotary Swaging. online. Materials.
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1769–1780. ISSN 0268–3768. Dostupné z: doi:https://doi.org/10.1007/s00170-01
9-03545-0. [cit. 2022-05-03].

[14] Wan, H.Y.; Zhou, Z.J.; Li, C.P.; Chen, G.F. and Zhang, G.P.. Effect of scanning
strategy on grain structure and crystallographic texture of Inconel 718 processed
by selective laser melting. online. J Mater Sci Technol. 2018, roč. 34, č. 10, s.
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.2021.061. [cit. 2022-05-04].
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https://doi.org/10.3390/ma14174821. [cit. 2022-05-04].

[37] Zhang, Xueqin; Zhang, Keqiang; Zhang, Bin; Li, Ying and He, Rujie. Quasi-static
and dynamic mechanical properties of additively manufactured Al2O3 ceramic
lattice structures: effects of structural configuration. online. Virtual Phys Prototyp.
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roč. 61, č. 12, s. 4657–4668. ISSN 1359–6454. Dostupné z: doi:https://doi.org/10.
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