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ABSTRACT

The present study reports on the identification of an adequate process window for
electron beam powder bed fusion (E-PBF) of AlISI 4140 steel. For characterization,
only miniature samples were used. It is clearly revealed that, for comparison and
evaluation of different conditions, the use of such small samples is absolutely
sufficient, even under fatigue loading. The initial E-PBF as-built condition is
compared with conventionally heat-treated conditions (i.e., normalized as well as
quenched and tempered). Based on the results obtained, the advantages of E-PBF
in comparison to other additive manufacturing routes, such as laser powder bed
fusion (L-PBF), are discussed. In E-PBF, a very ductile material behavior results
from the prevailing process conditions. Furthermore, an as-built condition almost
free of residual stresses is established by E-PBF. Microstructural as well as fracture
surface analyses were conducted and further supported by three-dimensional
defect characterization applying X-ray computed tomography. It was found that
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the microstructural appearance of the as-built condition is affected most severely
by the relatively sluggish cooling after the uppermost layer is finished. Thus, many
issues related to L-PBF processing of carbon steels such as AISI 4140 do not
prevail in E-PBF. The results obtained by mechanical testing clearly reveal that the
remaining process-related volume defects can be compensated to a certain extent
in the ductile as-built state. Consequently, the non-heat-treated, as-built condition
is characterized by fatigue properties similar to those of post-treated AISI 4140.
The latter, however, is characterized by superior strength under monotonic loading.

Keywords
electron beam melting, additive manufacturing, microstructure, heat treatment,
mechanical performance, structural integrity

Introduction

In recent years, powder bed-based additive manufacturing (AM) processes such as
electron beam powder bed fusion (E-PBF), also referred to as PBF-EB/M or electron
beam melting (EBM), have attracted significant attention."? In numerous industrial
fields, E-PBF is already widely established.™* Zadi-Maad, Rohib, and Irawan® pub-
lished an overview focusing on technically relevant alloys (e.g., AISI 316L) that can
already be robustly produced using different AM processes. However, up to now,
the E-PBF community focused mainly on titanium alloys.®™®

In comparison to competing additive manufacturing processes, such as laser
powder bed fusion (L-PBF or PBE-LB/M), also referred to as selective laser melting
(SLM),” E-PBF has numerous advantages due to the high deflection speed of the
electron beam, the characteristic vacuum conditions, as well as the high powder bed
temperatures realized by preheating of each material layer.'” In particular, preheat-
ing of each powder layer leads to a relatively slow cooling rate of the manufactured
samples, eventually allowing reliable processing of high-carbon steels as well as brit-
tle and highly reactive materials.'"' Moreover, high thermal gradients resulting from
large temperature differences between the processed part and the powder layer can
be avoided and, thus, detrimental residual stresses can be minimized. Thus, powder
preheating seems to be particularly important for quenched and tempered steels. In
this regard, E-PBF can be compared with a microwelding process, where a carbon-
dependent preheating temperature level often is required.'?

From an industrial point of view, interest in AM of quenched and tempered steels,
such as the AISI 4140, is steadily increasing due to the wide range of potential applica-
tions as well as its inherent cost efficiency and tailorable mechanical properties set by
adequate post treatments.'>'* E-PBF seems to be well suited for robust processing of
such alloys. However, due to the unavoidable presence of at least a minor number of
process-induced defects, such as porosity, lack of fusion, or cracking, data reporting
on the resulting fatigue properties is crucially needed to assess the manufacturability
of safe and reliable structures via E-PBE.">'® In particular, a deep understanding of the
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elementary mechanisms being promoted by cyclic loading is crucial as mechanisms
can differ considerably from quasistatic loading conditions."”

The research questions addressed by the present work include two main
aspects: Are the microstructural and mechanical properties of AISI 4140 following
E-PBF processing sufficient for the envisaged robust industrial applications? Can a
thorough evaluation of such properties be conducted based only on miniature
samples?

Material and Methods

AISI 4140 samples were processed using nitrogen atomized powder with a particle
size distribution ranging from 54 pm to 108 um and a nominal chemical composi-
tion of (in wt.%): 0.41% carbon (C), 0.36% silicon (Si), 0.79% manganese (Mn),
1.1% chromium (Cr), 0.22% molybdenum (Mo), and the balance iron (Fe). Cuboid
blocks with dimensions of 10 mm by 10 mm by 50 mm were built using an E-PBF
system (Arcam EBM Model A2X). A substrate plate with dimensions of 150 mm by
150 mm by 10 mm was used and heated to 920°C with a dwell time of 30 min. For
the entire manufacturing process, a layer thickness of 50 um was applied. ARCAM
auto functions were enabled. The surface contour of the cuboid blocks was proc-
essed at a volume energy density, in the following referred to as volume energy, of
45 J/mm’. A schematic temperature-time profile representative of the process as
well as the scanning strategy employed will be shown later in the results and
discussion.

The as-built condition was subjected to different well-established heat treat-
ments, that is, normalization as well as two quenching and tempering routes (QT'1
and QT2). In the case of normalization, the samples were heat treated at 850°C for
20 min followed by air cooling to room temperature. The quenched and tempered
conditions were austenitized for 20 min at a temperature level of 850°C and after-
ward quenched in oil. Based on an expected martensite finish temperature of
120°C, the temperature of the oil bath was set to 90°C. Oil quenching was followed
by air cooling in order to ensure a complete martensitic transformation, and to
avoid pronounced sample distortion and hardening cracks.'® Subsequently, the
hardened samples were tempered for 60 min at 350°C (QT1) and 600°C (QT2),
respectively.

In addition to optical microscopy and hardness measurements (HV) for char-
acterization of the different conditions, microstructural and fracture analyses
were conducted using a Zeiss Ultra Plus scanning electron microscope (SEM) oper-
ated at an acceleration voltage of 20kV. The SEM used was equipped with an
electron backscatter diffraction (EBSD) unit. Furthermore, a Zeiss Xradia 520 Versa
p-computed tomography (p-CT) system was employed. Measurements were carried
out using an acceleration voltage of 80kV and a power of 7 W. The evaluation of
the p-CT data was carried out using Avizo 9.4.0 software (Thermo Scientific).
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Due to the miniature sample geometries employed in present work, tests did
not exactly follow an approved test standard. All relevant details for these tests are
given as follows: Uniaxial tensile tests were conducted at room temperature using a
screw-driven MTS Criterion load frame equipped with a 20 kN load cell. The tests
were performed under displacement control with a constant crosshead speed of
2 mm/min. Furthermore, an MTS miniature extensometer with a gauge length of
5mm was directly attached to the surface of the samples. In each material condi-
tion, three samples were tested.

Cyclic tests were conducted at predefined stress amplitudes at ambient temper-
ature. A Schenck servohydraulic testing machine equipped with a 63 kN load cell
was used to perform the fatigue experiments at 25 Hz. Fatigue tests were carried out
under fully reversed push-pull loading at a constant total stress amplitude
(R=—1). For each material condition and loading amplitude, three samples were
tested. Median calculations were made on the basis of the three values determined
in each case. All samples were cut using electro discharge machining from the
E-PBF processed blocks. Differences regarding the sample geometries used for the
monotonic (i.e., quasistatic) and cyclic mechanical tests are detailed in figure 14 and
B. All samples were mechanically ground stepwise and then polished using a colloi-
dal silica solution of 0.04 um for 2 h in order to eliminate surface roughness.

Angle-dispersive X-ray diffraction (XRD) measurements were performed using
a D5000 diffractometer equipped with a Cr tube source. The classical sin*-¥
method including layer removal was employed for determination of in-depth resid-
ual stress profiles.'” A similar XRD system was used for phase analysis.

FIG. 1T Miniature sample geometry used for mechanical testing: (A) tensile tests and
(B) fatigue tests. All dimensions are in mm.
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Results and Discussion

The general characteristics of the nitrogen atomized AISI 4140 initial powder were
analyzed by means of u-CT and SEM. Results are shown in figure 24 and B. An
average particle size of 64.3 um was determined. Furthermore, a sphericity of 0.92
was calculated based on the three-dimensional data shown in figure 2A. The spheric-
ity of 0.92 is in line with the irregular shape of the powder particles illustrated by
the SEM results in figure 2B (i.e., numerous powder particles shown are not perfectly
spherical in shape). The relatively high fraction of irregularly shaped powder par-
ticles, some of them additionally being characterized by satellite features on the sur-
face, can be seen in figure 2B.

Following initial characterization of the powder, parameter studies were con-
ducted to establish an adequate parameter set for E-PBF processing of AISI 4140.
Details are provided in tables 1 and 2, where the parameters used to manufacture
cuboid blocks are listed. In the first step, volume energies ranging from 40.8 to
68 J/mm’ were considered based on the authors’ experience stemming from E-PBF
processing of other steels. Different volume energies were set by varying the beam

FIG. 2 Initial AISI 4140 powder characterized by (A) u-CT analysis and (B) SEM analysis.

(A)

TABLE 1 First-level parameter study

Beam Current / (mA)

75 8.0 8.5

1,500 60 64 68

Scanning Speed v (mm/s) 2,000 48 51
2,500 36 38.4 40.8

Note: Varying beam currents and scanning speeds result in different volume energies (J/mm?).
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TABLE 2 Second-level parameter study

Beam Current / (mA)
1.875 3.75 7.5 15 30
0.025 45
0.05 45
Hatch A (mm) 01 L4
02 45
0.4 45

Note: The volume energy was kept constant at 45 J/mm”® by adequately varying the beam current
and hatch simultaneously. Scanning speed was kept constant at 2,000 mm/s. Medium and dark gray
process combinations are examined in detail in the remainder of this work.

current and the scanning speed according to table 1, whereas the layer thickness of
50 um as well as a hatch of 0.1 mm were kept constant. Within the chosen parame-
ter field, the most promising results with respect to the highest material density
were obtained for a beam current of 7.5 mA and a scanning speed of 2,000 mm/s,
resulting in a volume energy of 45 J/mm® (marked in dark gray in table 1). A repre-
sentative micrograph for this parameter set is shown in figure 3A. It is important to
note that small pores still prevail.

In the second-level parameter study (table 2), additional parameter variations
were considered on the basis of an equal volume energy of 45 J/mm?® (starting point
marked in dark gray. As the microstructure can be significantly influenced by varying
the hatch,”**! this process parameter was varied along with the beam current. The
resulting process parameter combinations can be seen in table 2. Although the same
volume energy of 45 J/mm’ was applied in each case, significant microstructural dif-
ferences resulted from these parameter combinations. Figure 38 through D highlight
corresponding microstructural features revealed by microstructural analysis.

A small hatch of 0.025mm, in combination with a low beam current of
1.875 mA, results in a microstructure being characterized by cracks alongside the
grain boundaries in build direction (BD), as shown in figure 38. On the contrary,
a large hatch of 0.4mm in combination with a high beam current of 30 mA
(marked in light gray) led to a microstructure being characterized by a high defect
density, where defects were significantly different in appearance. The corresponding
micrograph can be seen in figure 3C. The apparent volume defects have evolved
transversely to the build direction. The highest material density was obtained by
applying a beam current of 3.75 mA and a hatch of 0.05mm (labeled in medium
gray). As displayed in figure 3D, a lower porosity (as compared to figure 34) can be
clearly seen. Based on these results, cuboid blocks for further investigations were
manufactured using only the melting parameters detailed in figure 3D.

A representative volume element obtained by the three-dimensional defect
analysis conducted by p-CT for the E-PBF as-built state of the cuboid blocks can
be seen in figure 4. A relative density of 99.94% was determined from this volume.
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]
FIG. 3 Optical micrographs of samples manufactured using a constant layer thickness
of 50 ym and a scanning speed of 2000 mm/s and different hatch distances and
beam currents: (A) h=01mm and =75 mA (B) h=0.025mm and | =1.875 mA,
(C)h=0.4mm and =30 mA, (D) h=0.05mm and I =3.75 mA (compare,
tables 1and 2).

h=0.1mm; | =7.5mA

FIG. 4 u-CTdefect analysis for E-PBF AISI 4140 steel samples in the as-built condition
processed based on the optimized parameter set (medium grey) listed in table 2.
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The recognizable volume defects are characterized by disc-shaped cavities of vary-
ing sizes. These volume defects were predominantly found in the transverse direc-
tion with respect to the BD.

In addition, XRD measurements were performed. It can be seen from the dif-
fractograms shown in figure 54 that the line positions of the a-phase (ferrite) can be
clearly assigned. In addition, the intensity peaks highlighted by the circles can be
linked to carbide phases being present in AISI 4140.*> The in-depth profiles of
residual stresses obtained by XRD, with absolute values well below 100 MPa, are
detailed in figure 58 for the as-built condition. The integral width values of the as-
built state reveal homogeneous distributions (between 1.97° and 2.01°) independent
of the measuring direction.

]
FIG.5 X-ray diffraction analysis: (4) intensity profile for phase analysis in the as-built
state and (B) in-depth residual stress as well as integral width profiles.
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As already mentioned, three different heat treatment procedures, that is, a nor-
malization heat treatment as well as quenching and tempering (QT1 and QT2),
were considered in the present work. For comprehensive microstructural character-
ization, optical microscopy and EBSD measurements were carried out (fig. 6).
EBSD results shown in figure 6 (image quality superimposed with inverse pole fig-
ure maps) are plotted with respect to BD. A preferred crystallographic orientation
of the microstructure could not be identified in any case. On the basis of the optical
micrograph of the as-built state shown in figure 64, elongated structures aligned
alongside the BD can be seen. It is important to note that this microstructure
is clearly different from many other steels processed by AM and E-PBF (e.g.,
AISI 316L) as can be directly deduced from the EBSD results (fig. 6B). At first
glance, microstructural evolution seems to be in good agreement with the continu-
ous time-temperature-transformation (TTT) diagram of AISI 4140.> An average
hardness level of 243.2 HV0.5 seems to be in a reasonable range as compared to val-
ues reported for this alloy in the literature (assuming the presence of ferrite, pearlite,
and bainite upon relatively slow cooling). Obviously, in the higher-magnified EBSD
orientation map, shown in figure 6B, the columnar structures can hardly be seen
anymore. Here, finely distributed subgrain structures are visible. However, it is
important to note that the microstructure is different from E-PBF processed austen-
itic steels such as AISI 316L. Solidification of the AISI 4140 is rather ferritic, such
that multiple phase transformations induced by intrinsic heat treatment signifi-
cantly affect final microstructure appearance. Furthermore, the microstructure

FIG. 6 Optical and EBSD micrographs (superimposed image quality and inverse pole
figure maps) of E-PBF AISI 4140 steel in different material states: (A) and (B) as
built, (C) and (D) normalized, (£) and (F) QT1, and (G) and (H) QT2. Please note
the differences in the scale bars.
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shown in figure 64 and B is primarily affected by sluggish cooling after the final
layer in the E-PBF process is molten.

As is highlighted in the schematic shown in figure 74, final cooling indeed is
slow due to the process environment. Depending on the final build layout, cooling
can be in the range of hours. Thus, as is indicated by XRD phase analysis as well as
optical and EBSD micrographs, the microstructure of the as-built condition is pri-
marily ferritic-pearlitic. Significant amounts of bainite are not resolved by the tech-
niques employed. Obviously, hardness is higher than expected for such a type of
microstructure. TTT diagrams predict significantly lower hardness at this point.*®
In terms of the prevailing microstructure shown in figure 6A, however, the unique
appearance of the AISI 4140 processed by E-PBF has to be taken into account.
Obviously, the cell-like arrangements surrounding the slightly elongated features

|

FIG. 7 Hardness mappings of E-PBF AISI 4140 for different material states: (A) as built
with a schematic temperature-time profile of the E-PBF process shown to the
right, (B) normalized, (C) QT1, and (D) QT2.
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seen in the optical micrograph have to be considered. The dominant influence of
cell structures in numerous AM alloys has already been discussed in the literature;
however, its role in terms of AISI 4140 remains unclear so far. Future work will
have to shed light on this aspect.

After normalization (fig. 6C), a more homogeneous microstructure with respect
to the overall grain morphology can be seen. The previously visible columnar grain
structure alongside BD can no longer be observed. Taking into account a hardness
level of 298 HVO0.5 and the already mentioned continuous TTT diagram,” the
microstructure shown can be characterized as a ferritic-bainitic structure, as is
known for air-cooled conditions of AISI 4140. At the same time, normalization
seems to lead to a significantly reduced average grain size, which is obvious from
direct comparison of figure 68 and D. Moreover, the initial subgrain structure can
no longer be observed. After quenching and tempering, that is, in conditions
referred to as QT1 (fig. 6€ and F) and QT2 (fig. 6G and H), very fine-grained homo-
geneous microstructures showing needle-like features prevail in both cases. Based
on evaluation of the experimentally determined hardness levels of 502.5 HVO0.5
(QT1) and 345.3 HV0.5 (QT2), a microstructure consisting of tempered martensite
prevails in both cases. As is well known from conventionally processed AISI 4140,
tempering temperature has a major impact on final hardness (i.e., a higher temper-
ing temperature leads to lower hardness values).

The average hardness values mentioned in the previous section were deduced
from the hardness mappings shown in figure 7A through D, with each map based on
289 indents. In line with the previously shown optical micrographs, no detrimental
inhomogeneities imposed by E-PBF or the corresponding heat treatments can be
seen. In particular, it should be noted that the E-PBF as-built condition in figure 74
already is characterized by a homogeneous hardness level across the complete
volume probed. The graph on the right-hand side shows the characteristic tempera-
ture-time profile during the entire E-PBF process schematically, including preheat-
ing (¢;), the build process (¢,), and sample cooling upon final melting to room
temperature (f3).

Figure 8 shows stress-strain curves obtained by tensile tests of the four investi-
gated material conditions (i.e., as built, normalized, QT1, and QT2). The stress-
strain diagrams of the tensile tests reveal significant differences in terms of material
performance (i.e., different yield and tensile strengths as well as elongation at
fracture). In the as-built state, a maximum ultimate tensile stress of around
850 MPa and an elongation at fracture ranging from 12% to 14% can be observed,
eventually revealing a fairly ductile material condition. All other conditions clearly
show superior strength but inferior ductility.

In the case of all fracture surfaces shown in figure 88 through E, well-known
fracture patterns, which are characterized by pronounced roughness, can be seen.
However, distinct, island-like features are revealed perpendicular to the tensile
direction in all conditions. As highlighted by the black arrows in figure 8B, these
areas are characterized by very smooth surfaces. Furthermore, it should be noted
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]
FIG. 8 Stress-strain curves obtained by tensile tests for E-PBF AISI 4140 in different
material conditions: (A) as built, normalized, QT1, and QT2 conditions.
Corresponding fracture surfaces are shown for: (B) as built, (C) normalized,
(D) QT1, and (£) QT2. The insets in (A) highlight the scanning strategy considered
in the present work, where each subsequent layer has been rotated by 90°.
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that the smooth areas are present in direct vicinity to dimple-like structures, which
are known to be characteristic for ductile fractures.”*

As detailed in figure 94, the fatigue strength in the as-built condition was deter-
mined using the classical staircase method according to the evaluation method of
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Hiick, referred to as the JABG method.'® Due to the large number of microstruc-
tural defects (cf. fig. 6), the starting amplitude of 150 MPa was defined at a very low
level (fig. 94). An estimation of the starting amplitude based on the tensile strength
was refrained from due to pronounced scattering.”>*® The test series for estimating
fatigue strength was accomplished based on six samples, thus meeting the mini-
mum required number of samples.'® With respect to the corresponding equation
according to the IABG method, an average fatigue strength of about 191 MPa is
established for the as-built condition. Based on this result, three different loading
amplitudes (210 MPa, 270 MPa, and 330 MPa) within the high-cycle fatigue regime
were defined for the cyclic tests. In addition to the results obtained from tests in the
BD (longitudinal), the QT2 condition was also tested in the transverse direction

|

FIG. 9 Fatigue tests: (A) Determination of fatigue strength of the as-built condition
according to the staircase method, (B) S-N curves (high-cycle fatigue, stress
amplitudes in MPa) for the as-built condition (longitudinal) and the quenched
and tempered QT2 state (longitudinal and transverse). Experimentally
determined values are labeled as x.
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(perpendicular to BD). The trend lines presented in figure 98 are based on median
calculations in order to minimize the influence of outliers.*” In addition, the experi-
mentally determined values for all stress amplitudes as a function of the material
condition are highlighted by crosses. As a result of the quenching and tempering
treatment, only a slight improvement of the fatigue performance can be observed in
comparison to the as-built condition (fig. 9B). Moreover, an increased scattering
occurs in the heat-treated conditons, which can likely be linked to the decrease in
ductility and, thus, to a higher notch sensitivity. Interestingly, the trend lines of the
longitudinal and transverse directions of the QT2 state are very similar.

Summary

In the present study, a process window for E-PBF processing of quenching and
tempering AISI 4140 steel was discussed. The most appropriate process parameters
employed led to a high relative density of around 99.94%.

Mechanical tests were conducted using miniature samples. Results obtained
revealed that the relatively ductile as-built condition is characterized by a promising
mechanical performance with respect to quasistatic as well as cyclic loading. As a
result of the microstructural changes induced by the established heat-treatment
procedures, a significant increase in fatigue scatter could be observed for the mate-
rial conditions due to a higher degree of brittleness and, thus, increased notch sensi-
tivity. In fact, results presented clearly highlight significant differences in terms of
evolution of quasistatic and fatigue properties. For this reason, characterization of
additively manufactured materials has to include all loading scenarios relevant for
envisaged applications. Here, the use of miniature samples for assessment seems to
be highly promising with respect to the efficiency of testing considering the require-
ments set by additive manufacturing.
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