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� Laser Powder Bed Fusion processed
4130 steels starting from gas and
water atomized powders have been
studied.

� Oxide-based inclusions were found
within the water atomized steel
matrix that activate the ductile
fracture during tensile testing.

� Micro-segregation of alloying
elements was detected during the
laser-processing of both steels, which
contributed to a local increase in
microhardness.

� Water atomized steel deliver
comparable mechanical properties to
counterparts processed from gas
atomized powder after tuning the
post-process thermal treatment.
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In the current investigation, a comparison between two type 4130 low-alloy steel powders produced by
both gas and water atomization, and later processed by Laser-powder bed fusion was carried out.
Samples fabricated from the water atomized powder showed relative density levels exceeding 99%,
slightly lower than those achieved with the gas atomized powder. Both steels exhibited similar metallur-
gical features after solidification, showing a microstructure that is mainly composed of partially tem-
pered martensite, bainite, and retained austenite. Additionally, micro-segregation of alloying elements
was detected in the as-built microstructure, which contribute to a local increase in microhardness. The
excess of oxygen found in the water atomized powder tended to combine with silicon and form nano-
sized SiO2 inclusions. During the laser processing, the complex heating and cooling effects generated
by adjacent laser tracks and by overlapping layers led to an in-situ tempering of the fresh martensite.
Accordingly, the hardness values of steels in as-built condition were equivalent to those of conventionally
quenched samples tempered at 350 �C and 450 �C, for gas atomized and water atomized steels, respec-
tively. Finally, a comparison in terms of mechanical properties of the investigated steels showed that the
powder atomization process resulted in limited changes in steel performance.
� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Laser-Powder Bed Fusion (L-PBF) is considered as the main pro-
cessing technology for additive manufactured (AM) of metal com-
ponents. The remarkable ability of L-PBF to consolidate powders
layer-by-layer allows to design objects with high degree of free-
dom and complexity, with minimal material wastes. The reference
materials for L-PBF process are aluminum, titanium, steels and
nickel-based superalloys [1,2] for most of the structural applica-
tions in aerospace, machinery, transportation and biomedical
fields.

Despite the widespread and predominant applications of steels
for structural parts produced by conventional routes due to low
cost, optimal processability and large variety of grades available,
the use of Fe-based alloys in L-PBF has not reached the same
degree of confidence yet. Indeed, even if stainless steels and
maraging grades have been extensively investigated in the litera-
ture [3–11] and are always found within the materials library of
L-PBF system producers, a relatively limited number of studies
have been performed up to now on plain-carbon and low-alloy
AM steels for structural applications [12–19]. For the definition
of the solidification microstructure and defect generation in L-
PBF-processed alloys, reference is often made to welding metal-
lurgy principles due to similar mechanisms for the growth of solid
phase from liquid melt and comparably fast cooling conditions [1].
Consistently, one of the main concerns for the successful L-PBF
processing of alloyed steels is the mitigation of hot- and cold crack-
ing defects that are easily generated in steels with high carbon
equivalent number [14]. Wang and Kelly [14] were able to sup-
press the welding defects in a L-PBF processed 4140 steel by using
a pre-heated substrate. In another work performed on the same
grade, Damon and co-workers [15] demonstrated the intrinsic
tempering phenomena taking place during the laser processing.
These authors showed that the mechanical performance of the
as-built microstructure was comparable to that of the cast alloy
subjected to quenching and a 450 �C tempering treatment. The
same result was also achieved by Abdelwahed et al. on several
plain-carbon and low-alloyed steels [20]. Han and co-workers sta-
ted that after solidification, depending on the initial temperature of
the substrate as well as on the L-PBF processing parameters, the as-
built microstructure of a 24CrNiMo steel was composed of variable
amounts of fresh martensite, retained austenite, upper and lower
bainite, and tempered martensite along with precipitated carbides
[16]. It was also shown that the microstructural constituents could
vary in amount and type at different positions of the build height
due to the different thermal histories experienced. Dilip and co-
authors [17] processed a HY100 steel by L-PBF. Their microstruc-
tural analyses revealed an epitaxial growth of the prior austenitic
grains in the building direction, leading to orientation-related
mechanical properties. The findings also demonstrated that the
application of conventional quench and tempering treatments on
laser-processed steel suppress the anisotropic effects [17,18].

The high cost of products is one of the main drawbacks of the L-
PBF technology in many industries relying on mass-production
scale. Hence, the product cost optimization is a challenging topic.
In an expenditure-assessment of automotive parts produced by
additive manufacturing (AM), Lindemann et.al [21] demonstrated
that the AM machine depreciation contributes to the major cost
of the final product followed by the feedstock powder which rep-
resents around 11% of the share. So far, gas atomization (GA) pro-
cesses have been widely used to produce feedstock powder
especially for the L-PBF technology, due to the ability to produce
spherical particles with close control of composition, through a
fairly expensive process, which becomes inefficient especially for
large production batches. On the contrary, water atomization
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(WA) takes advantage of the high production rates and lower con-
sumable costs, thus representing an alternative way for a cheaper
and more sustainable powder production route [22]. Limited stud-
ies have been carried out in the literature on the L-PBF or other
processing techniques of WA powders. Among these, investiga-
tions have been carried out on iron [23,24], 316L [25–27] and
17-4PH [28–30] stainless steels, as well as on few low-alloyed
steels [20]. These papers highlighted the possibility to consolidate
the WA powders, achieving high density and good mechanical
properties compared to counterparts fabricated from GA powders.

The WA process requires some modification in the steel chem-
istry to adapt to the higher activity of oxygen generally found upon
powder processing. In that sense, oxidizing elements such as man-
ganese and aluminum are not any longer favored in WA steel pow-
ders [31]. In a previous study carried out by the present authors
[20] on L-PBF processing of WA steels, it was highlighted that
micrometer- or submicrometer-sized MnO-SiO2 inclusions exist
in Mn-bearing steels. In addition, more complex multiphase oxides
of the type Cr2O3-SiO2 could form when chromium level exceeds
3 wt% in alloy-steels. The oxide-based inclusions did not show a
significant effect on the tensile performance of the investigated
steels and played a role by activating micrometric- and sub-
micrometric dimples according to the ductile fracture mechanism.
However, it is known that micro-voids initiated by the oxide-based
inclusions can reduce the impact toughness in L-PBF GA-316L
stainless steel, as demonstrated by Lou et. al. [32].

In this research, a comparison between a type 4130 GA powder
steel and a modified version of it produced byWA is presented. The
two feedstock powders were processed by L-PBF and the effect of
powder formulation on the metallurgical features, post-process
thermal treatment response, as well as resulting mechanical prop-
erties are addressed.
2. Material and experimental procedures

2.1. Feedstock powder and L-PBF process

In the current investigation, powders based on the AISI 4130
steel (equivalent to 25CrMo4 and 1.7218 grades for the European
standards) have been produced by GA as a standard powder pro-
duction route and by WA as an alternative route. The chemical
composition of the investigated powders, supplied by Höganäs
AB, is given in Table 1.

A proprietary mechanical treatment was later applied to the
WA powder to modify the powder particles surface and conse-
quently enhance the powder characteristics. The particle size dis-
tribution of the 4130 powders was verified according to ISO 4497
Sieve Analysis standard and Sympatec Helos laser diffraction
instrument. Hall flow tests were carried out to evaluate the inves-
tigated powder flowability. Detailed information about the appar-
ent as well as tapped density measurements could be found
elsewhere [20].

A Concept Laser M2 cusing L-PBF machine was used to initially
fabricate 10 mm-side cubes of the investigated powders to opti-
mize processing parameters. The processing involved the applica-
tion of 200 W laser on powder layers having a thickness of
40 lm. Meander scanning strategy was utilized, and the main vari-
ables were the hatching distance and the scanning velocity, accord-
ing to the values reported in Table 2.
2.2. Metallographic characterization

To determine the optimum processing parameters, relative
density evaluation was performed on polished vertical sections



Table 1
Chemical composition (in weight %) of the steel powders.

Alloy
Chemical Composition (wt.%)

Production Process
C Cr Mo Si Mn O

G-4130 0.30 1.00 0.20 0.30 0.60 0.05 Gas Atomization
W-4130 0.30 1.10 0.28 0.45 0.044 0.29 Water Atomization

Table 2
Process parameters selected for the L-PBF consolidation of the investigated powders.

L-PBF Process Parameters

Laser Power, W 200
Layer Thickness, lm 40
Hatching distance, lm 60 ,70, 80, 90
Scanning Velocity, mm/s 500, 550, 600, 650
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of the L-PBF processed cubes, estimating the fraction of defects -
from at least 8 optical micrographs of each parameter combina-
tion - by an image analysis software. The microstructural features
were highlighted after etching the specimens with Nital and/or
Picral reagents and characterized by a field-emission Zeiss Sigma
500 VP scanning electron microscope (FE-SEM) and energy disper-
sive spectrometry (EDS). Electron backscattered diffraction (EBSD)
analysis were carried out with an accelerating voltage of 20 KV
and step size of 0.35 lm or 0.10 lm for higher magnification.
Channel 5 suite of Oxford HKL Technology was used for the
post-processing of data and further analysis. The local misorienta-
tion, also known as Kernal average misorientation (KAM) method,
was calculated to describe the strain gradient within the investi-
gated steels. The calculations were carried out for every indexed
pixel, in which an average misorientation angle between a pixel
and its surrounding neighbors (8 pixels) was calculated and
assigning a mean value for that pixel. It is to remark that misori-
entation angles greater than 5� were always neglected as stated
elsewhere [33].
Fig. 1. FE-SEM images of (a) GA an

Table 3
Characteristics of the investigated powders.

Alloy
Particle Size Distribution (lm)

D10 D50 D90

G-4130 27 43 65
W-4130 20 38 61

3

A Rigaku SmartLab X-Ray diffractometer (XRD) was used to per-
form phase analysis. X-rays were generated by a Cu-Ka radiation at
40 kV and 40 mA. The peaks of interest were scanned at 1�/min, at
a resolution of 0.02�. The quantitative phase analysis was carried
out by Rietveld refinement method using SmartLab Studio II
software.

2.3. Calorimetric analysis and thermodynamic modelling

A Setaram Labsys differential scanning calorimeter (DSC) was
adopted to perform the calorimetry analysis on the as-built speci-
mens. The tests were carried out with a rate of 10 �C/min in an
Argon atmosphere to determine the main phase transformation
temperatures of the steels.

Identification of the DSC peaks and definition of other minor
phases was assisted by thermodynamic equilibrium calculations
based on the CALPHAD method. ThermoCalc AB software was used
relying on TCFE9 and MOBFE4 Steel/Fe-alloy databases to conduct
the simulations.

2.4. Post-process thermal treatments

Given the rapid solidification and high cooling rates promoted
by the L-PBF process, two thermal treatment routes were selected
consisting in tempering the structure from either as-built or con-
ventionally quenched condition. Before quenching in water, both
steels were initially austenitized at 840 �C for 1 h. The tempering
levels ranged between 250 and 550 �C with a holding time of 1 h
for both alternatives.
d (b) WA 4130 steel powder.

Flow
(s/50 g)

qApp:

(g/cm3)
qTap:

(g/cm3)

13.4 4.10 4.90
21.9 3.41 4.22



Fig. 2. Density of the L-PBF consolidated powders as a function of Volume Energy Density.
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2.5. Mechanical testing

The mechanical properties of the investigated steels were stud-
ied by microhardness and tensile testing. Vickers’ tests were per-
formed using a Future Tech FM-700 machine by the application
Fig. 3. Optical micrographs of W-4130 steel processed with (a, c) 85.5 J/mm3 and (b, d

4

of 500 gf load, for a dwell time of 15 s. Around 10 measurements
per condition were performed to provide statistical data. Dog-
bone tensile specimens having 10 mm diameter and a gauge length
of 45 mm were machined from oversized samples fabricated by L-
PBF using the optimum parameters for each alloy. The specimens
) 129.9 J/mm3 VEDs. Micrographs (c) and (d) are captured at higher magnification.



M. Abdelwahed, S. Bengtsson, R. Casati et al. Materials & Design 210 (2021) 110085
were tested by an MTS Alliance RT/100 universal testing machine
according to ASTM E8M standard at room temperature and at ini-
tial strain rate of 0.6·10-3 s�1. At least two specimens for each con-
dition were tested. Finally, a Zeiss EVO-50XVP SEM was adopted to
scan the fracture surfaces of broken specimens to define the frac-
ture mechanisms.
Table 4
Main phase transformation temperatures of the 4130 steels.

Method Ac3 / A3 (�C)

G-4130
DSC 802
TC 800

W-4130
DSC 815
TC 811

Fig. 4. (a) Phase diagram, (b) TTT curves, (c) DSC thermograms with calculated equilibriu
of the investigated steels.

5

3. Results and discussion

3.1. Powder properties and relative density evaluation

The adoption of WA process to produce one of the steels inves-
tigated required a deliberate modification of the chemical compo-
Tc (�C) Bs (�C) Ms (�C)

– – –
759 558 393
769 – –
765 568 434

m phases against temperature, and (d) secondary phase evolution with temperature



Fig. 5. As-built microstructure of (a and c) GA steel and (b and d) WA steel.
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sition (Table 1), in order to reduce the amount of Mn, which would
otherwise be easily oxidized [31]. The morphology of the investi-
gated steel powders in both GA and WA conditions is displayed
in Fig. 1. It is known that the atomization process utilizing water
sprays results in a more irregular shape of the powder particle
morphology due to the high solidification rate induced, estimated
to be 10 to 100 times higher than that of GA [31]. Irregular-
shaped powders can in turn impair powder flowability compared
to the more spherical powders produced by GA. However, the
WA particle shape could be improved by the adoption of a suitable
post-atomization mechanical treatment with the main purpose of
modifying the powder morphology by removing the large satellites
and smoothing the particles surfaces, as shown in Fig. 1(b). After
the post-treatment, the W-4130 powder characteristics were sig-
nificantly enhanced reaching an apparent density just 17% below
the GA powder, while the flowability hit a value of 21.9 s/50 g,
as summarized in Table 3. It is noteworthy to mention that the
powder flowability of similar low-alloy steels measured right after
the WA process was in a range between 30.7 and 36.0 s/50 g [20].

A first assessment of L-PBF processability of the investigated
steels powders is shown in Fig. 2 in terms of achieved densification
as a function of the applied volume energy density (VED) calcu-
lated according to equation (1).

VED ¼ P
LT �Hd � V ð1Þ

Where P represents the laser power (W), LT is the layer thick-
ness (lm), Hd is the hatching distance (lm), and V is the laser scan-
ning velocity (mm/s).
6

The results show that the GA steel leads to a high relative den-
sity over a wide range of VED values, while the WA powder is more
prone to provide larger data scatter and to achieve slightly lower
relative density values. Fig. 3 depicts polished vertical cross sec-
tions of the W-4130 specimens fabricated with different VEDs. It
could be observed that a low heat input results in a poor consoli-
dation of theWA powder and high fraction of lack of fusion defects.
By increasing the VED value, improved densification was achieved,
and only marginal gas induced porosity was detected. Based on the
above-mentioned results, the G- and W-specimens fabricated with
111.1 and 129.9 J/mm3 respectively, were considered for the fur-
ther analyses.
3.2. Thermodynamic simulation

The main results of the thermodynamic simulations are sum-
marized in Table 4 and in Fig. 4. Data are based on the hypotheses
of phase stability under equilibrium (as calculated by ThermoCalc)
for the phase diagrams are shown in Fig. 4(a), and on diffusion-
assisted phase precipitation and isothermal transformations for
the TTT diagrams are reported in Fig. 4(b). The experimental results
of calorimetry tests (solid lines) are also displayed in Fig. 4(c) to
ease the direct comparison with the equilibrium data (dashed
lines). Finally, information about the carbides and other non-
metallic compounds expected in the investigated steels is provided
in Fig. 4(d).

From Fig. 4(a), it is observed that both steels experience sub-
stantially the same solidification mode, even though the lack of



Fig. 6. (a) FE-SEM and (b) IPF on top layer of as-built W-4130 alloy. (c and d) FE-SEM of as-built G-4130 steel taken in region corresponding to boundary with the last
deposited layer.

Fig. 7. EDS elemental maps for (a) G-4130 and (b) W-4130 steels in as-built condition.
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Fig. 8. A proposed micro-segregation mechanism in the investigated low alloy steels (a) reference FE-SEM micrograph of as-built G-4130, (b) EDS line analysis, (c) calculated
amount of segregates during Scheil-Gulliver solidification hypotheses, (d) proposed model of microstructure evolution during track deposition by L-PBF.

Fig. 9. IPF of W-4130 in (a) as-built and (b) as-quenched conditions.
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manganese and the higher oxygen content of the W-steel tends to
shift the main transformation lines to higher temperatures and
contributes to the formation of SiO2-based inclusion compared to
the G-steel. Under equilibrium condition, both steels solidify by a
hyper-peritectic sequence: L ? L + d-Fe ? L + d-Fe + c-Fe ? L +
c-Fe ? c-Fe.

The equilibrium data are in good agreement with the DSC
results, even considering that the calorimetric tests have been con-
ducted using finite heating rate of 10 �C/min. In the DSC thermo-
grams of Fig. 4(c), heating of the investigated steels from the as-
built condition results in precipitation of carbides over a wide
range of temperatures. The thermodynamic simulations defined
the possible precipitated carbides to be Cr3C2, Fe(x)Cr(7-x)C3, Fe(x)-
Mo(23-x)C6, and Fe3C as displayed in Fig. 4(d). Further heating
showed a ferromagnetic to paramagnetic transition of a-Fe, at
the Curie temperature (Tc), that is clearly detected from W-4130
heat flow result at a temperature around 769 �C. Later, c-Fe is
8

formed by the transformation of a-Fe as well as the dissolution
of precipitated carbides, and the Ac3 transformation temperature
was determined from the onset of the endothermic peaks to be
around 802 �C and 815 �C for G-steel and W-steel, respectively.
While under equilibrium, the A3 temperature of G-4130 is 800 �C
and 11 �C higher for the W-type steel. Moreover, the eutectoid
reaction (from the equilibrium calculations) in the investigated
steels occurs below 753 �C and 768 �C for G-4130 and W-4130,
respectively, in which the pearlite is mainly formed by a-Fe and
a mixture of type Fe(x)Mo(23-x)C6 carbides with Fe3C.

It can be noticed that the modified chemical composition of W-
4130 results in a slight decrease of hardenability (earlier start of
bainitic reaction in TTT curves of Fig. 4(b)) compared to the stan-
dard G-type steel. The displayed TTT curve of the W-steel is
believed to be conservative, since the expected oxide-phase parti-
cles that could stimulate the nucleation of constituents other than
martensite, were not considered during the calculations. Finally, it



Fig. 10. Band contrast profiles for (a) as-built and (b) as-quenched steels, respectively. Local misorientation angles between (c) the as-built and (d) the as-quenched
microstructures, respectively. EBSD results of the last consolidated powder layer correspond to analysis performed on a narrower area of 140 � 100 lm2.
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is to remark that the main phase transformation temperatures of
W-4130 are shifted around 10 �C to 15 �C higher than those of
the G-4130, while the difference become more significant in the
martensitic reaction about 41 �C, as given in Table 4.

3.3. As-built microstructure

Fig. 5 and Fig. 6 display a collection of the 4130 steel
microstructures obtained after the L-PBF process. All the micro-
graphs refer to vertically cross-sectioned specimens (the vertical
direction of the images is parallel to building direction, Z). The
deposition of adjacent laser tracks as well as the melting of over-
lapped layers result in the formation of melt pools which are high-
lighted by the etching effect in the micrograph of Fig. 5(a).
However, it can be observed that the melt pool boundaries are less
visible in the as-built WA steel, as shown in Fig. 5(b), than in the
GA steel. In addition, the higher magnification FE-SEMmicrographs
of Fig. 5(c) and 5(d) revealed that both 4130 steels exhibit similar
microstructural features and were mainly composed of a partially
tempered martensite.

For a better understanding of the microstructure generated
directly after solidification from L-PBF processing, metallographic
analysis was carried out focusing on the very last consolidated
powder layer. The FE-SEM micrographs of Fig. 6(a) reveals the
columnar shape of the prior austenitic grains (after etching with
Picral reagent) growing in an epitaxial mode and roughly following
the direction of thermal gradient, while the inverse pole figure
(IPF) referred to the same location provided in Fig. 6(b) better
shows the crystallographic orientation of martensitic laths across
9

the melt pool boundaries. Fig. 6(c) and 6(d) specifically refer to
the same situation found on top of the sample after etching with
Nital reagent. It can be supposed that almost fresh martensitic
structure is found in the top layer, as confirmed by the different
microstructure appearance shown on top of the image, while a
microstructure composed of tempered martensite and bainite is
detected in the underlaying layers.

A careful analysis of the microstructure after L-PBF additionally
reveals that micro-segregation of elements are present in both
steels, as reported in Fig. 7. The EDS elemental analysis confirmed
that Cr, Mn, and Mo (although to a lower extent) are the main ele-
ments involved in the segregation. It was found that such segrega-
tion contributed to a local increase in hardness, reaching peaks of
544 ± 11 HV for both alloys, as opposed to the average value of
505 ± 18 HV and 419 ± 19 HV found in non-segregated areas of
G-steel and W-steel, respectively. Additionally, the EDS maps of
Fig. 7(b) suggest that in the W-4130 steel, tiny inclusions rich in
Si and O are found, consistently to the higher oxygen content
and to the expected prediction of SiO2 phase suggested by the ther-
modynamic simulations.

Fig. 8 depicts a proposed mechanism for the described micro-
segregation of alloying elements during the laser processing of
the investigated steels. To better understand the phenomenon, a
set of EDS elemental line analyses were performed on the G-type
steel in as-built condition, as shown in Fig. 8(b). In parallel, simu-
lation of the segregation of elements during solidification was eval-
uated based on Scheil-Gulliver solidification model (Fig. 8(c)). It is
assumed that the high cooling rates and the rapid solidification
experienced by the steels limit the redistribution of solute atoms



Fig. 11. High magnification FE-SEMmicrographs of G-steel in (a) as-built and (b) quenched and tempered at 450 �C, W-steel in (c) as-built and (d) quenched and tempered at
450 �C.

Fig. 12. XRD patterns of the investigated steels in different thermal treatment conditions.
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in the solid, that tend to be rejected in the liquid phase, which in
turn becomes richer in Cr, Mo, Si, and Mn atoms, resulting in seg-
regation at regions corresponding to last stages of solidification.
The following adjacent or overlapping laser tracks promote at least
10
partial remelting of these solute-rich zones and, on some occa-
sions, make evident the traces of a residual volume of segregation
close to the newly formed melt pool boundaries (Fig. 8(d)). Finally,
it is noteworthy that the solute concentration in the segregated
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area is sharp, and that residual traces are occasionally observed
even after the post-process thermal treatments, as described in
the following text.

3.4. Post-process thermal treatments

The 4130 low-alloy steel grade has the ability to be hardened
through the quenching and tempering (Q&T) treatment. The
austenitizing stage was performed above the AC3 of both steels,
at 840 �C, followed by quenching in water to obtain a martensitic
structure. Tempering was then applied at different temperatures.
An alternative and cheaper post-process thermal treatment was
also proposed, consisting in the direct tempering starting from
the as-built microstructure, considering that both 4130 steels
already exhibit a martensitic matrix right after the L-PBF
processing.

A qualitative comparison between the microstructure of the W-
4130 steel in as-built and in as-quenched states is provided in
Fig. 9. It could be observed that slightly finer microstructural con-
stituents are presented in as-built condition compared to the as-
quenched state, presumably due to higher cooling of the L-PBF
process.

Further EBSD analysis were carried out to identify more pre-
cisely the microstructure of the investigated steels using the band
contrast (BC) approach which has been widely exploited for distin-
guishing phases that are featuring similar crystal structures
[34,35]. The grey-scale BC image is based on the electron backscat-
tered patterns or the Kikuchi bands in which the phases with high
imperfections, such as martensite, are more difficult to be indexed
and result in low quality patterns as well as low values on a grey
scale. The results of the BC approach for the investigated steels
are given as raw data (i.e. without the influence of post-
Table 5
FWHM (100) a/a’ of the investigated 4130 steels in different conditions.

As-built
As-built and
Tempered

G-4130 0.313 ± 0.001 0.205 ± 0.001
W-4130 0.267 ± 0.002 0.248 ± 0.002

Fig. 13. Vickers’ hardness as a function of the t
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processing after data acquisition) in Fig. 10, and correspond to
the analysis performed on a wide area (190 � 140 lm2) to provide
better statistical data for the 4130 steels in as-built and as-
quenched conditions. In Fig. 10(a), the low BC values of the last
consolidated powder layer suggest the presence of almost fresh
martensite. Moreover, it could be observed that W-4130 after the
L-PBF process provides an overall higher quality patterns than
the G-4130, which suggests a slightly lower amount of martensite.
This suggestion is consistent with the calculated TTT diagram
shown in Fig. 4(b), which predicted a relatively lower hardenability
in the W-4130 steel. After quenching, both steels showed almost
identical BC profiles, as reported in Fig. 10(b). Quantitative analysis
of the local misorientation in the two steels has been performed to
highlight the local strain in as-built and as-quenched microstruc-
tures, Fig. 10(c) and 10(d) respectively. Higher residual stresses,
indicated by local straining and higher misorientation values, were
calculated for the as-built structure over those in as-quenched
state. That is due to the rapid solidification as well as the high cool-
ing rates experienced by the steels during the L-PBF process. More-
over, it is to remark that slightly lower residual stresses were found
in the last consolidated layer, Fig. 10(c). The findings of Fig. 10(c)
and 10(d) indicated lower local misorientation values for the W-
4130 in any condition, which again confirmed the presence of a
lower fraction of martensite compared to the G-steel. The results
are in accordance with data published by Zhou et. al. [33] who
measured higher local misorientation angles for martensite, com-
pared to a mixed microstructure composed of martensite and
bainite.

High magnification FE-SEM micrographs of the investigated
steels are given in Fig. 11. It is confirmed that carbides are already
present in the as-built microstructure since the heat generated
during the laser processing of successive powder layers contributes
As-quenched
Quenched and

Tempered

0.429 ± 0.002 0.203 ± 0.001
0.339 ± 0.003 0.252 ± 0.002

empering temperature for the 4130 steels.



Fig. 14. Low magnification fracture surfaces of (a-d) G-4130 and (e-f) W-4130 steels in different treatment conditions.

Table 6
Tensile data of the investigated 4130 steels.

Specimen
Orientation

Treatment
Condition

YS
(MPa)

UTS
(MPa)

Fracture
Elong. (%)

XY

AB 1249 ± 15 1419 ± 30 3.4 ± 0.6
AB + T 1076 ± 45 1127 ± 58 2.1 ± 0.0
Q + T 1118 ± 4 1170 ± 10 6.4 ± 1.0

Z

AB 1166 ± 5 1277 ± 7 6.3 ± 0.9
AB + T 1057 ± 11 1124 ± 11 7.9 ± 1.3
Q + T 1125 ± 1 1177 ± 1 7.9 ± 0.5

XY

AB 1072 ± 2 1168 ± 17 2.5 ± 0.1
AB + T 1019 ± 6 1066 ± 13 2.6 ± 0.3
Q + T 1099 ± 17 1120 ± 15 1.9 ± 0.1

Z

AB 981 ± 4 1059 ± 13 3.2 ± 1.5
AB + T 952 ± 8 1012 ± 19 4.2 ± 2.2
Q + T 1110 ± 10 1123 ± 15 1.4 ± 0.4
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to an in-situ tempering effect. The application of a conventional
quench and tempering treatment resulted in a higher fraction of
carbides having a needle-like shape that were found within the
martensitic laths and decorating the lath boundaries. The thermo-
dynamic simulations expected that carbides of type Fe3C, Fe(x)-
Mo(23-x)C6, Fe(x)Cr(7-x)C3, as well as Cr3C2 are stable at the
temperature range between 350 �C and 550 �C. Additionally, the
tiny black dots (marked with arrows) in the micrographs of W-
steel refer to the oxide-based inclusions that were discussed previ-
ously. The spherical-shape of those dispersed non-metallic inclu-
sions also support the hypotheses of SiO2 formation above the
melting temperature as defined from the thermodynamic
calculations.

XRD patterns of the 4130 steels in different thermal treatment
conditions are collected in Fig. 12. The analysis shows a significant
amount of retained austenite, estimated according to Rietveld
method to be about 8% and 10% for GA and WA steels, respectively,
in the as-built condition. The peaks related to retained austenite
were not detected after water quenching. As expected, broader
a/a’ phase peaks are found in the as-quenched state and become
sharper after the tempering treatment, as quantitatively confirmed
by the full width at half maximum (FWHM) values collected in
Table 5. Consequently, it is believed that the as-built microstruc-
ture is somehow in an intermediate condition between the as-
quenched and the quenched and tempered states.
3.5. Mechanical properties

The effect of tempering temperature on the microhardness evo-
lution in the investigated steels is represented in Fig. 13. As
expected, the general trend shows the softening of the alloys upon
Fig. 15. High magnification fractograph
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increasing the tempering temperature, with the G-steel showing
systematically higher hardness than the WA counterpart. In case
of as-quenched condition, the equilibrium thermodynamic simula-
tions performed at 840 �C defined high fraction of SiO2 around 1.6%
in W-4130 and a negligible fraction of MnO-SiO2 in G-4130, which
turns into a relatively lower fraction of martensite as well as lower
as-quenched hardness in the former steel. Moreover, higher micro-
hardness values are measured for the tempered steels starting
from a quenched structure compared to the corresponding as-
built and tempered samples. It could be observed that the as-
built W-steel is less sensitive to the tempering effects in terms of
microhardness variation compared to the G-4130. Moreover, a sig-
nificant hardness difference is detected between the as-quenched
and the as-built W-steel, in comparison with the G-4130. It can
be stated that the hardness of G-steel in as-built condition is com-
parable to hardness after quenching and tempering at tempera-
tures below 350 �C, while for the W-steel the as-built state is
almost equivalent to quenching and tempering at about 450 �C.

Tensile tests have been carried out on the L-PBF 4130 steels in
as-built condition and after quenching and tempering or direct
tempering from as-built state, selecting a tempering treatment car-
ried out at 550 �C for 1 h. The data obtained are summarized in
Table 6. The effects of specimen orientation, namely horizontal
(XY) and vertical (Z) have been also investigated.

The AB as well as the AB + T horizontal specimens always pro-
vided the highest yield and tensile strength compared to the verti-
cal specimens. On the contrary, improved fracture elongation was
observed for the vertical specimens. By performing the conven-
tional quenching and tempering treatment, more isotropic proper-
ties could be achieved, resulting in comparable properties in the
two directions.
s of (a) G-steel and (b-d) W-steel.



Fig. 16. Optical and FE-SEM on a cross-section of broken G-4130 vertical tensile specimen in as-built condition.
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Regarding the combined effects of powder atomization process
and chemical composition on mechanical properties, it can be
observed that the G-steel delivered higher tensile properties over
the W-steel in AB and AB + T conditions, due to the relatively lower
amount of martensite in the latter steel, while the gap was again
reduced after quenching and tempering.

3.6. Fractography

Fig. 14 displays representative fractographs of the investigated
steels tested according to different orientations and thermal treat-
ments. The XY specimens experienced a relatively lower plastic
deformation and reduction of section induced by necking in agree-
ment with the lower fracture elongations recorded. Moreover, high
density of secondary cracks was observed on the fractographs of
vertical specimens, especially for the G-4130 steel, Fig. 14(c) and
14(d).

Higher magnification images confirmed that both steels failed
in a ductile manner by the growth of fine dimples, as displayed
in Fig. 15(a) and 15(b). Occasionally, the solute-enriched regions
already highlighted in Fig. 7 were found on bottom of relatively
large and smooth craters, as shown in Fig. 15(c). As previously
mentioned, the higher amount of oxygen in the WA steel con-
tributed to the formation of SiO2-based inclusions that were often
found inside micro-voids (see Fig. 15(d)). Those non-metallic inclu-
sions are believed to be effective sites for the early nucleation of
sub-micrometer dimples and activated the ductile fracture mecha-
nism during tensile testing.

Fig. 16 depicts a longitudinal cross section of a broken vertical
specimen of the G-steel in as-built condition. The enlarged images
in Fig. 16 reveal that both the main crack leading to specimen fail-
ure and secondary cracks generally propagated crossing the melt
pools.
14
4. Conclusions

An investigation was performed on gas atomized and water ato-
mized 4130-grade low-alloy steels processed by the Laser-Powder
Bed Fusion. The main findings of the current study can be summa-
rized as follows:

� Both steels showed a good L-PBF processability with high den-
sification level and crack-free specimens. The water atomized
steel could reach a relative density as high as 99%, whereas
the gas atomized steel hit a level of 99.9%.

� The investigated steels showed substantially similar metallurgi-
cal features, resulting in the formation of partially tempered
martensite with significant amount of retained austenite in
the as-built condition. One of the main differences between
the two steels is the relatively lower hardenability of the water
atomized variant which was expected based on the variation of
chemical composition. Moreover, the higher oxygen content of
the water atomized steel contributed to the formation of SiO2

inclusions which were observed in the microstructure and on
the fracture surfaces. It was found that those non-metallic
inclusions are of sub-micrometric size and contributed to the
ductile fracture mechanism by nucleating sub-micrometer
dimples.

� Some alloying elements such as Cr, Mn and Mo tended to segre-
gate during fast solidification induced by the laser processing.
As a result of this segregation and of the repeated remelting
upon deposition of adjacent laser tracks and overlapping layers,
solute-rich regions were found in the microstructure. A model
to justify their position and shape was proposed.

� Anisotropic tensile properties were measured for both steels in
the as-built condition and after performing a direct tempering
treatment at 550 �C. Under these conditions, the horizontal
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specimens showed higher strength but lower ductility than
samples oriented along the vertical direction. After the quench-
ing and tempering treatment, the anisotropy was almost sup-
pressed since both steels showed substantially a similar
tensile strength, apart from the reduced ductility of WA steel.

The general results also confirm the opportunity of using water
atomized steel powders for the manufacturing of parts by L-PBF,
especially when the production of large batches of powder make
the water atomization route cheaper than the conventional gas
atomization.
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