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Abstract: This study aims to optimize the aging treatment of a maraging 300 steel, without prior
austenitizing, manufactured by the selective laser melting (SLM) technique. The study includes
the analysis of a double aging process. In addition, the impact of the aging treatment on corrosion
resistance in 3.5 wt.% NaCl solution was analyzed. The research technique followed was a factorial
design of experiments with three factors and two levels, performing one replicate of each experiment.
The results show that excellent mechanical properties can be achieved by omitting the solubilization
treatment prior to aging. The highest hardness and tensile strength were achieved by performing
a double aging at 460 ◦C for 8 h. Under these conditions, the maximum hardness exceeded 615 HV
and the tensile strength was over 2140 MPa. Aging at 520 ◦C caused the formation of reverse austenite.
The aging temperature was the only factor that had a significant effect on the formation of reverse
austenite. It should be noted that the holding time at this temperature did not have a significant
effect. The corrosion resistance, in 3.5 wt.% NaCl aqueous solution, increased in the aged samples
compared to the as-printed sample. Samples overaged at 520 ◦C showed the best corrosion resistance.
It can be concluded that the predominant cathodic reaction taking place is the reduction of oxygen
dissolved in the electrolyte.

Keywords: maraging steel; aging; selective laser melting; linear polarization resistance; reverse austenite

1. Introduction

Maraging steels exhibit excellent properties due to the possibility of martensitic trans-
formation offered by the Fe-Ni binary system when the weight percentage exceeds 8%, and
the potential for aging of this martensite when the alloy contains elements such as Ti, Al,
Mo, or Co [1–3]. These steels are widely used in applications requiring high strength and
good toughness, i.e., in aircraft parts or nuclear reactor components [4].

The main hardening promoting precipitates are Ni3(Ti, Mo) and Fe2Mo-Laves [5–8].
Ni3(Ti, Mo)-type precipitates tend to form in the early stages of aging. Other possible pre-
cipitates that promote the hardening of these alloys are β(NiAl), σ(FeMo; FeTi), µ(Fe7Mo6),
and χ(Fe36Cr12Mo10) [6,9–11]. Structurally hardening precipitates exhibit a matrix-coherent
interface that increases yield strength and ultimate stress as a result of the interaction of this
interface with dislocations [1]. Ti is the most effective strengthening agent in these steels.

The C content should be avoided in order to prevent the formation of Ti carbides [12].
Excessively high austenitizing temperatures may favor an increase in austenitic grain
size [13,14], weakening the hardening of the aged martensite [15]. Nonetheless, low
temperatures may be insufficient to obtain a fully austenitic structure since they may foster
the permanence of Laves phases, with AB2 stoichiometry of the (Ti, Mo) (Fe, Cr, Ni)2 type,
which remain integrated and sparsely distributed in the martensite laths after cooling [14].
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They exhibit a compact hexagonal closed-packed crystal structure (HCP), and their size
can vary around 200 nm [16,17]. These phases can be formed at temperatures around
550 ◦C and do not dissolve entirely until above 900 ◦C [14]. Austenitizing temperatures
below 900 ◦C may not lead to the dissolution of the Laves phases. Low austenitizing
temperatures cause the Laves precipitates to reach large sizes. Yet, this reduces the volume
fraction of very fine Laves precipitates that could form during aging. Selection of the
austenitizing temperature enables the ratio of Laves precipitates to be changed between
small, formed during aging, and large, formed during austenitizing [17]. The presence of
retained austenite and Laves phases is detrimental to the mechanical strength [14]. These
precipitates have a negative effect on toughness [17].

The austenite formed during aging is called reverse austenite. The percentage of this
austenite increases with higher temperatures and longer aging times [18]. The formation of
reverse or inverse austenite is a consequence of the enrichment of the austenite in stabilizing
elements [19]. Li and Yin suggest that reverse austenite results from the partial dissolution
of Ni3(Ti, Mo) and the formation of Fe2Mo [20]. This Ni-enriched austenite is particularly
stable and does not transform when cooled to room temperature after aging [21–24].

Traditional martensitic steels with 18% Ni (maraging 300) mainly use Ni3Ti, combined
with Laves precipitates to achieve the hardening effect [7]. These steels are particularly
expensive mainly due to the presence of alloying elements, such as Ni and Co [16]. The
chemical composition range of the main alloying elements of a maraging 300 steel are
18–19% Ni, 8.5–9.5% Co, 4.6–5.2% Mo, and 0.5–0.8% Ti, with a maximum C content of
0.03% [25].

The selective laser melting (SLM) manufacturing process is categorized within the
powder bed fusion (PBD) processes of additive manufacturing (AM) [10]. The SLM pro-
cess makes it possible to manufacture chemically homogeneous parts, without dentritic
segregation, and with complex geometries [26–28]. ArcelorMittal Innovation, Research
and Investment, S.L. has this technology available at its facilities in Spain. These additive
manufacturing processes can fabricate tridimensional objects by means of digital inputs [3].
The manufacturing process consists of the repetitive addition of thin layers of metallic
powder on a horizontal platform that moves vertically (Z-axis). Each layer is only a few
microns thick. A laser scans the powdered surface, melting those particles that, when
solidified, will become part of a layer of the final part. Once the layer has been scanned,
the adjustable platform is lowered a few microns along the Z-axis, and a new layer of
powder is deposited on the existing substrate. When all the layers that constitute the final
component have melted and solidified, the remaining unmelted particles are removed [29].
This manufacturing technique involves complex physical phenomena, such as the heating,
melting, and solidification of a metallic powder [8]. The main process parameters are
laser power, layer thickness, scan speed, and scan spacing [30]. These parameters provide
a characterization of the process in terms of energy density [31].

Ni steels of 18% show a virtually martensitic structure after fabrication by the SLM
process. Given that the molten mass is very small and the cooling rate very high, no
austenitizing treatment would be necessary to obtain a fully hardened state [27]. The
standard practice for martensitic steels with 18% Ni is to carry out the aging treatment in
a single step. However, several aging cycles can improve the tensile strength and toughness
considerably, albeit with significant reductions in the ductility and impact strength [32]. The
double aging treatment appears to increase the strength and fatigue strengths, especially in
high-humidity conditions [33].

The correlation between the microstructure and the mechanical properties of addi-
tively manufactured M300 steel under different heat treatment processes has been widely
studied. However, previous studies have rarely focused on corrosion behavior. While ag-
ing precipitation treatments improve the mechanical properties of additive-manufactured
maraging steels, several authors have also reported that these treatments tend to worsen
their corrosion resistance [34,35]. From a practical application standpoint, the poor corro-
sion resistance of M300 steels compared to other tool steels or stainless steels represents
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a major challenge for SLM-processed martensitic aged steel parts [36]. As in the mechan-
ical behavior of the material, corrosion resistance in martensitic steels is influenced by
both the formation of precipitates and the presence of reversed austenite [37–39]. High
nickel (Ni) and molybdenum (Mo) contents and a lack of carbides provide better corro-
sion resistance [39]. The same applies to the presence of reversed austenite in martensitic
steels [23,40,41]. However, there are still open questions concerning the relationships
between the specimen microstructure, the corrosion mechanism, and the effect of aging
treatments on its corrosion behavior.

The aim of this study was to optimize the aging treatment of a maraging 300 steel
fabricated by the SLM process, including the study of a double aging process and consider-
ing that the maximum values of hardness and ultimate strength of this alloy fabricated by
conventional casting are 550–590 HV and 1800–2000 MPa, respectively [42,43]. The effect
of the aging treatment on the corrosion resistance in a slightly acidic solution (pH ≈ 5)
3.5 wt.% NaCl aqueous solution was also analyzed.

2. Materials and Methods

Table 1 shows the chemical composition of the metallic powder used (Carpenter Tech-
nology Corporation, Philadelphia, PA, USA). Figure 1 shows a predominantly spherical
geometry with an average size of 32.26 µm. The metallic powder was obtained through
a previous process of atomization. The 10th percentile was 20.01 µm, and the 90th percentile
was 50.99 µm. Printing was carried out on the RenAM500Q (RENISHAW, Wotton-under
Edge, England) selective laser melting machine owned by Arcelormittal Innovation, Re-
search and Investment, S.L. The laser power used was 250 W, the scan spacing was 80 µm,
and the scan speed was 1000 mm/s. The layer thickness was 50 µm. The laser scanning
sequence was as follows: orthogonal scanning, cross scanning, and S-scanning. The printer
used includes a 200 W fiber laser (Yb: YAG, wavelength: 1075 nm, SPI). The fabricated
samples had a relative density higher than 99.8%, with a confidence interval of 95%.

Table 1. Chemical composition of the metallic powder used in the SLM process (wt.%).

Ni Co Mo Ti Al Fe

18.0 9.0 5.0 0.7 0.1 Balance

Metals 2023, 13, x FOR PEER REVIEW 3 of 16 
 

 

their corrosion resistance [34,35]. From a practical application standpoint, the poor corro-
sion resistance of M300 steels compared to other tool steels or stainless steels represents a 
major challenge for SLM-processed martensitic aged steel parts [36]. As in the mechanical 
behavior of the material, corrosion resistance in martensitic steels is influenced by both 
the formation of precipitates and the presence of reversed austenite [37–39]. High nickel 
(Ni) and molybdenum (Mo) contents and a lack of carbides provide better corrosion re-
sistance [39]. The same applies to the presence of reversed austenite in martensitic steels 
[23,40,41]. However, there are still open questions concerning the relationships between 
the specimen microstructure, the corrosion mechanism, and the effect of aging treatments 
on its corrosion behavior. 

The aim of this study was to optimize the aging treatment of a maraging 300 steel 
fabricated by the SLM process, including the study of a double aging process and consid-
ering that the maximum values of hardness and ultimate strength of this alloy fabricated 
by conventional casting are 550–590 HV and 1800–2000 MPa, respectively [42,43]. The ef-
fect of the aging treatment on the corrosion resistance in a slightly acidic solution (pH≈5) 
3.5 wt.% NaCl aqueous solution was also analyzed. 

2. Materials and Methods 
Table 1 shows the chemical composition of the metallic powder used (Carpenter 

Technology Corporation, Philadelphia, U.S.A). Figure 1 shows a predominantly spherical 
geometry with an average size of 32.26 µm. The metallic powder was obtained through a 
previous process of atomization. The 10th percentile was 20.01 µm, and the 90th percentile 
was 50.99 µm. Printing was carried out on the RenAM500Q (RENISHAW, Wotton-under 
Edge, England) selective laser melting machine owned by Arcelormittal Innovation, Re-
search and Investment, S.L. The laser power used was 250 W, the scan spacing was 80 µm, 
and the scan speed was 1000 mm/s. The layer thickness was 50 µm. The laser scanning 
sequence was as follows: orthogonal scanning, cross scanning, and S-scanning. The 
printer used includes a 200 W fiber laser (Yb: YAG, wavelength: 1075 nm, SPI). The fabri-
cated samples had a relative density higher than 99.8%, with a confidence interval of 95%. 

Table 1. Chemical composition of the metallic powder used in the SLM process (wt.%). 

Ni Co Mo Ti Al Fe 
18.0 9.0 5.0 0.7 0.1 Balance 

 

 

 

(a) (b) 

Figure 1. Metallic powder used in the SLM process. (a) Scanning electron microscope (SEM) image 
of a random sample; (b) particle size distribution. 

The research methodology followed was a factorial design of experiments with 3 fac-
tors, 2 levels and 8 experiments [44]. The purpose of a design of experiments is to deliber-
ately modify the normal working conditions in order to produce changes in some of the 

Figure 1. Metallic powder used in the SLM process. (a) Scanning electron microscope (SEM) image
of a random sample; (b) particle size distribution.

The research methodology followed was a factorial design of experiments with 3 fac-
tors, 2 levels and 8 experiments [44]. The purpose of a design of experiments is to deliber-
ately modify the normal working conditions in order to produce changes in some of the
responses under study, for instance, the tensile strength of a material. These changes are
made on certain factors, which have been previously selected. The design of experiments
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is called full factorial when the number of experiments coincides with 2k, where k is the
number of factors to be studied and 2 is the number of levels applied to each of those fac-
tors [45–47]. The response of a factor is the variable to be analyzed. Therefore, the responses
to be analyzed could be the hardness of a material or its breaking strain. The effect of a fac-
tor is defined as the variation of the response function as a consequence of the variation of
that factor. According to the above, main effects are those effects calculated from each factor
separately, i.e., they could be defined as the change in the response function when varying
a given factor from its lowest level to its highest level [48]. Conversely, 2-factor interactions
are defined as the variation between the average effect of one factor with the other factor
at its low level and the average effect of the same factor with the other factor at the high
level. Interactions between several factors are defined analogously [44]. The influence of
the main effects on the response function tends to be greater than the importance of the
2-factor interactions, and these in turn greater than the 3-factor interactions and so forth.
A given effect could be defined as significant if it is too “uncommon” to be the result of
chance. Design of experiments are used to try to locate factors with a significant effect.
For this purpose, a significance test is performed for each effect, using the t-Student as the
reference distribution.

To this end, a one-sided hypothesis test is used with a significance level of 5% (α = 0.05),
where the null hypothesis is to consider that the mean of each effect is 0 [47,48]. If, as a result
of this analysis, there is sufficient evidence to reject this hypothesis, it can be considered as
significant, with a confidence level of 95%. Table 2 shows the factors and levels analyzed
and Table 3 shows the matrix of experiments. It is a factorial design of experiments where
k = 3 and the total number of experiments is 8, using 2 replicates in each experiment [49].

Table 2. Factors and levels.

Factors Levels

Code Factors Description Units Level −1 Level +1

A Aging temperature ◦C 460 520
B Holding time h 2 8
C Number of treatments -- 1 2

Table 3. Matrix of experiments.

Experiment
A B C

Restricted
Confusion PatternAging Temp.

(◦C)
Holding Time

(h)
Number of
Treatments

1 460 2 1
Factor A
Factor B
Factor C

Interaction AB
Interaction AC
Interaction BC

2 520 2 1
3 460 8 1
4 520 8 1
5 460 2 2
6 520 2 2
7 460 8 2
8 520 8 2

Fry reagent (5 g CuCl2 (Sigma-Aldrich, Co., Madrid, Spain), 40 mL HCl (Sigma-
Aldrich, Co., Madrid, Spain), 25 mL ethanol (Sigma-Aldrich, Co., Madrid, Spain) and
30 mL DI water) was used as the etching solution to reveal the microstructure of the
material after mechanical grinding and polishing. Optical microscopy and scanning electron
microscopy were used to examine the microstructure. The optical microscope used was
the NIKON Epiphot 200 model (Nikon, Tokyo, Japan). The scanning electron microscope
(SEM) used was the JEOL JSM-5600 model, equipped with the characteristic X-ray scattering
microanalysis system (JEOL, Nieuw-Vennep, The Netherlands). The percentage and types
of precipitated crystalline phases were determined by means of X-ray diffraction with a Cu
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X-ray tube. The diffractometer used was the PANalytical X’Pert Pro MPD (PANalytical
B.V., Almelo, The Netherlands) of the Scientific and Technical Services of the University
of Oviedo. The determination of the percentage of crystalline phases was established
using the Rietveld structural refinement method. Vickers hardness was measured using
a load of 294 N. The hardness value estimated in each experiment was the average value
obtained from 15 hardness indentations. The tensile test was performed according to
ASTM E08, using standardized INSTROM equipment (Instron, Norwood, MA, USA) with
a displacement speed of 5 mm/min and a load limit of 100 kN. The tensile specimens had
a reduced section length of 34 mm and a square section of side 6 mm.

Corrosion resistance was analyzed on a slightly acidic 3.5 wt.% NaCl (Merck kGaA,
Darmstadt, Germany) aqueous solution on aged samples versus as-printed samples. A sam-
ple over-aged for 96 h at 520 ◦C was included in the analysis. The methodology followed
was that of linear polarization resistance, according to the ASTM G59 standard [50].

Prior to each electrochemical experiment, the samples were mechanically grinded
with 60, 240, 400, 600 and 1200 SiC sandpaper, washed with distilled water, degreased
in acetone and ethanol, and then air dried. The electrochemical measurements were
carried out by using a Metrohm DropSens® µStat-i 400s potentiostat/galvanostat con-
trolled by the DropView 8400 software, for electrochemical data acquisition and analysis
(Metrohm Dropsens SL., Oviedo, Spain). The electrochemical experiments were performed
in a conventional three-electrode Teflon cell with 1 cm2 test area, containing holes to fix
the electrodes. The reference and auxiliary electrodes were the Ag(s)/AgCl(s) (3M KCl)
and a 150 mm platinum wire, respectively, (both from Metrohm Dropsens SL., Oviedo,
Spain) while the solution-treated, the aged and the as-printed samples were the working
electrodes. The corrosion behavior of the samples was evaluated by the linear polarization
resistance (LPR) technique. The corrosion tests were carried out in triplicate at room tem-
perature (about 25 ◦C) in a potential range from −100 to +100 mV around the OCP with
a scan rate of 1 mVs−1. Before the potentiodynamic test, 7200s open-circuit potential (OCP)
was applied for stabilization. Polarization resistance (Rp) and corrosion voltage (Ecorr)
were automatically obtained from the Dropview 8400 software after the test was carried
out. Icorr was obtained applying the Stern-Geary equation on the numerical outputs from
the software.

3. Results

Figure 2 shows the microstructure in the as-printed state. Figure 2a,b correspond to
optical micrographs and Figure 2c,d) correspond to micrographs obtained by scanning
electron microscopy (SEM). The microstructure is predominantly ferritic, with no detectable
presence of austenite. Figure 2c shows a fine structure that has been formed as a conse-
quence of the high cooling rate after melting [51]. It can be observed that, in certain areas,
this microstructure consists of very fine columnar “grains”, Figure 2d. The orientation of
these columnar “grains” almost coincides with the printing direction. This structure arises
because of the preferential cooling direction, which coincides with the printing direction.
The powder surrounding the component acts as an insulating layer, so that the main di-
rections of heat loss are the result of two phenomena: conduction heat transfer through
the substrate and convection heat transfer through the top layer [8]. These solidification
structures are, in fact dendrites with very short lateral (secondary) arms [52,53].

Table 4 shows the hardness’s achieved by performing 2 repetitions (block 1 and block
2). This table also shows the effects of the main factors and second-degree interactions.
The effect of the repetitions is also shown. In the as-printed state, the hardness was
363.95 ± 13.18 HV (294 N), with a confidence level of 95%. The average value of the
8 experiments was 575.87 HV.
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Table 4. Vickers hardness (294 N). Results from 2 repetitions and effects.

Experiment Block 1 Block 2 Effect Confounding Pattern

1 568 572 575.9 Average
2 564 566 −44.7 Factor A
3 604 604 −2.7 Factor B
4 550 546 8.2 Factor C
5 602 604 −26.2 Interaction AB
6 572 570 −14.2 Interaction AC
7 614 618 −11.2 Interaction BC
8 532 528 0.25 Block

Figure 3 shows the statistical analysis of the effects associated with hardness. Figure 3a
shows the Pareto plot of the standardized effects using the t-Student as the reference distri-
bution, with 8 degrees of freedom. The standard error was 1.118. An effect is considered
significant if its standardized value exceeds the tα/2 value for a degree of freedom equal
to 8. In this case, this value is 2.3. Factors A (aging temperature) and C (number of ages),
together with the interactions AB, AC and BC, are found to have significant effects. It
should be noted that the factor that has the most significant effect on hardness is the aging
temperature and its interaction with the holding time. As a result, the greatest increase
in hardness is obtained when the aging temperature is 460 ◦C and the holding time at
this temperature is 8 h (interaction AB). In addition, in this same plot, an important effect
of the interaction between the aging temperature and the number of aging treatments
performed (interaction AC) is observed. Hardness increases when a double aging treatment
is performed at 460 ◦C. Figure 3b shows the effect on hardness when varying between levels
−1 and 1 of the main factors. It should be noted that the greatest increase in hardness is
obtained by placing the aging temperature at level −1 (460 ◦C) compared to level 1 (520 ◦C).
Similarly, Figure 3c shows the effect on hardness of the variation between levels −1 and
1 of the 2nd order interactions. All three have a significant effect; however, it is the AB
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interaction that outstands the most, with the greatest increase in hardness being obtained
when both are at their respective levels A= −1 (460 ◦C) and B = 1 (8 h). The results suggest
that the peak hardness at 460 ◦C is reached later than at 520 ◦C. The hardness value after
aging treatment at 460 ◦C for 8 h exceeded 600 HV. The hardness value reached at 520 ◦C
for 8 h did not exceed 550 HV, while after aging treatment for 2 h it exceeded 560 HV. The
holding times studied at 520 ◦C probably cause an over-aging of the precipitates and/or
the beginning of the conversion process of martensite to austenite [54–56]. This would
imply a decrease in hardness. It should also be noted that the increase in hardness that
would result from placing factor A at level −1 (460 ◦C) would be reinforced by double
aging (C = 1). As a continuation of this research, double aging processes will be studied at
intermediate temperatures to those analysed and holding times shorter than 8 h. Figure 3d
shows an estimation of the curves associated with the hardness of the material when factor
C is placed at level 1 (double aging treatment). The increase in hardness due to a decrease
in the aging temperature to 460 ◦C (Factor A = −1) must be highlighted. In turn, double
aging treatment appears to increase the hardening potential.
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Figure 4 shows two broken tensile specimens. Specimen (a) is aged, and specimen
(b) is in the as-printed state. All aged specimens fractured without plastic deformation.
However, the as-printed specimens showed plastic deformation before fracture.

Table 5 shows the results obtained on the true tensile strength, performing 2 repetitions
(block 1 and block 2). This table includes the effects of the main factors and second-degree
interactions together with the effect of the replications (block effect). In the as-printed
condition, the true ultimate stress was 1050 MPa. This value is the average of 3 tests with
a minimum value of 1048 MPa and a maximum value of 1052 MPa. The average value of
the 8 experiments was 2015.8 MPa, which is almost a doubling of the ultimate strength
with respect to the as-printed state.

Figure 5 shows the statistical analysis of the effects associated with the true ultimate
stress. Figure 5a shows the Pareto plot of the standardized effects. The standard error is
11.619. Using the t-Student as the reference distribution, with 8 degrees of freedom, and
a significance level of 0.05 (α = 0.05), factors B (aging time) and the interactions AB, AC and
BC were found to have significant effects. The selected parameters to maximize the tensile
strength, according to Figure 5a, should be: aging temperature at 460 ◦C, long holding
times (8 h) and double aging treatment. Figure 5b shows the effect on tensile strength of
varying between levels −1 and 1 of the principal factors. Similarly, Figure 5c shows the
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effect of the three 2nd order interactions. Although all three have a significant effect, it
is the AB interaction that has the greatest effect. The greatest increase in strength would
occur when factors A and B are at their respective levels −1 (460 ◦C) and +1 (8 h of aging),
which would be compatible with the results achieved when analyzing hardness. On the
other hand, if factor A is set to level −1 (460 ◦C) it should, in turn, set factor C to level
+1 (double aging treatment). This result also coincides with that achieved in the hardness
analysis. Setting factor B at its +1 level (aging treatment for 8 h), the interaction with factor
C appears to be not very significant. From the joint analysis of the effect of the factors
on hardness and tensile strength, it is observed that the aging temperature at 460 ◦C is
more significant on hardness than on tensile strength, whereas the aging time seems to
be more significant on tensile strength than on hardness. Figure 5d shows an estimation
of the contour lines associated with the tensile strength when factor A is at its −1 level
(460 ◦C). The increase in tensile strength with increasing aging time can be observed. It can
be concluded that the highest hardness and strength would be achieved by performing
a double aging treatment at a temperature of 460 ◦C for 8 h. It is important to consider that
other authors who performed solubilization treatments prior to aging treatments achieved
tensile strength values around 2000 MPa [27]. Therefore, no solubilization treatment would
be necessary. for this SLM manufactured alloy to achieve good mechanical properties.
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Table 6 shows the results obtained on the maximum uniform deformation, performing
2 repetitions (block 1 and block 2). In the as-printed state, the maximum true strain was 4%.
This value was the same in the 3 tensile tests performed. The average value resulting from
the 8 experiments was a maximum true strain of 6.2%, an increase of approximately 55%
over the non-aged specimens.
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Table 5. True tensile strength (MPa). Results of 2 repetitions and effects.

Experiment Block 1 Block 2 Effect Confounding Pattern

1 1842 1840 2015.8 Average
2 2059 2048 24.8 Factor A
3 2058 2071 69.1 Factor B
4 2079 2025 26.1 Factor C
5 1962 1971 −130.1 Interaction AB
6 2040 2088 −75.1 Interaction AC
7 2142 2141 −41.8 Interaction BC
8 1956 1931 −2.8 Block
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Figure 5. Design of experiments plots associated with true tensile strength: (a) Pareto chart; (b) main
factors; (c) 2nd order interactions; (d) estimated level curve for an aging temperature of 460 ◦C
(A = 1).

Table 6. Maximum true uniform deformation (%). Results of 2 repetitions and effects.

Experiment Block 1 Block 2 Effect Confounding Pattern

1 5.2 6.1 6.2 Average
2 6.0 6.3 −0.2 Factor A
3 6.5 6.8 0.3 Factor B
4 6.4 5.7 0.2 Factor C
5 6.0 6.5 −0.4 Interaction AB
6 5.7 6.6 −0.2 Interaction AC
7 6.8 6.9 −0.1 Interaction BC
8 6.1 6.0 0.3 Block

Figure 6 shows the statistical analysis of the effects associated with the maximum
uniform deformation. Figure 6a shows the Pareto plot of the standardized effects. The
standard error was 0.178. Using the t-Student as the reference distribution, with 8 degrees
of freedom and a significance level of 0.05 (α = 0.05), the AB interaction was found to have
a significant effect. Figure 6b shows the effect on the maximum uniform deformation of
varying between levels −1 and 1 of the principal factors. Similarly, Figure 6c shows the
effect of the three 2nd order interactions. Only the AB interaction has a significant effect,
resulting that in order to increase the maximum uniform deformation both factors must be
placed at the respective levels −1 (460 ◦C) and 1 (8 h). Figure 6d shows an estimation of the
contour lines associated with the maximum uniform strain when factor A is at its −1 level
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(460 ◦C). It can be seen that the steepest growth slope occurs with increasing aging time
from 2 h to 8 h (factor B).
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Figure 6. Design of experiments plots associated with the maximum true strain: (a) Pareto chart;
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Additionally, Table 7 shows the weight percentages of detected austenite by X-ray
diffraction.

Table 7. Weight percentage of austenite.

Experiment Rietveld Fitting wt.%

“As print” Rwp = 12.5
Chi2 = 3.49 0

1 Rwp = 12.4
Chi2 = 2.78 0

2 Rwp = 15.9
Chi2 = 1.91 1

3 Rwp = 13.1
Chi2 = 2.25 0

4 Rwp = 12.5
Chi2 = 2.27 5

5 Rwp = 15.3
Chi2 = 2.13 2

6 Rwp = 14.6
Chi2 = 2.07 4

7 Rwp = 12.7
Chi2 = 2.39 1

8 Rwp = 14.1
Chi2 = 2.09 8

Figure 7 illustrates the statistical analysis of the effects related to the weight percentage
of austenite. Figure 7a shows the Pareto diagram of the standardized effects. The resulting
standard error is 0.25. Using the t-Student as the reference distribution, with 1 degree
of freedom and a significance level of 0.05 (α = 0.05), an effect is defined as significant
if its standardized value exceeds the value tα/2 = 12.7. Factor A (aging temperature)
has a significant effect. Thus, since there was no austenite in the as-printed state, the
formation of inverse austenite is associated with the aging temperature at 520 ◦C. This
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result confirms that the aging temperature is the only factor that has a significant effect
on the formation of inverse austenite. Other factors such as the holding time at this
temperature or double aging treatment are not significant. Figure 7b shows the effect of
the main factors. Similarly, Figure 7c depicts the effect of the three 2nd order interactions.
Figure 7d shows an estimation of the contour lines associated with the amount of austenite
when Factor A is at level 1 (520 ◦C). It can be observed that if the material is subjected
to an aging temperature of 520 ◦C, there is a constant increase in the inverse austenite
as the holding time (Factor B) increases. However, the latter factor is not of “significant”
importance. These results confirm that the formation of reverse austenite is more sensitive
to the aging temperature than to the aging time.
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Parallel to the design of experiments, an over-ageing treatment was carried out at
520 ◦C for 96 h. Figure 8 shows the microstructure obtained. The microstructure shows
a rupture of the fine cellular structure that the material presented in the as-printed state,
forming regular martensite blocks of fairly coarse size [51]. The breaking of cell boundaries
and formation of regular martensite blocks is likely to be due to an increased reversion of
martensite to austenite with longer aging times. However, the formation of reverse austenite
is more sensitive to the aging temperature than to the holding time at the aging temper-
ature [52]. Figure 8a shows the presence of reverse austenite after over-aging. Figure 8b
shows a high density of Ni-rich structural hardening intermetallic compounds, which
become visible due to the over-ageing to which the material was underwent [10,52,57].

Table 8 shows the comparative results of the corrosion test, using the linear polariza-
tion resistance method (LPR). The performance of the as-printed and aged simples was
compared, including the sample over-aged 96 h at 520 ◦C. Experiment 7 corresponds to the
highest hardness (double aging treatment for 8 h at 460 ◦C) and experiment 8 to the lowest
hardness (double aging treatment for 8 h at 520 ◦C). Figure 9 shows the polarization curves.
Heat treatment reduced the corrosion potential (Ecorr).

Maraging steel is prone to galvanic corrosion mainly due to the presence of intermetal-
lic precipitates, such as Ni3(Ti, Al, Mo) on the ferritic matrix, the latter acting as an anode
and these precipitates as cathodes [58]. However, this type of corrosion is not observed. The
corrosion rate is slightly lower in the aged samples, which could be due to the formation
of extremely fine precipitates [58]. It is observed that the as-printed sample has a higher
corrosion potential than the aged samples. The aged samples, including the over-aged
sample, show lower corrosion potential and lower corrosion current density than the as-
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printed sample. In particular, the higher polarization resistance and lower corrosion density
was found on the over-aged sample. The corrosion potential is a consequence of several
simultaneous corrosion processes under non-equilibrium conditions, resulting in this case
predominantly the reduction of the oxygen dissolved in the electrolyte, which favours
the dissolution of Fe atoms when the martensite is more saturated in alloying elements.
These results encourage a further study to deepen in those conditions that favour some
cathodic reactions over others, the effect on the electric field of the double layer formed
in the vicinity of the working electrode and the activation energy that acts as an energy
barrier on the deselectronization process [59,60].
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Table 8. Linear polarization resistance (LPR) test results.

Sample Rp (kΩ) Ecorr (V vs. Ag/AgCl) Icorr (µA/cm2)

As-printed 8.24 −0.573 6.4
Experiment 7 9.33 −0.605 5.0
Experiment 8 13.75 −0.613 4.2

Over-aged (96 h at 520 ◦C) 15.53 −0.610 3.4
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4. Conclusions

This study aims to optimize the aging treatment of a maraging 300 steel, which
was fabricated using the SLM technique from spherical particles with an average size
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of approximately 32 µm. The investigation was conducted without prior austenizing
treatment and includes the analysis of a double aging process. Additionally, the impact
of aging on corrosion resistance in a 3.5 wt.% NaCl solution was analyzed. The principal
findings can be summarized as follows:

1. As a result of the statistical analysis of the design of experiments, it was found that the
optimum treatment would be a double aging treatment at 460 ◦C for 8 h. Maximum
hardness and tensile strength values were achieved under these conditions, being
618 HV and 2142 MPa, respectively.

2. These values are similar to those obtained by other authors who performed an aust-
enizing treatment prior to aging, which confirms that excellent mechanical properties
can be achieved by omitting this solubilization treatment prior to aging.

3. The presence of reverse austenite was found at the ageing temperature of 520 ◦C. The
ageing temperature was the only factor that had a significant effect on the formation
of reverse austenite. It should be noted that the holding time at this temperature did
not have a significant effect.

4. Corrosion resistance, in aqueous solution of 3.5 wt.% NaCl, increased in the aged
samples compared to the as-printed sample. No galvanic corrosion was observed
during aging treatments, despite the theoretical anodic behaviour of ferrite against
intermetallic precipitates derived from such aging treatment. The predominant elec-
trochemical semireaction seems to be the reduction of the dissolved oxygen in the
electrolyte, favouring the dissolution of Fe atoms when the martensite is more sat-
urated in alloying elements. The heat treatment that appears to provide the best
corrosion behaviour was over-aging treatment at 520 ◦C.
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