Microstructural and Mechanical
Properties of As Built, Solution Treated

and Aged 18 Ni (300 grade) Maraging
Steel Produced by Selective Laser Melting
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Mechanical and microstructural properties of 18-Ni (300 grade) maraging steel processed by selective laser melting were investigat-
ed to evaluate the effect of the peculiar processing conditions and of the subsequent heat treatment. No need of solution treatment
prior to aging revealed necessary owing to the rapid cooling rate experienced by the material during selective laser melting. Iso-
thermal aging temperature and time played a main role in promoting austenite reversion. Aging also induced a dramatic increase in
strength with respect to the as-built condition and a decrease in fracture elongation. It is proposed that tensile strength and ductility
are mainly governed by the effects brought by the strengthening precipitates, whereas the concurrent reversion of martensite into
austenite is likely to play a minor role. Analysis of defects induced by selective laser melting process and on fracture behavior of the
tensile specimens allowed to improve the understanding of materials performance and to draw guideline for process improvement.
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INTRODUCTION

Maraging steels are low-carbon ultra-high strength iron alloys
with good toughness that derive their mechanical properties
from the aging of a relatively soft Ni-rich martensite. It is reported
that in the 18-Ni 300 alloy and in similar grades, Ni-based pre-
cipitates (mainly Ni_Ti, Ni.Mo) are formed in a first stage of ag-
ing, whereas Fe-based precipitates (Fe,Mo and Fe,Mo,) replace
in a second stage the previously formed species. Furthermore,
aging treatment leads to austenite reversion that is stimulated
by the release of Ni into the matrix due to the decomposition of
the Ni,Ti and Ni,Mo precipitates. Over-aging may promote sof-
tening and increases crack blunting effects due to the formation
of high austenite fraction, however this beneficial influence may
be counterbalanced by matrix embrittlement due to precipitate
growing and coarsening [1-6].

Recently, maraging steels have been successfully processed by
selective laser melting (SLM), an additive manufacturing (AM)
technique based on the local fusion of a powder bed by a laser
beam [7-10]. Fully dense parts featuring mechanical properties
that are commonly better than those produced by casting are
manufactured by SLM thanks to the refined microstructure gen-
erated during cooling [7-11]. In fact, the high local energy and
the fast scans of the laser are responsible for large thermal gra-
dients and fast cooling rates [12,13]. The localized thermal cycles
inducing rapid melting and cooling are also the cause of complex

fluid flows within the melt pool that may lead to microstructural
defects. Several processing parameters, including layer thickness,
scanning strategy, hatch distance, spot size, focus, and power
of the laser must be adjusted so as to minimize the generation
of small solidification faults, such as pores, incompletely melted
particles and material spattering from melt pools, which in turn
are responsible for the formation of un-melted zones and fusion
defects [12-14]. Microstructural heterogeneities can strongly
deteriorate mechanical behavior of AM components, especially
when materials with low damage-tolerant ability are employed
and they can constitute a limitation for the manufacturing of
reliable structural parts, especially if they are subjected to cyclic
loading in service.
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The aim of the present study consisted in studying the micro-
structure, hardness and tensile properties of 18-Ni (300 grade)
maraging steel bars prepared by SLM as a function of tailored
aging treatments. Emphasis is also put on fracture behavior of
the materials and on process-induced microstructural defects in
order to improve the understanding about performance of SLM
materials as affected by processing conditions.

Materials and Methods

Gas-atomized 18-Ni 300 maraging steel powder supplied by
Sandvik Osprey LTD was used for the experiments. A representa-
tive micrograph of the powder is shown in Figure 1. The alloy
chemical composition is given in Table 1.

Tab. 1 - Chemical composition in weight percent (wt.%) of the
18-Ni 300 maraging steel powder.

A Mo Co Ti Al Si
17.6 53 9.6 0.7 0.09 0.2 Bal.

Fig. 1 - View of the gas-atomized 18-Ni 300 alloy powder used
for the experiments.

A Renishaw AM250 SLM system, which has installed a single
mode fiber laser with a power of 200 W and an estimated beam
diameter at focal point of 75 pm, was used to produce a set of
samples consisting of horizontal and vertical bars (10 mm x 10
mm x 75 mm). Block-type support were built to join parts togeth-
er with the carbon steel build plate. In Figure 2, a close-up view
of the supports and overlying bars is shown. Laser melting was
performed by discrete and partially overlapped spots exposed to
the radiation for a fixed time (t = 80 ps). After completing a line,
the laser scans a partially overlapped adjacent line. Point dis-
tance and hatch distance were set at 65 ym and 80 pm, respec-
tively, whereas thickness of each powder layer was set to 40 pm.
Samples were produced under Ar atmosphere and by rotating
the laser scanning direction by 67° after each layer in order to
reduce residual stresses and crystallographic textures. The built
parts were removed from build plate and machined in order to

produce cylindrical dog-bone specimens having a gauge length
of 20 mm and a diameter of 4 mm.

Fig. 2 - Close-up picture of the supports used for the build.

Microstructural analysis was carried out by scanning electron mi-
croscope (SEM) equipped with energy dispersive X-ray analysis
(EDX) and electron backscattered diffraction (EBSD) detectors
and by optical microscope after etching with Picral or modified
Fry's solution.

Tensile tests were performed at room temperature with a cross-
head speed of 0.5 mm/min using a MTS Alliance RT/100 univer-
sal testing machine equipped with extensometer. At least three
specimens for each condition were tested.

Aging response of the samples was evaluated starting from the
as-built condition or after a standard solution treatment, carried
out at 815 °C for 30 min, followed by water quenching. Iso-
thermal aging curves were then collected at 460, 490, 540, and
600 °C for times ranging from 10 min up to 14 days; hardness
evolution was evaluated by performing Vickers indentations with
2 kg, load.

Differential scanning calorimetry (DSC, Labsys Setaram) analyses
were carried at 20, 30 and 40 °C/min in Ar atmosphere to as-
sess precipitation sequence of strengthening phases. Kissinger
method was used to calculate the activation energies of selected
samples [15].

X-ray diffraction (XRD) patterns were collected using a X-Pert
PRO PANalitical instrument equipped with a RTMS X’Celerator
sensor. Cu Ko (k = 0.15418 nm) radiation was employed. Quan-
titative analysis of identified phases was implemented by Ri-
etveld refinement method using Maud software [16].

RESULTS AND DISCUSSION

The process of powder consolidation by laser melting involves
the generation of a multitude of small weld beads that can be
readily recognized in low-magnification images taken from top
of processed samples, as depicted in Figure 3. Partial overlapping
of the laser tracks both along the build direction (normal to the
plane of the figure) and laterally are here highlighted.
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Fig. 3 - Stereomicroscope images highlighting partial overlapping of the laser tracks

SEM analysis showing the top surface of samples (figure 4) re-
vealed that a number of almost spherical particles are depos-
ited, as a result of the rapid and intense melting process induced
by the focused laser beam, also generating droplets of molten
metals (commonly called splats) that are expelled from the pool,
dragged by the inert gas flow and occasionally fall on the sur-
face of the already consolidated metals, partially welding on it.

I Wi} ) a

The fairly large size of the particles suggests that these are not
always the original powder particles but most of them are pro-
duced directly from a volume of the molten alloy. In Figure 5 a
plot showing the normal distribution of the measured size of
splats and of the original powder particles is reported to confirm
this hypothesis.

Fig. 4 - SEM images showing splats deposited on the last layer at (a) low and (b) higher magnification.
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Fig. 5 - Normal distribution of the size of splats welded on the consolidated surface and original powder particles.

Figure 6 shows representative optical micrographs of the top and
lateral sections of the as built parts after etching. At low magnifi-
cation, the microstructure of the as build samples shows features
similar to those observed from top external surfaces (see Figure
3 and Figure 4) consisting of multiple aligned weld beads. It is
worth noting that the laser scanning direction rotates by 67°
after each layer, leading to differently oriented melt pools. This

reflects on different shape and size of cross-sectioned melt pools
that can be observed from micrographs in Figure 6b. From the
size (especially the depth) of the beads it is inferred that each
single laser scan involves more than one single powder layer
(the deposited layer has a nominal thickness of 40 mm) and re-
melting of the consolidated material occurs, at least also for the
second but last layer.

b.

Fig. 6 - Optical micrographs of the as built microstructure of the maraging steel: (a) Top view; and (b) Lateral view.

High magnification SEM micrograph shown in Figure 7 reveal
a cellular solidification structure, typical of SLM processed parts
[17-20], with cells smaller than 1 pm in diameter. Epitaxial
growth of cellular dendrites from adjacent tracks can also be no-
ticed. It is known that cooling rates of the melt pool in the order
of 10°-108 K-s~' occur during SLM [21] and materials experi-
ence local melting and rapid solidification far from equilibrium

conditions, which is driven by temperature gradients in the order
of 10° K‘m~" [22]. According to ref. [23], the higher Ni-content
segregated at cell boundaries owing to rapid process leads to the
local formation of austenite. Accordingly, austenite can be read-
ily recognized in micrographs of as built samples as the bright
phase that decorates cell boundaries.
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Fig. 7 - SEM micrographs (a) at lower and (b) at higher magnification of the cellular solidification microstructure.

Solution treatment promote a radical changes in microstructure,
as shown by the optical micrograph in Figure 8: the melt pool
traces fully disappear and the cellular solidification structure is

replaced by a lath martensite structure. A more detailed descrip-
tion of microstructural features for these samples is reported in
ref. 24.

Fig. 8 - Optical micrograph of the solution treated sample.

The aging response of the SLMed 18-Ni 300 grade steel was
studied by DSC analysis. In Figure 9, the results of DSC scans
performed on the as build and solution annealed materials are
shown. The two samples show similar calorimetric curves which
are first marked by two exothermic peaks followed by two en-
dothermic peaks. The first exothermic peak is believed to be pro-

duced by the formation of coherent precipitation zones, whereas
the second is associated to the formation of the main strength-
ening precipitates, namely the Ni.Ti and Ni_Mo phases followed
by the Fe,Mo or Fe, Mo, phases. The third and fourth endothermic
peaks are instead caused by the austenite reversion and to the
dissolution of precipitates [1-4, 24-27].
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Fig. 9 - Comparison of the DSC curves (a) of the as-built and solution-treated samples at heating rate of 20 °C/min; DSC curves of
(b) the as-built and (c) the solution-treated samples at 20, 30 and 40 °C/min.

DSC data were also collected at heating rates of 20°C/min
and 30°C/min in order to perform kinetic analysis by Kissinger
method [15]. The assessed activation energies are summarized in
Table 2. Since the first peak is related to a transformation driven
by short-range diffusion, namely the formation of small coher-
ent clusters of atoms, there are small differences in activation
energies between the as build and the solution treated samples,
which are about 205 kJ/mol. On the contrary, the processes re-
lated to long-range diffusion show larger differences: the activa-
tion energies referred to the strengthening precipitates forma-
tion for the as built and the solution treated samples are 174.5
and 274.4 kl/mol, respectively; those related to the austenite
reversion are 264.2 and 310.3 kJ/mol, respectively. The as built
samples likely contain higher amount of crystal defects, such as
cell boundaries and dislocations formed during fast cooling, than

the solution treated sample. These defects act as preferential
paths for atom migration, accelerating the diffusion-controlled
precipitation reaction. Several authors found similar activation
energy values for strengthening precipitates formation in ma-
raging steels produced by conventional methods. Sha et al. [25]
reported an activation energy of 205.1 kJ/mol in the case of
wrought 250 grade maraging steel while Kapoor and Batra [26]
found a value of 265 kJ/mol in a 350 grade maraging steel. Me-
napace et al. [27] obtained values of 150 kJ/mol and 269 kJ/mol
corresponding to a 300 maraging steels sintered in two different
conditions; the dissimilar energy values were also attributed to
the differences in grain sizes and defect densities. For austenite
reversion, activation energy values of 342 kJ/mol and of 423 kJ/
mol were reported in literature [25,26], which are closer to those
obtained for the solution treated sample.

Tab. 2 - Activation energies calculated from DSC curves by the Kissinger method.

Peak 1E_(kJ/mol) Peak 2 E_(k)/mol)

Peak 3 E_(k)/mol) Peak 4 E_(kJ/mol)

Asbuilt  Solution Treated ~ Asbuilt  Solution Treated ~ Asbuilt ~ Solution Treated ~ Asbuilt  Solution Treated

205.0 205.7 174.5 274.4 264.2 310.3 1406.8 1189.5
Isothermal aging was carried out at 460°C on the as build and 1 10 100 1000
solution treated coupons to evaluate possible differences in 650 - ’ ' . " Jeso
achievable strength. The hardness values as a function of the 600 - [
aging time is reported in Figure 10. The annealing performed ol . - Lz
at 815°C led to a drastic hardness drop, from 371 to 279 HY, & - h o
probably due to stress relieving effect and slight microstructural 2 ool 2 ) T
coarsening. Moreover, it should be considered that in situ heat Em_ .
treatment might have been occurred during SLM that might have E 4
caused the formation of coherent precipitates or atom clustering P "
in solute-rich zones, which might have been dissolved by solution it sl == T T T o 2
treatment. However, this gap in hardness is readily bridged after Sy o Solution Treated 815°C + Aging 460°C, 7 250
only 30 min at 460 °C. Slightly higher peak hardness is reached A 43 s i
after 8 hours by the as built sample (632 HV) than by the solution i T k)

annealed alloy (613 HV).

Fig. 10 - Hardness evolution of the as built and solution
treated samples during isothermal holding at 460 °C.
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From the present results it can be deduced that the solidification
and cooling rates induced by SLM processing are fast enough
to almost fully preserve the aging potential of the 18-Ni 300
maraging alloy, without any need to perform an additional post-
SLM solution treatment to dissolve second phases.

Aging test were also performed at 490, 540 and 600 °C starting
from as built samples. The evolution of hardness during aging at
the above temperatures is shown in Figure 11. Peak hardness
condition is reached after 4 h, 1 h and 10 min as temperature
is increased from 490 to 540 and 600 °C. Long term exposure

at 460 and 490 °C led to moderate loss in hardness, whereas
over-aging effect was more severe in high-temperature annealed
samples. Based on the above mentioned results, further tensile
tests and XRD analysis were performed on as built samples, on
peak aged samples treated at the different temperatures and on
a further set of samples annealed for 8 h at 540 °C, which allows
comparisons with the 600 °C peak-aged samples (similar hard-
ness attained by different aging times) and the 460 °C peak-
aged samples (same aging time but different attained hardness).
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550 4
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Fig. 11 - Hardness evolution of the as built samples during isothermal holding at 460, 490, 540 and 600 °C.

Aging induces an increase of austenite over martensite fraction,
both aging temperature and time are effective in enhancing the
amount of y-phase [24]. The increase in austenite can also be
readily observed in microstructure of aged samples. By way of
example, the micrographs of samples aged at 460°C and 540°C
for 8 h reported in Figure 12 clearly show an increase of the
bright phase decorating the cell boundaries. A previous research
work referred to welding of a wrought 18-Ni 250 maraging steel
[28] reports that the as-welded microstructure might contain

segregation of Mo and Ti at cell boundaries. Mo can enhance the
austenite reversion transformation on aging due to early forma-
tion of Fe Mo, resulting in local enrichment in Ni of the matrix.
A similar effect is expected to be active also in the rapidly so-
lidified samples here investigated. Microstructure observations
confirmed that austenite reversion on aging first occurred at cell
boundaries and only on over-aging (8 h at 540°C), austenite
forms at intracellular sites.

Fig. 12 - Top view of SLMed 18-Ni 300 steel samples aged at (a) 460 °C 8 h and (a) 540 °C 8 h.
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The histogram reported in Figure 13 summarize the results ob-
tained from tensile tests. Vertically built specimens exhibit worse
ductility and lower strength than those horizontally oriented.
The different mechanical behavior is the result of the layer-by-
layer fabrication process. It can be supposed that the produc-
tion technique causes the preferential orientation of defects on
planes normal to build direction since un-melted zones and fu-
sion defects preferably occur at the interface among different
layers. In vertical samples the loading direction is orthogonal to
the un-melted interfaces, while in horizontal ones it is parallel
to them. Therefore, defects more likely act as stress raisers and
produce a more significant strength/ductility drop owing to re-
duction in effective cross-sectional area when they are contained
in vertical specimens [20]. Moreover, anisotropic mechanical be-
havior might also be due to different preferential orientation of
grains, but in the present investigation no strong crystallographic
texture was observed in the examined samples by EBSD [24].
According to hardness results, a drop in strength is shown by
solution annealed samples. As expected, isothermal aging leads
to an intense increase in strength over the as built condition.
The yield strength improved from 915 MPa of the as built steel
to 1957 and 1793 MPa for samples peak-aged at 460 and 490
°C, respectively. On the contrary, fracture elongation underwent
a drop from 6.1 % to 1.5 % and 1.2 % for the same materials.
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Reversion of austenite during aging has been exploited in
wrought maraging steels to increase ductility and fracture tough-
ness [8]. In the SLMed samples of the present investigation, no
strong enhancement in ductility was achieved even for prolonged
aging time and high aging temperatures. It can be reasonably
supposed that tiny size and fine dispersion of austenite found in
SLM samples, as opposed to the micrometric pocket-like phases
found in wrought alloys [6], is such to avoid a substantial tough-
ening action as crack arrester phase, at least for the volume frac-
tions here considered.

When evaluating the potential changes in toughness, it is also
to consider that a further source of premature failure of the
specimen can be related to the occasional presence of a certain
amount of residual porosity (Figure 14), whereas in wrought al-
loys no porosity is expected. Porosity in SLM processed materi-
als is mostly originated from pre-existing defects, mainly splats
(large particles blown away from the molten pool and welded
on adjacent zones of the built layer), which do not allow proper
melting of the adjacent powder particles and prevent the homo-
geneous deposition of the following layers of the loose powder
particles. It is expected that these un-melted zones might play a
major role in reducing the ductility of metals, especially when low
damage-tolerant materials are considered.
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Fig. 13 - Tensile test results performed on as built solution annealed and aged samples.

b.
Fig. 14 - Examples of pores found in the SLM produced vertically sectioned samples.
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Analysis of the fracture surfaces of broken tensile specimens
clearly show common features of ductile failure (Figure 15a and
Figure 15b). Large voids and cavities mainly originated from the
fusion defects above described, such as un-melted zones and

splats (Figure 15¢). In peak aged samples the development of
cracks was mainly ruled by a cleavage decohesion mechanism,
presumably across the martensite blocks (Figure 16).

Fig. 15 - Fracture surfaces of broken as build tensile specimen at (a) low and (b) high magnification. In picture (c) a magnification of
a cavity containing un-melted powder particles is shown.

CONCLUSIONS

In this paper the microstructure, aging behavior, mechanical

properties and fracture process of a SLM processed 18-Ni (300

grade) maraging steel were investigated. From results obtained,

the following conclusions can be drawn.

i) A very fine cellular microstructure was detected in the as-
built samples which was replaced by lath martensite struc-
tures organized into blocks after solution annealing.

ii) A comparison about the aging behaviour of the as-built and
the solution-treated alloy revealed that the precipitation se-
quence during aging and hardness evolution are substan-
tially equivalent even though small differences in activation
energies for precipitate formation were observed.

iii) X-ray diffraction and microstructural analysis showed that
aging promotes the partial reversion of martensite into
austenite. Both temperature and time play a substantial role
in increasing the austenite fraction.

iv) Aging promotes a drastic increase in strength over the as

b.
Fig. 16 - Fracture surfaces of broken aged (460 °C, 8 h) tensile specimen at (a) low and (b) high magnification.

built condition along with a drop in tensile ductility. Changes
in tensile strength and ductility are mainly governed by the
effects given by the strengthening precipitates and micro-
structural defects, whereas the austenite reversion seems to
be less effective.

v) The ductility and fracture behavior of the tensile specimen
is strongly affected by the defect preferential orientation, as
related to processing conditions. Splats and large droplets of
remelted materials are occasionally deposited on the layer
surface and promote interlayer defects such as porosity and
cavities that particularly deplete the tensile ductility of speci-
mens having their axis along the vertical direction.
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