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Abstract: Maraging steels are used in several industries, namely in the molds industry. The determi-
nation of fatigue crack propagation resistance in 18Ni300 maraging steel at the Paris regime is a vital
issue for safety-relevant components, which are designed to work for a large number of loading cycles
before periodic inspections. The main goal of this work is to analyze the influence of the deposition
plane angle and saline corrosion on fatigue crack growth in maraging steel samples produced by
Laser Powder Bed Fusion (LPBF). The crack closure parameter was used in order to analyze the
different fatigue crack growth behaviors, as well as the metallographic, hardness, fractography and
corrosion/oxidation analysis. From this work, the main achievement was that the deposition plane
angle did not reveal a notable influence in the fatigue crack growth behavior for the fatigue tests
unsubmitted to saline corrosion. On the other hand, the fatigue crack growth behavior for the tests
under saline corrosion showed an increase in the crack closure parameter due to the appearance of the
crack closure induced by oxides, which reduced the fatigue crack growth speed. This phenomenon
depends on the deposition plane angle, which controls the martensite amount and consequently
controls the level of corrosion/oxidation.

Keywords: fatigue crack growth; 18Ni300; fatigue under corrosion; crack closure; LPBF; maraging
steel; saline corrosion; deposition angle

1. Introduction

Laser powder bed fusion (LPBF) allows the generation of complex shape components
with a strategy of layer-by-layer building, resulting in lighter components [1]. Since it is an
emerging technology used in the automotive, aerospace and molds industries, it requires
deep study.

Maraging steels are also used in the aerospace and molds industries due to their good
properties of high strength, high toughness, resistance to crack propagation and good
weldability [2,3]. The characteristic tooling inserts of the molds industry could have cooling
channels and components with high geometrical complexity that enable the use of LPBF.
This is justified since the use of the LPBF process allows the creation of these complex
geometries that are impossible to archive by traditional methods [4,5]. On the other hand,
the molds for injection suffer cyclic loadings throughout the lifespan; for this reason, fatigue
crack growth behavior needs to be studied.

This type of component can be produced in different orientations, depending on their
shape, making it possible to simplify the process. Nevertheless, the components produced
by LPBF have anisotropic behavior, linked to their microstructure, layer orientation and
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defect distribution [6]. The mechanical properties of the LPBF components are affected
by the microstructure that has different grain orientations, depending on its building
orientation, since, due to the thermal gradients, the grains elongate perpendicular to the
melt-pool boundaries [7].

The monotonic properties of additively manufactured materials can be similar when
compared with conventionally processed alloys [8]. However, in applications where the
components are submitted to cyclic loadings, the main process’ inherent defects, such as
superficial porosity and rough surface, are detrimental to fatigue behavior. The presence
of defects, such as lack of fusion, internal porosity and residual stress, which are also the
result of the LPBF procedure, also have an impact on fatigue strength [9]. Considering
the as-built components, fatigue typically starts from the rough surface or defects in the
surface region, although surface roughness can be improved by machining the surfaces,
which shows an improvement in the fatigue strength [9,10].

To understand all of these factors, some studies have been done. Santos et al. [11]
concluded that internal defects have an impact on the mechanical behavior of maraging
steel. Branco et al. [12] studied the multiaxial fatigue behavior of maraging steel and
identified that fatigue cracks initiated from notches were caused by un-melted regions at
the surface and subsurface zones.

Regarding the impact of the deposition plane of maraging steel, Becker et al. [13] compared
the crack growth rates of samples built in vertical and horizontal orientations. The horizontal
samples showed a higher crack growth rate in the as-built condition. Damon et al. [14] investi-
gated the fatigue behavior of maraging steel with horizontal and vertical built orientations, and
the crack initiation phase is unfavorable in terms of service time in horizontally built samples,
due to the grain orientation that is parallel to mode I crack growth. However, Croccolo et al. [15]
did not find any effect of building orientation on fatigue strength.

Related to fatigue behavior, Wang et al. [16] studied the optimization of 18Ni300
fatigue strength through aging treatment and found that the highest fatigue strength was
obtained in specimens aged at 550 °C for 5 h with a transgranular fracture.

In the molds industry, one of the parameters that needs to be considered is the corro-
sion of the material. Shahriari et al. [17] studied the corrosion behavior of maraging steel
fabricated by LPBF and identified a mechanism of pitting corrosion attack on the melt pool
boundaries or in pre-existing pores that are prone to localized corrosion attacks. They have
also discovered anisotropic corrosion behavior in the samples, which will be affected by
the deposition plane. The parallel surface to the building direction has a better corrosion
performance due to the presence of a passive film with a more protective nature when
compared to the perpendicular surface.

Bouzakis et al. [18] concluded that the characteristic surface roughness from the AM
process originates in inferior fatigue and corrosion-fatigue performance when compared to
conventional maraging steel.

Moreover, Maierhofer et al. [19] observed that during cyclic loading applied to the
QT steel 25CrMo4, oxide particles are transferred from the fracture surface to the surface
of specimens and released into the environment. They studied the influence of oxide
on fatigue crack growth in the near threshold region and concluded that the long crack
threshold is very sensitive to the influence of oxide effects. In addition, the long crack
threshold decreases with decreasing specimen thickness.

Regarding crack closure in maraging steel, Antunes et al. [20] concluded that the
influence of the stress ratio and specimen thickness was small, which indicates a reduced
level of crack closure.

The objective of this paper is to study the fatigue crack growth (FCGR) of maraging
steel components produced by LPBF with different deposition planes in two different envi-
ronments, namely in an air environment at room temperature and in a simulated corrosion
saline environment also at room temperature. For this purpose, the environmental effect
and the deposition plane angle in the crack closure were studied, which is responsible for
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the different crack growth speeds. Moreover, the impact of the microstructure achieved in
each deposition plane angle on the potentiodynamic polarization curves was also analyzed.

2. Materials and Methods

The laser powder bed fusion (LPBF) process was applied using a high-power laser to
fuse steel powder particles layer by layer by Lasercusing® in order to produce CT (compact
tension) specimens. A “Renishaw” equipment model “AM 400" was used to apply LPBF
processes. The parameters used in the LPBF process were a laser power of 400 W, scan speed
of 0.85 m/s, laser diameter of 0.04 mm, deposited layer of 30 um, 100 pm of hatch spacing
and 25% of overlapping. The steel powder particles (40 um in diameter) were obtained
from maraging steel 18Ni300, and the chemical composition is presented in Table 1.

Table 1. Chemical composition of the material (wt.%).

Steel C Ni Co Mo Ti Al Cr P Si Mn Fe
18Ni300 0.01 18.2 9.0 5.0 0.6 0.05 0.3 0.01 0.1 0.04 Balance

CT samples were manufactured using three different deposition plane angles of layers:
f =0° 3 =45°and 3 =90°, as illustrated in Figure 1a—c, respectively.
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Figure 1. Disposition planes used in the LPBF process. (a) 3 = 0°, (b) f = 45° and (c) 3 =90°.

Figure 2 shows the geometry of specimens used in FCG tests, defined according to
ASTM E647 [19]. All specimens were submitted to a polishing process (Rz = 0.6 & 0.06 um)
in the lateral faces in order to obtain a perfect crack observation.
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Figure 2. Specimen geometry (mm).

The FCGR tests were performed in mode I loading (R = 0.05) through the optical measure-
ment of crack length using a traveling microscope (45 x) in increments of 0.2 mm, following
ASTM E647 recommendations [21]. All tests were carried out at room temperature using
10 kN capacity Instron EletroPuls E10000 equipment. Two different environmental conditions
were used in the FCGR tests: a no saline environment (31.89% of relative humidity and 21 °C)
and a saline environment (0.5 wt.% and 21 °C). All tests were performed under load control
in constant amplitude (AP = 2350 N) in a sinusoidal wave with 15 Hz of frequency always in
the Paris regime. Crack growth rates were determined by the incremental polynomial method
using five consecutive points. The results were plotted as da/dN versus AK curves.

Crack closure is the contact of crack flanks during a portion of the load cycle, which
decreases the driving force for crack growth, leading to a crack rate slowdown. For this
reason, the crack closure level was estimated in all cases. Crack closure can be expressed
using the U parameter, which can be calculated by the following equation:

U= Pmax — Pop

Pmax - Pmin

)

The crack-opening load (Pop) is possible to estimate through the correlation coefficient
maximization technique [22]. It consists of taking the upper 10% of the load-displacement
information and estimating the least-squared correlation coefficient. The subsequent data
pair is then added, the correlation coefficient is again calculated, and this procedure is
repeated for the entire data set. The point where the correlation coefficient achieves the
maximum value defines Pqp, and this point represents the slope modification on the load-
displacement data (see Appendix A). The load-displacement data were registered through
digital image correlation (DIC) for the FCGR tests without saline corrosion. More details
about the DIC procedure applied to the load-displacement data record can be consulted
in [23]. On the other hand, for the FCGR tests under saline corrosion, the load-displacement
data record was performed using four resistive strain gauges placed in specific zones in the
crack growth path. As can be observed in Figure 3, these strain gauges were connected to a
P-3500 strain indicator, and the signal was acquired using an oscilloscope and Picoscope
6 software. All dispositives that were in contact with the solution were isolated using an
anti-corrosion spray.
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Figure 3. Load-displacement data register for FCGR tests under saline corrosion. (a) Schematic view
of the apparatus, (b) Real view of the apparatus.

In addition to this dispositive, FCGR tests under saline corrosion were also coupled
with another one, which allowed the saline solution circulation with a fluid mass flow of
23 g/min through two mini-pumps. Figure 4 presents a photograph of all devices. It is
important to note that the FCGR tests without corrosion were performed just using the
traveling microscope and the DIC devices.

CTrcuit of

strain gauges

Figure 4. Testing apparatus for FCGR tests under saline corrosion.

As a complementary study, the measurement of the static corrosion potential for
each deposition plane in the saline solution (0.5 wt.%) was realized. The SP-50 Potentio-
stat/Galvanostat from BioLogic Science Instruments was used for electrochemical measure-
ments with a three-electrode assembly consisting of a working electrode (WE), a saturated
calomel electrode (SCE) that works as a reference electrode (RE), and a platinum sheet
that works as a counter electrode (CE). The corrosion resistance was evaluated by the
potentiodynamic polarization method at a scan rate of 1.5 mV/s. In order to determine the
corrosion potential (Ecorr) and corrosion current (I.orr), polarization curves, representing
the current density (A/cm?) against the potential (V vs. SCE), were obtained.
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The microstructure after LPBF for each series was analyzed according to the standard
ASTM E407-99 [24] of metallographic practice, performing a chemical attack with Picral
(picric acid solution 4% in ethyl alcohol) for 2 min. After this operation, the microstructures
of the samples were observed using a Leica DM4000 M LED optical microscope. Vickers
hardness was measured according to ASTM E384-11el [25] using a Struers Duramin
microhardness tester with a 1 kg load at the surface of the specimens. The microstructural
analysis and hardness measurement were done on the surface of the xy plane of the samples
(see Figure 1). After fatigue tests, the surfaces of fractured specimens were observed using
a Leica DM4000 M LED optical microscope and HITACHI SU3800 SEM.

3. Results
3.1. Metallographic and Hardness Analysis

Figure 5 shows the microstructures obtained for maraging steel 18Ni300 after the LPBF
process for different deposition planes. Figure 5a presents a representative microstructure
revealed for the deposition plane of 90°, and Figure 5b shows the microstructure obtained
for the deposition plane (3 = 45°. Figure 5c shows the microstructure obtained for the
deposition plane 3 = 0°. As is possible to observe, Figure 5a presents fine martensitic
needles highlighted with red arrows; Figure 5b shows a lower amount of fine martensitic
needles when compared with Figure 5a, and 5c does not show these microstructures. These
facts lead to a different hardness for the different deposition planes: 315.3 HV; for 3 = 0°,
350.3 HV; for 3 = 45° and 373.3 HV; for 3 = 90°.

Figure 5. Metallographic photographs. (a) deposition plane 90°, (b) deposition plane, 3 = 45°, and
(c) deposition plane, 3 = 0°.
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3.2. Fatigue Crack Growth without Saline Corrosion

The da/dN curves obtained without saline corrosion at the Paris regime and for each
deposition plane can be observed in Figure 6.
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Figure 6. da/dN curves for 3 =0°, § =45° and  =90°, R = 0.05.

Through this figure, it can be concluded that for the Paris regime, the deposition plane
angle relative to the crack growth plane did not have an influence on the fatigue crack growth
speed once all curves were in a narrow confidence band, with a low error Tag = 1.15. This
result can be explained by the same crack closure level (induced by plasticity) verified for
each deposition plane angle: U = 0.815 for 3 = 0°, U = 0.8445 for 3 = 45° and U = 0.817 for
3 = 90° registered along the Paris regime. Furthermore, the Paris equation parameters for the
confidence band at 90% were added to ensure safer use.

3.3. Fatigue Crack Growth under Saline Corrosion

The da/dN curves obtained under saline corrosion at the Paris regime and for each
deposition plane can be analyzed through Figure 7. Furthermore, the average da/dN curve
for the Paris regime without saline corrosion was also included in order to compare all
series. In a general way, the series submitted to a saline environment showed a lower FCGR
speed due to the da/dN curves for 3 =0°, 3 =45° and 3 = 90°, which were mostly below
the da/dN curve obtained without saline corrosion. However, when comparing the series
with different deposition angles under saline corrosion, it is possible to observe that the
deposition plane at 3 = 90° presented a high crack speed decrease, followed by 3 = 45°,
and the higher crack speed belonged to the deposition angle 3 = 0°. This behavior can be
attributed to the different levels of oxidation/corrosion for each series, which is related to
the martensite amount presented in each series.
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Figure 7. da/dN curves for 3 = 0°, 3 =45° and 3 = 90° under saline corrosion.

Figure 8 shows the potentiodynamic polarization curves from the static test (without
fluid flow) for each deposition angle. It can be seen that for 3 = 90°, the environment showed
a more corrosive action than the other two deposition angles, with the corrosion potential
(Ecorr) following the direction of the increasing potentials as follows: 3 =90° (Ecorr = —780 mV)
<P =45° (Ecorr = —634 mV) < 3 = 0° (Ecorr = —584 mV). The corrosion potential for 3 = 90° is
more negative, making the AM 18Ni300 maraging steel have lower corrosion resistance to
saline corrosion than the other deposition angles. The corrosion current density showed the
following values: B = 0° (icorr = 3.571 x 1070 A/cm?) > B = 45° (icorr = 5.334 x 107% A/cm?)
>R =90° (icorr = 7.771 X 107° A/ cmz). The corrosion current density was higher in the
sample produced with the deposition angle 3 = 90°, in the same way, showing a lower saline
corrosion resistance. From these results, it can be concluded that the samples that presented a
higher amount of martensite showed a superior corrosion/oxidation level, which can induce
a higher level of crack closure phenomenon due to the oxide debris and consequently provoke
a lower FCGR speed. This behavior is in concordance with the results presented in Figure 7,
once all series showed a lower FCGR speed than the series tested without saline corrosion (see
Figure 7), with a deposition angle 3 = 90°, the most affected by this behavior for the reasons
already described previously.
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In order to justify the previous affirmation, Table 2 presents different crack closure
levels for each series with respective stress intensity factor range (AK). When we compared
the values of U = 0.815 for 3 = 0°, U = 0.8445 for = 45° and U = 0.817 for = 90° in air
conditioning with the U values on AK = 18 and 25 MPam®® (Table 2) for the fatigue under
saline corrosion, we verified a lower U value for fatigue under saline corrosion. However,
for AK = 40 MPam® the deposition planes = 0° and B = 45° showed similar U values to
the average U values registered in air conditioning.

Table 2. Crack closure levels for each series as a function of AK (MPam?®) under saline corrosion.
B U AK AKog¢ U AK AKgt U AK AKg
0° 0.734 18 13.2 0.768 25 19.2 0.879 40 35.2
45° 0.692 18 12.4 0.751 25 18.8 0.871 40 34.8
90° 0.515 18 9.3 0.678 25 16.9 0.681 40 27.2

Observing the U values and the respective AK values in Table 2, it is possible to realize
that the crack closure induced by oxides is more pronounced for lower values of AK due to
the longest action time of corrosion which allows a larger oxide formation, and given that,
for lower AK, the crack tip opening is low, both phenomena lead a high interaction between
the fracture surfaces and the oxides, thus obtaining a lower FCGR speed (see Figure 7).
When the AK increases, these phenomena suffer from a reduction in the stabilization phase,
with the FCGR rate becoming higher and at an almost constant slope. Moreover, the
behavior described previously was more evident in the samples produced with 3 = 90°,
with a decrease of these phenomena with the decreasing of martensite amount observed in
each series. Finally, it can be said that saline corrosion produced, in these cases, a reduction
of FCGR speed due to the emergence of a high level of crack closure induced by oxides allied
to the crack closure induced by plasticity in the crack tip when compared with the FCGR
tests performed without saline corrosion where the crack closure levels were attributed to
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Without saline corrosion

testing under saline corrosion. As expected, the fracture surface for the specimen tested
without saline corrosion showed an oxide-free surface (red arrow, Figure 9a), while the
samples tested under saline corrosion showed an oxidized surface without showing an
evident difference between them but presented an interesting phenomenon that can explain
the appearance of crack closure induced by oxides. The oxides were expelled from the area
delimited by a dashed red line to the outside border, and they accumulated in the lateral
face (see Figure 9b), creating an interaction between the fracture surfaces and the oxide
debris. This singularity decreased with fatigue crack length, reducing the area delimited by
the dashed red line, and was more pronounced until AK values of 20 MPam’?, whereby the
da/dN curves in Figure 7 showed different phases in the FCGR speed. On the other hand,
the results pointed to a higher amount of oxide debris accumulated in the face of samples
with the increase of corrosion/oxide level determinate by the amount of martensite in each
series.

Under saline corrosion
f=0° f=45° f=90°

! { f
Notch

Figure 9. Fracture surfaces. (a) Fracture surfaces of all series and (b) crack path in the lateral face of
sample tested under saline corrosion.

Figure 10 shows an example of a fracture surface observed by SEM for fatigue under
saline corrosion. This image presents mostly regions of oxide debris (Fe,O3 and FeO) that
are “fungus-shaped”. On the other hand, the oxide debris tended to associate and create
larger oxide particles (marked by red arrows), which promoted the crack closure induced
by oxides. It is noted that these particles were crushed, provoking premature contact
between the fracture surfaces.
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Figure 10. Fracture surface observed by SEM, {3 = 90° under saline corrosion.

4. Discussion and Conclusions

The metallographic observation indicated that the deposition plane angle influences
the martensite amount created during the LPBF process in the crack growth plane, in
which this this microstructure was observed in a higher quantity for = 90°, followed by
3 =45° and 3 = 0°, thus showing anisotropy with the build direction. This anisotropy
also provoked different hardness values depending on the deposition angle, whereby
the samples with a higher amount of martensite showed a superior value of hardness.
However, this evidence did not have an impact on the FCGR speed in the tests performed
without saline corrosion because all showed a relative behavior quite similar and a crack
closure level induced by plasticity, which was also very similar. Therefore, instead of
the results obtained by Becker et al. [13], where the author concludes that the horizontal
samples showed a higher crack growth rate in the as-built condition, based on the results of
Figure 6, it is not possible to conclude this, because the results do not show the influence of
the deposition plane in the crack growth rate. These results follow the evidence by Croccolo
et al. [15]. From this point of view, it is also not possible to evaluate the unfavorable service
time of the horizontal sample mentioned in [14].

On the other hand, the amount of martensite showed a direct influence on the cor-
rosion/oxidation level. The samples with a higher quantity of martensite evidenced a
superior level of corrosion/oxidation. This behavior has been observed in the past; an
increase in the martensite content decreases the resistance to general corrosion [26]. This
behavior had a notorious impact on the FCGR speed since the samples that showed a
higher content of martensite presented a lower FCGR rate. This behavior was caused by
the appearance of crack closure induced by oxides (due to corrosion/oxidation) allied with
crack closure induced by plasticity. During cyclic loading, oxide debris particles (Fe,O3
and FeO) are transported from the fracture surfaces to the lateral surface of the samples,
as was also observed by Maierhofer et al. [19]. The deposition of this debris of oxide
products over several millimeters of crack length produces an oxide wedge that promotes
an additional crack closure mechanism (crack closure induced by oxides) and influences
the crack propagation rates well within the Paris regime. This is particularly evident for
martensitic and bainitic steels, where massive oxide debris is formed [27]. The energy used
in order to propagate the crack is expended for crushed and deformed oxide debris. This
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behavior led to a decrease in the driving force in the crack tip and consequently a decrease
in the FCGR rate.
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