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Abstract

This study thoroughly investigates the fatigue behavior and properties of additively manu-
factured (AM) 18Ni300 maraging steel, crucial for the design of load-carrying engineering
components. Thin-walled flat specimens, produced via Selective Laser Melting (SLM),
underwent a specific thermal process of annealing and aging. Extensive monotonic and
cyclic tests (R = 0.1) were conducted to determine static and fatigue material properties.
Optical microscopy revealed the thermal process’s effect on microstructure. Experimen-
tally determined design S-N curves, covering low-cycle to engineering endurance limits,
allowed estimation of fundamental elastoplastic properties. This work provides valuable
new insights and experimentally verified data, addressing a significant literature gap and
supporting advanced fatigue-based design for AM components.

Keywords: additive manufacturing; 18Ni300 maraging steel; fatigue; Selective Laser
Melting; heat treatment

1. Introduction

Additive manufacturing (AM), including Selective Laser Melting (SLM), has become
a crucial technology for producing load-carrying engineering components due to its ad-
vantages like design flexibility, the ability to create complex geometries and lightweight
structures, and suitability for rapid, low-volume manufacturing. However, the unique
microstructures, anisotropy, residual stresses, and defects inherent to AM parts can signifi-
cantly impact their mechanical performance, particularly fatigue properties [1-3].

18Ni300 maraging steel is a high-strength, low-carbon iron-nickel alloy used in de-
manding industries like aerospace and tooling, known for its exceptional strength and
toughness. Its properties are typically achieved through a specific heat treatment process
of solution annealing and aging. This characteristic of maraging steel is a fundamental
aspect covered by multiple sources [1-5]. While the combination of AM’s design freedom
with this steel’s properties is promising, a significant gap exists in published fatigue data
for AM-produced 18Ni300 maraging steel, especially regarding the effects of post-build
heat treatments.

The research involves determining static and fatigue properties, including S-N curves,
and examining how a specific thermal process affects the material’s microstructure. The
experimentally verified data from this study will be valuable for fatigue-based design and
analysis of AM components in various sectors.
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Despite the significant advantages offered by additive manufacturing, the widespread
adoption of AM components, particularly for fatigue-critical applications, is hindered by
several challenges and a notable lack of comprehensive material data [1,5]. The unique
layer-by-layer fabrication process inherent to AM can introduce specific microstructural
features and defects that are less common or absent in conventionally manufactured
materials. These include, but are not limited to, internal porosity (due to gas entrapment or
incomplete fusion), surface roughness, residual stresses, and anisotropic material properties
resulting from directional solidification and heat flow during the build process. Each of
these factors can significantly impact the fatigue life of the component [1].

Specifically for additively manufactured 18Ni300 maraging steel, there is a scarcity
of published fatigue data concerning the influence of various post-build heat treatments.
Existing literature often presents limited data sets, which may not cover the full range
of technological interest (e.g., from low-cycle fatigue to the engineering endurance limit)
or may not account for the variability introduced by different AM machines, process
parameters, and post-processing protocols.

2. Materials and Methods
2.1. Material Specification and Additive Manufacturing

The material investigated in this study is 18Ni300 maraging steel, also known by
designations such as 1.2709, X3NiCoMoTi 18-9-5, MS300, or MS1 [6-9]. Its nominal chemical
composition (in weight percent) is detailed in Table 1. This alloy is characterized by its high
strength and toughness, primarily achieved through a precipitation hardening mechanism.

Table 1. Nominal chemical composition of 18Ni300 Maraging Steel.

Weight [%] Fe Ni Co Mo Ti Al
Min. Balance 17.00 8.50 4.50 0.60 0.05
Max. 18.00 9.50 5.20 0.80 0.15

The mechanical properties of the heat-treated material, as per ISO 6892-1, are presented
in Table 2 [6], showing typical yield strength (Rp0), tensile strength (R;;), and elongation
at break (A) for both vertical and horizontal build directions. The heat-treated fatigue
strength state is approximately 650 MPa [6]. These typical mechanical properties after heat
treatment are in agreement with data published elsewhere [1,4,8].

Table 2. Mechanical Properties of Heat-treated ISO 6892-1 (Typical).

Build Yield Strength Tensile Strength Elongation at
Direction Ryo.2 [MPa] R,, [MPa] Breakage [%]

Vertical 2010 2100 4
Horizontal 2020 2085 4.5

The specimens investigated in the present study were manufactured using the Selective
Laser Melting (SLM) process, a powder bed fusion technique. An EOS EOSINT M280
(DMLS®) machine (EOS GmbH, Krailling, Germany), equipped with a 200 W laser, was
utilized for the fabrication. The layer height for the build process was set at 40 um, and the
MS1_Performance 2.0 (40 pm) profile was employed [1-5,8].

2.2. Specimen Preparation and Geometry

Thin-walled flat material specimens (thickness ¢ = 2 mm) were designed and man-
ufactured for both monotonic and cyclic testing. Tensile specimens conformed to the
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specifications of ISO 6892-1 [10], while fatigue specimens were designed in accordance with
ASTM E466-21 [11]. The specific geometries and dimensions of both tensile and fatigue
specimens are illustrated on the left- and right-hand side in Figure 1, respectively. All
specimens were built with a consistent build orientation relative to the recoater direction,
to ensure uniformity in manufacturing conditions.
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Figure 1. (a) Tensile specimen according to ISO 6892-1; (b) Fatigue specimen according to ASTM
E466-21; all dimensions in [mm].

2.3. Thermal Processing

Following the additive manufacturing process, all specimens underwent a specific
two-step thermal treatment protocol. The first step involved annealing at 940 °C for
1 h, followed by air cooling to room temperature. Subsequently, an aging treatment was
performed at 490 °C for 6 h, also followed by air cooling. This specific thermal process was
conducted in air.

The applied thermal treatment protocol serves several critical purposes for the addi-
tively manufactured 18Ni300 maraging steel. Annealing is primarily aimed at relieving
residual stresses induced during the SLM process and homogenizing the as-built microstruc-
ture. The subsequent aging step is crucial for optimizing the material’s microstructure
through the precipitation of intermetallic phases, which significantly enhances its mechan-
ical properties, particularly hardness and tensile strength. This chosen heat treatment is
considered a simple and cost-effective process, making it attractive for industrial applica-
tions. Its main advantage is that it avoids the need for vacuum or inert gas environments,
making it scalable and easy to integrate into existing manufacturing workflows equipped
with standard furnaces, operating under normal atmospheric conditions. The purpose and
benefits of such heat treatments are well-established in the literature [1-5,8].

2.4. Experimental Characterization
2.4.1. Monotonic (Tensile) Testing

Monotonic tensile tests were conducted to determine fundamental monotonic material
properties. A Universal Testing Machine (UTM) with a 50 kN capacity was utilized.
An extensometer with a gauge length of 50 mm and a travel of 10 mm was employed
to accurately measure strain. The determined properties included the 0.2% offset yield
strength (Rpo2), ultimate tensile strength (R;), and elongation at breakage (A). A total of
eight tensile specimens were tested: two in the as-built condition (MN3, MN4) and six after
the specified heat treatment (MN1, MN2, MN5, MN6, MN7, MNS).

2.4.2. Cyclic (Fatigue) Testing

Cyclic fatigue tests were performed to characterize the fatigue behavior of the heat-
treated AM 18Ni300 maraging steel. A servo-hydraulic Schenck S59 HYDROPULS (Carl
Schenck AG, Darmstadt, Germany)testing machine was used for these experiments. Strain
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measurements were taken using an extensometer with a gauge length of 10 mm and a travel
of 10 mm. Seven heat-treated fatigue specimens (UN1, UN2, UN3, UN4, UN5, UN7, UNS)
were subjected to cyclic loading at a stress ratio of R = 0.1, covering both Low-Cycle Fatigue
(LCF) and High-Cycle Fatigue (HCF) regimes. Prior to testing, all fatigue specimens were
carefully hand-polished along their curvature to minimize surface roughness effects on
crack initiation.

2.4.3. Microstructural Analysis

Microstructural investigations were conducted using a Leica MS5 Optical Stereoscope
to examine the effects of the thermal process on the material’s microstructure and to
identify any inherent manufacturing defects. Both monotonic and fatigue specimens’
fracture surfaces were optically examined. For detailed micrographic analysis, samples
were cut, polished, and then etched with a 5% vol. Nital solution. Micrographs were taken
from the base material and the fracture regions to provide comprehensive insights into the
material’s internal structure and failure mechanisms.

As-built micrographs [1] (Figure 2a,b) showed characteristic melt pools and some
inherent porosity. Suppliers 1 and 2 denote different vendors, both using EOS EOSINT
M280 systems for specimen fabrication.

Figure 2. (a) As-built microstructure from Supplier 1; (b) As-built microstructure from Supplier 2,
showing a pore; adapted from Ref [1], Copyright (2019), with permission from Elsevier.

3. Results
3.1. Microstructural and Fracture Observations

Optical microscopy revealed distinct microstructural features in heat-treated speci-
mens. Following the thermal treatment, micrographs (Figure 3a,b) indicated the presence
of martensitic structures and an abundance of pores, confirming the effect of the heat
treatment on the material’s microstructure. Microstructural characteristics of AM marag-
ing steel, including melt pools, porosity, and the effects of heat treatment, are observed
in [1,3-5]. Examination of the fracture surfaces of the fatigue specimens (Figure 4) revealed
that crack initiation often originated from internal defects such as pores, highlighting their
critical role in influencing fatigue life [1].

3.2. Monotonic Mechanical Properties

The results from all monotonic tensile tests are summarized in Table 3.

The heat treatment significantly increased the tensile strength of the AM 18Ni300 steel
by approx. 72%, from 1095 to 1880 MPa on average, demonstrating the effectiveness of the
annealing and aging protocol in enhancing the material’s strength [1,2].
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(b)

Figure 3. (a) Heat-treated microstructure at 10x magnification showing abundance of pores and
martensite (scale 100 um); (b) Heat-treated microstructure at 100 x magnification (scale 20 pum).

(@ (b)

Figure 4. Fracture surfaces of heat-treated fatigue specimens with dashed circles indicating typical
crack initiation sites (circled), (a) UN1, (b) UN7.

Table 3. Monotonic tensile test results for as-built and heat-treated 18Ni300 Maraging Steel Specimens.

As Built Specimens MN3 MN4

Ry, [MPa] 1093 1096

A [%] 5.728 3.754
Heat-treated Specimens MN1 MN2 MN5 MNeé6 MN7 MNS8
Ry, [MPa] 1867 1880 1864 1848 1866 1953
A [%] 2.273 2.879 2.433 2.443 2.715 191

3.3. Fatigue Life Data and S-N Curves

The fatigue behavior at a stress ratio of R = 0.1 was characterized. The experimental
data set comprises seven test results covering the entire area of technological interest, from
the Low-Cycle Fatigue (LCF) regime to the so-called “engineering” endurance limit. They
are presented in Table 4 and plotted in Figure 5 as triangles.

Table 4. Fatigue life data for EOS MS1 at R =0.1.

Specimens ID UN?7 UN3 UN4 UN2 UNS UN5 UN1
0, [MPa] 671 503 400 240 180 180 150
Cycles N 1318 5912 13,254 36,974 178,301 13,526 319,963

Assuming a Gaussian distribution, linear regression of the test results yields the S-N
curve for 50% probability of survival (Ps = 50%, solid line in Figure 5). It is described by
means of Equation (1) in a log-log representation

N = B-(c,) K, 1

with ¢, being the stress amplitude, N the number of cycles to failure, and B and k expressing
the fatigue strength coefficient and exponent, respectively. The slope k was determined to
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be 3.45. The curves for 10% and 90% probability of survival (Ps = 10% and Pg = 90%) are
shown in Figure 5 as dashed lines. The analysis yields a quite low scatter band Ty = 1:2.13.
It should be noticed that the available number of test results is quite small; therefore, the
values given in Figure 5 and the above text should be treated with special care, since
they represent the most significant input for engineering calculations and fatigue-based
design. The experimental database should be extended with more test results to increase
the statistical reliability of the S-N curves for various Pg-values.
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Figure 5. S-N curve for EOS MS1 at R = 0.1, showing experimental data points. The scatter ratio is
Ty =1:2.13.

A notable outlier, specimen UN5 marked with a red “x” symbol, failed significantly
earlier than predicted by the general trend. The fracture surface suggests that the specimen
failed due to specimen misalignment during the experiment.

3.4. Comparison with Literature Data

A comparison of the obtained fatigue lives and S-N curve with existing literature data
for 18Ni300 maraging steel is presented in Figure 6.

S-N Curve of AM 18Ni300 Maraging Steel
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Figure 6. S-N curve comparison for MS1, showing current study’s data (R = 0.1, k = 3.45) alongside
literature data from Gatto et al. (R =0, k = 2.00), Tshabalala et al. (R = 0.1, k = 3.61), and Meneghetti
etal. (R=—1,k=4.95).
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As in the previous Figure, the obtained fatigue lives for the heat-treated material at
R = 0.1 are shown with full symbols and the corresponding S-N curve (k = 3.45) with a
solid line. Gatto et al. [3] reported very few (four) fatigue data for aged material with
almost equal ultimate tensile strength R;;, = 1910 MPa at a similar ratio R = 0. Due to the
very low number of Gatto’s results, a statistical analysis has been excluded, since it would
yield non-realistic material fatigue constants. Tshabalala et al. [4] provided eight results for
as-built material with R;, = 1207 MPa at R = 0.1. They are plotted with square symbols. The
corresponding S-N curve is plotted with a dashed-dotted line yielding a k-value of 3.61.
Meneghetti et al. [5] presented a dataset for as-built horizontal specimens at R = —1. The
results are plotted with rhombs. The corresponding S-N curve is plotted with a dashed line
yielding a k-value of 4.95. These comparisons underscore the significant influence of heat
treatment parameters, build conditions, and stress ratio on the fatigue performance of AM
18Ni300 maraging steel, and highlight the need for standardized testing and reporting to
facilitate direct comparisons.

4. Discussion and Interpretation of Results

The S-N curve for heat-treated AM 18Ni300 maraging steel at R = 0.1 provides key
insights into its fatigue behavior. The data exhibits a fatigue strength exponent k = 3.45.
The estimated engineering endurance limit is about 100 MPa.

The specific thermal process of annealing at 940 °C for 1 h and aging at 490 °C
for 6 h was effective in increasing the tensile strength. The complex and sometimes
detrimental effects of heat treatment on fatigue properties, particularly due to factors like
notch sensitivity or coarsened precipitates, are discussed in [1,2].

For the most demanding, safety-critical applications, a multi-step approach combining
the proposed process with additional treatments, like shot peening or even Hot Isostatic
Pressing, could be warranted to achieve optimal performance, but this should be the subject
of future research activities.

Comparing the results with other studies reported in the literature at no or similar
heat treatment highlights the complexity and variability in the fatigue behavior of AM
18Ni300 maraging steel. Differences in fatigue life and k-values from other research can
be attributed to variations in post-build heat treatments, as well as differences in stress
ratios (e.g., R = 0, R = —1) and process-specific defects [3,9]. There is a strong need for
comprehensive reporting of process parameters and defect characteristics to enable more
accurate comparisons and for the development of standardized testing protocols for AM
materials [3,9].

5. Conclusions

This study characterized the fatigue behavior of additively manufactured 18Ni300
maraging steel. The key conclusions drawn from this research are as follows.

The investigated thermal process, involving annealing at 940 °C for 1 h followed by air
cooling and subsequent aging at 490 °C for 6 h, proved effective in significantly increasing
the tensile strength of AM 18Ni300 steel to approximately 1880 MPa. While beneficial for
static strength, further investigation is needed to fully understand its impact on fatigue
strength. The main goal of this approach is to have a more versatile thermal process that
can be easily integrated into manufacturing practices.

The fatigue behavior for a stress ratio of R = 0.1 has been characterized, yielding design
S-N curves that span the Low-Cycle Fatigue (LCF) to the “engineering” endurance limit
regime for survival probabilities 10%, 50% and 90%. The statistical analysis yields S-N
curves’ slope k ~ 3.45 and life scatter band Ty = 1:2.13, whereby these numbers should be
treated with care due to the narrow number of results used to derive them.



Eng. Proc. 2025, 119, 33 80f8

The presence of inherent manufacturing defects, particularly porosity, was identified
as a critical factor influencing the fatigue life of the material. Microstructural observations
and fracture analysis consistently showed that these defects served as crack initiation sites.
This reiterates a key finding also noted in [1-5]. The characteristics of these defects are
highly dependent on the specific additive manufacturing process, machine, and print
job parameters. Further detailed work should focus on quantitative defect characteriza-
tion to reveal correlations between defect metrics (size, distribution, density) and fatigue
performance of AM 18Ni300 maraging steel.
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