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Abstract

This study investigates the combined effect of three Additive Manufacturing (AM)
build orientations (0◦, 45◦, and 90◦) and an extensive array of heat-treatment plans
on the plastic anisotropy of EOS maraging steel 300 (coded by EOS as ’MS1 ’)
fabricated on the EOSINT M280 Direct Metal Laser Sintering (DMLS) system. A
comparison between the material microstructural characteristics, mechanical perfor-
mance, plastic strain behaviour and anisotropy levels of identical parts fabricated
on two of these independently operated DMLS systems was also conducted. Con-
siderable plastic anisotropy has been confirmed in the as-built condition, which can
be reduced by aging heat-treatment, as verified in this study. However, it has iden-
tified that a degree of transverse strain anisotropy is likely to remain due to the
AM alloy’s fabrication history, a finding that has not been previously reported in
the literature. Significant microstructural discrepancies, affecting mechanical per-
formance, plasticity and anisotropy levels, have also been observed in the as-built
samples obtained from the two DMLS systems. A difference in the angle of the laser
scan strategy, in conjunction with unfavourable powder feedstock characteristics,
are understood to have had a profound influence on the plasticity and anisotropy
divergences observed. A comprehensive visual representation of the material’s over-
all mechanical properties against the various heat-treatment plans is offered through
time-temperature contour maps. Moreover, the heat-treatment plan (6h at 490◦C)
recommended by the DMLS system manufacturer has been found not to be the
optimal in terms of achieving high strength, hardness, ductility and low anisotropy
for the MS1 material. With the use of the comprehensive experimental data col-
lected and analysed in this study, and presented in the constructed contour maps,
the alloy’s heat-treatment parameters (time, temperature) can be tailored to meet
the desired strength/ductility/anisotropy design requirements, either for research or
part production purposes.
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1. Introduction

Structure-critical metallic components produced by powder-bed laser additive man-

ufacturing (AM) are expected to display a high degree of isotropy. The dependence

of mechanical properties on orientation, known as anisotropy, is a consequence of

the metal’s fabrication history which places limitations on the design of the part.

Maraging steels possess the mechanical properties which give them engineering sig-

nificance in applications where high strength, toughness and ductility (at high hard-

ness), and dimensional stability are required [1–3]. Maraging refers to martensitic

microstructure, commonly found in steels, which can be strengthened/hardened

through an aging heat-treatment [4, 5]. Based on the binary Fe-Ni primary phase

system, the highly alloyed steel is strengthened by finely dispersed precipitates,

which block movement of dislocations/defects within the crystal lattice. The dis-

persion of secondary phase alloying elements (Mo, Co, and Ti), mobilized through a

straightforward and relatively expeditious aging heat-treatment, leads to an excep-

tional combination of strength and toughness [2, 6–8]. Maraging steel’s low-carbon

soft martensitic matrix is mostly free from interstitial alloying elements, which rank

it as an excellent candidate for synthesis by AM and welding [1, 8–10]. The 18Ni

(300) grade, or slight modifications thereof, has been used widely in AM, and is re-

tailed commercially in powder form under several aliases. The quality assured MS1

is one such powder supplied by EOS [11], a major AM technology manufacturer.

This powder has been suitably refined for EOS’s powder-bed AM systems and pro-

cessing techniques, which have retained the historical proprietary name Direct Metal

Laser Sintering (DMLS). Another, commonly used, term for this process is Selec-

tive Laser Melting (SLM), since the technique employs a high-powered laser-beam

1



CHAPTER 1. INTRODUCTION

energy source to fully melt powder particles into a high density, and chemically ho-

mogeneous composition. Driven by computer aided design (CAD) data, the laser’s

scanning strategies can be used to achieve layer-wise growth of imaginative, and

relatively unconstrained geometries [8, 9, 11–13].

It is the alloy’s outstanding properties and heat-treatment expediency in conjunc-

tion with the AM process’s shaping efficiency that give DMLS produced maraging

steel 300 such appeal. These factors allow for a much-accelerated fabrication route

than conventionally manufactured parts, and thus offsets the high acquisition cost

of the alloy, as well as the process costs. DMLS built maraging steel 300, however,

has a major drawback amongst its conventionally manufactured counterpart. The

mechanical properties are known to be anisotropic due to an inherent sensitivity

with regards to how a part is orientated within the AM build volume [12, 14, 15].

This anisotropy is manifested through the fabrication process where large thermal

gradients during melt-pool solidification, combined with the layer-wise deposition

of the powder, planar movement of the heat-source, and uniaxial movement of the

build-plate, make it difficult to homogenize the microstructure and mechanical prop-

erties of the as-built metal. A mesostructure of fine solidification cells, unique to the

powder processing method and consequent to the powder granule melt dynamics,

is coupled with continuous re-melting/heating of material beneath the melt-pool

during build-up causing a distinct three-dimensional (3D) microstructural pattern

to form. This results in mechanical properties which vary with direction and causes

the material to exhibit anisotropic mechanical properties. Furthermore, the state of

anisotropy can be exacerbated by ancillary process defects, such as residual stresses,

and porosity, and a number of researchers have investigated the effect of AM pro-

cessing parameters to improve the build quality of maraging steel 300 [16–18].

As indicated by EOS in the MS1 material data sheet (MDS) [12], the material

becomes isotropic following application of a specified aging heat-treatment (6h at

490◦C), however, the MDS is not sufficient to characterize the material performance

for engineering designs and products, since it covers only the primary build orienta-
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tions (0◦, 90◦), and comes from a single source (EOS). The effectiveness of both the

AM fabrication and heat-treatment procedure can only be measured by the extent to

which the as-built and heat-treated component behaves under mechanical loading,

yet very limited published research [19, 20] exists concerning the build orientation

influence on mechanical behaviour of AM produced maraging steel 300. Croccolo

et al. [20], who investigated the dependence of build orientation relative to the build

plane (0◦, 45◦, and 90◦) on the high-cycle fatigue life of EOS M280 produced MS1

specimens in the aged (6h at 490◦C) condition only, found no substantial differ-

ence on the fatigue properties. Recently, Monkova et al. [19] examined the tensile

properties of EOS MS1 fabricated at 0◦, 45◦, and 90◦, and contrary to the EOS pub-

lished MDS [12] they observed no significant orientation dependence in the tensile

stress-strain behaviour for as-built, solution heat-treated (1h at 820◦C), and aged

(6h at 490◦C) material. Other available test-data is mainly limited to static testing

(tensile, and/or hardness) of maraging steel specimens fabricated in only one [3, 8,

9, 16, 21–26], or two [14, 18, 27–29] of the primary AM build orientations. The

most comprehensive of these studies in terms of the reported mechanical properties

is [9], which monitors the effect of an array of aging heat-treatments on the static

properties of the AM fabricated alloy. While the study presents a broad range of

hardness results, limited tensile properties are reported (i.e. for the as-built and

five other peak-aged heat-treatment conditions). Furthermore, only the horizon-

tal (0◦) build-orientation is considered. Authors Yin et al. [30] and Bai et al. [31]

and Mutua et al. [18] also present hardness and tensile data for horizontal speci-

mens tested under a narrow array of aging treatments. In these studies, however,

non-characteristic fluctuations/ variations in the AM alloy’s elasticity and plasticity

behaviour can be observed. While explanations for these abnormalities are not as-

serted, they may indeed be introduced during the fabrication process and/or during

the material characterization process (e.g. due to the tensile test rates employed).

Nevertheless, these irregularities mandate a more comprehensive and detailed ex-

perimental analysis of AM maraging steel 300’s monotonic behaviour. So far, the
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effect of aging heat-treatment on stress and strain anisotropy for this particular ma-

terial has not been previously addressed, and there have been no reported findings

on strain anisotropy for parts fabricated at various build orientations (i.e. 0◦, 45◦,

and 90◦). Moreover, the availability of tensile properties for AM fabricated marag-

ing steel 300 for the primary build orientations (0◦, and 90◦) is limited. Since it

is necessary to consider the material’s multiaxial mechanical properties during the

process of mechanical component design, the lack of orientation dependence data

presents challenges for engineers when it comes to utilising the highly advantageous

AM technology for their engineering designs and products.

As AM technology matures it is progressively becoming a viable option for the se-

rial production of structure critical engineering components due to technological

developments and improved process awareness [32, 33]. Key to this successful ad-

vancement is a clear understanding of the factors which influence the metallurgical

soundness of the produced parts. As well as accumulating knowledge around orien-

tation dependence, another important aspect for the serial production of AM parts

is the ability to achieve consistent and repeatable mechanical properties outputs for

identical parts produced on alternative machines, however, very limited published

research exists on the repeatability of mechanical behaviour in AM-produced metals

[24, 34–36]. Indeed, there is variation in the EOS-reported as-built MS1 mechanical

properties for identical test-coupons fabricated on EOS DMLS equipment [12, 14],

but also among maraging steel 300 properties reported in the open literature for

contrasting test-coupon geometries which have been fabricated on EOS and other

metal AM systems [3, 9, 18, 19, 21, 23, 24, 26, 27, 29, 37]. The spread of the as-built

tensile properties reported across these studies (i.e. elasticity modulus (E): 150-194

GPa [12, 27]; yield strength (Rp0.2): 768-1214 MPa [23, 29]; tensile strength (Rm):

1010-1325 MPa [27, 29]; and elongation to fracture (At): 6.1-14.3 % [9, 26]) is a

measure of the variability observed. This highlights the need for a deeper under-

standing of the factors that affect the reproducibility of AM parts, since engineers

seeking to use this advantageous technology for structure-critical designs require a
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greater control of the achievable mechanical properties.

In order to address the aforementioned research literature gaps, in this work, a

comprehensive experimental analysis of maraging steel 300 mechanical properties

and plastic anisotropy behaviour is reported.

Plastic anisotropy describes an uneven response of the alloy’s plastic properties (or

flow-strain relationships) with respect to the AM build orientations and has been

quantified in this investigation by the R-value parameter. R-value is the ratio of

true width-to-thickness plastic strains, and this parameter allows an examination of

the alloy’s tendency to deform non-uniformly by consequence of the test-coupon’s

build-orientation. In this work, both the effect of three AM build-orientations (0◦,

45◦, and 90◦), as well as a large array of heat-treatment plans (combinations of

time, and temperature) are considered to allow for a wide-scale investigation of

anisotropic variation, not previously conducted in the past for this AM material. A

complete visual representation of the material’s overall mechanical properties, for

all three AM build orientations, against the various heat-treatment plans is offered

through time-temperature contour maps. The full mapping of AM fabricated marag-

ing steel 300 mechanical properties for all three build orientations, in conjunction

with their respective R-values has not previously been reported in the literature,

and can serve as a very practical tool for AM engineers and researchers wishing to

tailor the output of the EOS MS1. This novel experimental work is particularly

focused on providing a means of AM maraging steel 300 heat-treatment selection

to meet individual strength/ ductility/ anisotropy engineering design requirements,

and intends to act as a guide project for other AM manufactured metals exhibiting

anisotropy. Furthermore, the material characteristics, microstructures, tensile prop-

erties, and anisotropy variation of identical maraging steel test-coupons which have

been fabricated on two EOS EOSINT M280 AM machines belonging to and oper-

ated by different users, are examined. For this purpose, the relationship between the

AM process phenomena and the resulting mechanical properties, including plastic

anisotropy, have been investigated.
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2. Background

2.1 Maraging Steel

The 18% Ni 300 grade maraging steel was one of four strength grades (200, 250,

300, 350) developed by International Nickel (Inco) during the late 1950’s [2, 4].

Each grade was optimised in terms of strength and toughness. The 300 designation

represents the alloy’s yield strength in ksi units, whereas the maraging classification

indicates a strong martensitic structure which can be improved significantly by a

precipitation hardening heat-treatment (aging) [5, 38]. Maraging steel 300 became

a highly important military-grade alloy between 1960 and 1980, having large appli-

cation scope in the aerospace/marine, defence and industrial sectors (e.g. in fab-

ricating large welded artillery shells/vessels, precision load-bearing structures, and

tooling mold and die) [2, 10, 39–41]. The alloy’s appeal centred on a remarkable

structural strength and fracture toughness combination, complimented by process-

ing advantages such as an insensitivity to welding, and an ease of heat-treatment

[2]. High strength is achieved in these alloys by second phase precipitation of inter-

metallic compounds rather than by carbide precipitation [28, 42]. Carbon is in fact

an impurity which somewhat retracts from the steel’s advantageous characteristics

(strength-toughness combination, harden-ability, formability) [4]. Once these inter-

metallic compounds are present as a fine dispersion uniformly distributed throughout

the softer Fe-Ni matrix, a condition of optimum strength can be obtained.

Due to the fact that maraging steel 300 was already recognised as a very important

hardenable alloy in the mold and tooling industry, it was quickly identified that it

might be especially well-qualified for use with contemporary metal AM process in-
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novations when this technology emerged in the mid 90’s [43–45]. During metal AM’s

early days, the advanced manufacturing technique was championed as a complete

pre-production/ short-run thermoplastic injection mould and tool-making solution

based on EOS’s direct metal laser sintering technology [45, 46]. The technology

permitted the creation of small, complex mould-cavity and tool geometries that in-

corporated conformal cooling channels which were difficult or impossible to fabricate

otherwise - particularly, the complexity of the part placed no practical significance

on the AM fabrication time and cost [45–48]. These unique processing advantages of-

fered by AM have therefore given maraging steel 300 modern engineering significance

for the fabrication of general mechanical components where high-resolution, high-

precision, ultra-high-strength, toughness and ductility, and dimensional stability

are required [1–3]. An example from a recent case-study published by Renishaw [49]

demonstrates how engineers have capitalised on AM’s design freedom, and maraging

steel 300’s outstanding properties, to fabricate a structure-critical component for a

’down-the-hole drill hammer’ which reduced cost and improved reliability for the

heavy mining industry.

2.2 Direct Metal Laser Sintering (DMLS)

The major interest in the field of metal AM in recent times is its emergence from

prototype to serial production [32, 50]. To this aim, powder-bed metal AM systems

are better suited to serial production as they provide more consistent and repeat-

able outputs and are capable of producing metallic components with the durability,

quality, and precision adequate to meet demands of industrial engineering applica-

tions. These machines have therefore made the greatest technological strides and

are currently dominating metallic AM processing [36]. EOS develop such systems

which are designated with their proprietary Direct Metal Laser Sintering (DMLS)

process name. Consonant with EOS’s DMLS process, other leading AM system sup-
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pliers use proprietary process names1, but when dealing with metallic powders that

are fully melted to achieve full-density high-strength components, the science is in

essence equivalent. Controlled by existing Computer Aided Design (CAD)/ Com-

puter Aided Manufacturing (CAM) know-how, these systems drive a high-wattage

laser energy source to selectively melt successive thin layers of metallic powder par-

ticles, which in turn produces high density functional components, often without

the need for additional finishing. The basic process schematic is shown in Figure

2.1.

Figure 2.1: Schematic of the basic process configuration for powder-bed laser addi-
tive manufacturing systems.

Since the mid 90’s, there have been major advancements in controlling the technol-

ogy’s underlying physics, and as a result, DMLS is less complicated to implement

in practice, and has become much more prevalent in recent years [11, 45]. The

aerospace industry has been the principal driving force behind AM’s fast develop-

ment and increasing application trend [51]. AM has expanded their capabilities in

terms of structural optimization, design complexity, manufacturing flexibility, cost,

and speed, with the transition from prototype production to serial manufacture is

now well under way [32, 52–54]. On account of the significant technological develop-

ments, the range of AM processable materials has been expanding simultaneously,

where so far, the compositions have closely followed that of standard alloys. The
1Direct Metal Laser Sintering (DMLS) belongs to EOS; LaserCUSING to Concept Laser, and

Selective Laser Melting (SLM) to SLM Solutions.
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logic being, for structural applications, it is desirable that AM parts do not deviate

characteristically from those produced traditionally [54, 55].

As the technology continues to mature, more is expected of the functional parts pro-

duced, with special attention towards achieving metallurgical soundness by tackling

the factors which influence mechanical performance [50]. As highlighted in Chap-

ter 1, among the issues identified are the dependence of mechanical properties on

the build orientation (anisotropy), and the repeatability of mechanical properties

outputs for products produced on different machines. The AM build-process itself

is inherently anisotropic. Uniaxial movement of the build plate, layer-wise powder

deposition, planar movement of the heat-source (scanning strategy), and the subse-

quent heat-transfer through pre-deposited layers, all promote orientation dependant

properties. In addition, AM’s build conditions (environmental conditions, processing

parameters, and quality of raw materials) are known to influence part performance

and can amplify/ exaggerate the condition of anisotropy and affect repeatability.

Part density is compromised by imperfections such as regions of un-melted powder,

and the presence of voids/porosity and inclusions [27, 31, 56]. Porosity reduces the

fabricated component’s effective cross-sectional area and can act as stress raisers

and potential loci for fracture initiation [27, 36]. Lower fatigue strengths have been

reported for AM components due to these defects [57]. Furthermore, the correct

use of support structures during the AM build process is essential for controlling

deformation of parts from thermal residual stresses which are the unavoidable con-

sequence of the mandatory high melt-pool temperatures and rapid cooling rates.

Residual stresses can lead to dimensional instability either during the build, or dur-

ing secondary machining operations (e.g. when the parts are removed from the

AM build plate). The residual stress distribution through the material also plays a

significant role in the component’s directional mechanical properties. The severity

of these process induced imperfections has somewhat abated in recent years, with

the continued harmonization of processing conditions, and the improved quality of

raw materials [32, 58]. Nonetheless, the art has not been completely mastered,
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meaning the defects that persist are more than enough to impact the mechanical

performance and intensify anisotropy in AM fabricated metals. The multitude of

fabrication variables (e.g. laser power, scan speed, layer thickness etc.) which re-

quire optimization in order to ensure sound metallurgical bonding whilst curtailing

process defects, signify the level of control complexity that industrial practitioners

must grapple with. Some AM system providers ameliorate the cause by providing

factory default, undisclosed, and pre-optimized sets of parameters for specific ma-

terial and machine combinations. These support reliable mechanical properties and

bolsters a repeatable industry level of quality making it possible to directly fabricate

near fully dense components which exhibit the mechanical functionality necessary

for heavy-duty tasks [59].

2.3 DMLS induced anisotropy

As previously mentioned, when powerful laser scanning strategies are employed to

successively melt thin layers of fine powder particles, it provokes a distinct 3D

macrostructural pattern formation. At a deeper metallurgical level, the dynam-

ics of heat-transfer within the melt-pool and surrounding material provokes specific

microstructures. For example, maraging steel 300 produced by AM exhibits fine

cellular martensitic grain morphologies compared to the conventionally produced

alloy which exhibits parallel packets of lath martensite. Depending on the particu-

lar alloy’s chemistry as well as the laser scan algorithm employed, this heat-transfer

can cause directionality of crystal growth (fibre texture) and non-random crystalline

orientation effects (crystallographic texture) [58, 60–63]. Cyclic high-temperatures

and rapid melt-pool cooling rates, along with the magnitude and direction of heat-

flow, continually change grain-boundary location within and between build layers

as a result of dynamic recrystallization [5] which are key parameters for the AM

microstructure evolution, crystalline orientation, and fibrous alignment. Both fi-

brous and crystallographic textures have been correlated to mechanical property

anisotropy in a range of AM materials (e.g. IN738LC alloy, Hastelloy X) [60, 62].
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Columnar grains have been reported in several studies, with their axis orientated

parallel to the direction of build and concurrent with the direction of maximum

heat-flow [51, 58, 64]. Through dynamic recrystallization, the preferential growth

of columnar grains for a given build layer, can be broken up by rotating the laser

scan direction (e.g. 90◦) for subsequent layers as demonstrated by AlMangour et

al. [65]. This approach led to decreased texture and reduced mechanical property

anisotropy in TiB2/316 L stainless steel nanocomposites. Similarly, Bhardwaj et al.

[66] recently demonstrated how the laser scan direction has a strong influence on

the crystallographic texture and mechanical properties in DMLS MS1, showing that

the texture depends on the adopted scan strategy.

As stated earlier, the state of anisotropy in the as-built metal is further exacerbated

by ancillary process defects, such as residual stresses, and porosity. The anisotropic

macrostructures and microstructures that develop, while undesired, may be difficult

to eradicate from powder-bed AM processing methods. The solution towards achiev-

ing mechanical isotropy using current AM methods may therefore rely upon the opti-

mization of a blend of inputs, for example: (i) a material specific approach to process

parameter optimization, (ii) the use of appropriate scanning strategies/algorithms

and (iii) suitable post-processing thermal treatments. So far, much of the research

focus has been placed on parameter optimization to achieve high density parts, and

there has been very limited published research concerning the effect of alternative

scan-strategies on the microstructural integrity and anisotropy of maraging steel 300

[66]. Furthermore, and until now, no studies have examined various strengthening

heat-treatment plans to assess the influence of the time and temperature combina-

tions on plastic anisotropy and mechanical properties (e.g. strength, ductility) of

maraging steel 300.

2.4 Heat-treatment of maraging steel

Conventionally produced (CP) maraging steel 300 has traditionally achieved its

strength by means off a two-stage heat-treatment: 1. Solution-annealing, and 2. Isother-
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mal aging [5, 38]. The goal of the solution-anneal, whereby the alloy is heated and

held in the fully austenitic phase (Typical: 1h @ 815◦C), is to disperse the con-

centration of hardening elements, which have accumulated at grain boundaries, by

fully dissolving them into a supersaturated solid solution [10]. As the alloy cools

back down to room temperature, the austenite transforms into extremely ductile,

body centre cubic (bcc) martensite [5]. This diffusionless transformation is easily

achieved at low temperatures (≈135◦C) and cooling rates by virtue of the alloy’s

high Ni content (18%) as indicated by the phase diagrams presented in Figure 2.2

[4, 5]. Furthermore, Figure 2.2a shows how the alloy must be re-heated to much

higher temperatures (≈600◦C) to transform back into austenite. This hysteresis

contributes to precipitation hardening (aging) in maraging steels [4, 10]. The out-

(a) (b)

Figure 2.2: Phase transformation diagrams upon cooling and the martensite-to-austenite
reversion upon heating (a) Fe-Ni (metastable) transformation diagram showing austenite-
to-martensite regions, and (b) Equilibrium diagram which illustrates that for 18% nickel,
the equilibrium phases at low temperatures are a strong but ductile mixture austenite α,
and ferrite γ. From ASM International [5].

come of the solution annealing process paves the way for the ensuing precipitation

hardening response, which causes the second phase alloying elements to precipitate

locally. Maraging steel producers supply the alloy in its solution annealed con-

dition, which can be readily fabricated by conventional methods. In fabrication,
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components exhibiting work-hardening can benefit from a repeated solution anneal,

which re-homogenizes the microstructure, suppresses anisotropy (i.e. caused by cold-

working), and alleviates residual fabrication stresses. The material will once again

display homogeneous mechanical properties, although naturally, this supplementary

heat-treatment step incurs additional fabrication cost [5, 10].

In contrast to conventionally produced alloy, and by reason of the rapid melt-pool

cooling rates, the DMLS process provides a solid solution with full potential for

precipitation strengthening [9]. Cooling rates circa 103 to 108 K.s−1 provide a

metastable martensite structure which is supersaturated with respect to the solute

[5, 28, 42, 67]. This affords the heat-treater/ AM practitioners with an opportunity

to by-pass solution annealing and commence precipitation-hardening directly post-

fabrication, which allows for a much-accelerated fabrication route than that of the

CP-alloy.

2.4.1 Precipitation hardening (aging)

As previously noted, strength is achieved when the dispersion of hardening particles

precipitate locally to impede the motion of dislocations. These obstacles heighten

the stress required for dislocation motion, hence enhancing the alloy’s strength

and hardness. Furthermore, when good toughness is sought, maraging steel al-

loys are aged past their peak-hardness condition (overaged), where a decomposition

of metastable martensite to austenite (or austenite reversion) takes place [68]. To

that end, these two topics, 1. precipitate formation, and 2. martensite-to-austenite

reversion, which are known to have high importance to the properties of maraging

steel, will be discussed [4]. The following description does not attempt to review

all aspects of the substantive physical changes that occur in reality, however, it is

believed to be an adequate explanation in order to clarify the work undertaken by

this investigation.
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Precipitate formation

The structure at room temperature consists of ductile martensite, with finely dis-

persed and uniformly distributed brittle phase particles in solution [4]. A coherency2

exists amid solvent and solute atoms in the lattice, and dislocations can shear

through the material with relative ease while in this condition. Precipitation harden-

ing is induced when the structure is heated above the martensite start temperature

(Ms), causing thermally activated second phase elements to emerge from solution by

diffusion - as represented by the nanoparticles shown in Stage 1 of Figure 2.3. The

chemical arrangement of the existing precipitate phase depends on the alloy com-

position, and the period within the precipitation hardening process [42, 68]. The

precipitates that form initially in 18% Ni maraging steels comprise of mainly Ni3Ti

and Ni3Mo, which get replaced later with Fe2Mo or Fe7Mo6 during a second stage

of the process3 [4, 28, 42]. Over a period of time, these precipitates first become sta-

ble or nucleate (corresponding to the Gibbs critical energy), then evolve by diffusive

mechanisms to develop into small and underdeveloped (underaged) precipitate par-

ticles. The stress required to shear these particles increases with precipitate radius,

and when such material is stressed, passing dislocations bow around the precipitates

(Stage 2 of Figure 2.3). The strengthening to this point is dominated by lattice co-

herency and chemical bonding. When the nanometric particles have developed to

an optimum size and distribution (Stage 3 of Figure 2.3), the bowing of passing lines

of dislocations reaches its greatest extent. This degree of bowing causes a culmina-

tion of strain fields at the precipitate interface. It is this condition that provides

the optimum effect in the alloy towards obstructing and retarding the movement

of dislocations [4]. Further growth of precipitates, termed overaging, gives rise to

the Orowan Mechanism of strengthening, which coincides with the degradation of

coherency [4]. To this point the bowing dislocation line has reached a critical radius

2Atomic matching or shared lattice parameter across the interface of solvent and solute phases.
3The literature is at variance as to the composition of second stage precipitates in the 18Ni

steel, mainly due to the difficulties in analysing the composition of nanometric particles. Studies
employing transmission electron microscopy (TEM) identify Fe2Mo, however studies employing
higher resolution atom probe tomography (ATM) report Fe7Mo6 precipitates
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of curvature. When further stressed, the line passes between the obstacles, enclosing

the particle in a ’loop’ of dislocations (Stage 4 of Figure 2.3). Also known as dislo-

cation pinning, each subsequent gliding dislocation adds a loop around the obstacle,

heightening the degree of back-stress in the lattice. The build-up of loops corre-

sponds to strain-hardening behaviour, whereby materials with a wider dispersion of

particles will display increased strain-hardening. The continued straining eventually

reaches the point when looping stresses are high enough to shear either the particles

or the surrounding matrix. First established by Orowan, this relationship forms

a basis for describing the interaction between precipitates and dislocations during

overaging in precipitation hardenable alloy systems [4, 63].

Figure 2.3: Schematic representation of the five stages of interaction between disloca-
tions and precipitate particles based on the Orowan mechanism of dispersion hardening.
Adopted from Dieter [63].

The aging time (t) and temperature (T) parameters exert significant authority on

the size development of precipitates [38]. The situation is further complicated by the

change in nature of coherency as solute atoms diffuse towards precipitate particles in

the lattice. Two mechanisms of precipitate evolution are acting as illustrated in Fig-

ure 2.4: 1. Growth which relates to a period of underaging, and 2. Coarsening which

refers to the period of overaging. It is the interaction between dislocations and pre-

cipitates which determines the materials strength, thus, both mechanisms enhance

strengthening by increasing precipitate size through the diffusion of solutes in the

matrix. However, the achievable strength is very much reliant on heat-treatment

parameters, since they control the population and size of the precipitates that form.
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Since diffusion is thermally activated, the treatment temperature dictates the kinet-

ics of phase separation, i.e. the rate at which precipitation reaches its equilibrium

fraction. At the early stage of precipitation hardening (or during Growth as shown

in Figure 2.4a), depletion of solutes by diffusion from the surrounding supersatu-

rated matrix causes the saturation of nucleation sites. This describes the normal

(or homogeneous) phase change reaction in a solid solution. It is the temperature

during this early aging phase changes which ultimately determines the population

and size of precipitates which form by the growth mechanism. This stage leads to

the peak hardness for a given set of heat-treatment parameters since dislocations

require greater forces to bow around and cut through the densely packed matrix of

small-to-moderately sized precipitate particles.

(a) Growth (b) Coarsening

Figure 2.4: Schematic comparison of the different diffusive mechanisms for precipitate
evolution in maraging steel. The origin of diffusive atoms dictates how the particles evolve.
(a) Atoms from the surrounding saturated matrix diffuse to cause particle growth, while
(b) particle coarsening is facilitated by atoms which diffuse from both the surrounding
matrix and from smaller dissolving particles. From Sha et al. [4].

As precipitation continues after peak hardness has been reached, and during con-

tinued heat-treatment, the size of certain precipitates increases through Coarsening.

Diffusion by growth has now ended on account of the rapid depletion of solute

concentration in the surrounding matrix. This overaging stage sees the particle

population (precipitate density) deplete, which comes at the expense of smaller

precipitates, as illustrated in Figure 2.4b. The size development of surviving precip-

itates during coarsening is slower than development during earlier stages, and the

precipitates that form are larger and more widely spaced [4]. Moreover, as precipi-

tates enlarge further, phase coherency breaks-down. The combined loss of coherency
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and increasing sparsity of particles during overaging reduces the effectiveness of dis-

location hindrance. Researchers have also attributed coarsening and coherency loss

to matrix embrittlement, whereby the coarsened precipitates act as sites for crack

nucleation [68]. It is of interest for the following section that prolonged holding at

temperatures below austenite start (As) (see Figure 2.2a) will eventually lead to

a decomposition of the metastable martensite by diffusion-controlled reactions to

a stable blend of austenite and ferrite [68, 69]. The austenite so formed is known

as reverted austenite, and when the propensity for reversion is higher (i.e. at high

treatment temperatures), its formation can even precede precipitation in maraging

steel [69]. Lower temperatures, somewhat regulate early precipitation diffusion ki-

netics by allowing particles to grow to a greater extent before coarsening dominates.

For this reason, the greater population of particles at lower treatment tempera-

tures gives an enhanced strengthening effect, but the time taken to achieve peak

strength/hardness increases alongside. As before, when precipitates increase past a

critical size at the expense of their smaller neighbouring counterparts, these larger

and more dispersed obstacles loose coherency in the matrix, resulting ultimately in

a loss of strength.

Austenite retention and reversion

The presence of austenite in AM maraging steel 300 can either be from 1. un-

completed transformation into martensite due to rapid melt-pool cooling-rates (i.e.

retained austenite), or 2. from severe heat-treatment parameters (high temperatures

and/or prolonged holding times) which cause martensite to austinite reversion (i.e.

reverted austenite)[70].

Retained austenite presents itself in maraging steel 300 when the material cools

rapidly from austenite finish (Af ) to ambient-temperature. This essentially freezes in

place solute-rich austenite leaving it untransformed, whereas solute-depleted austen-

ite transforms into martensite [71]. Since austenite is a soft phase, its has an adverse

effect on the material’s strength. Alloying elements have higher solubility in this
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softer phase, which subtracts from the effectiveness of precipitation during subse-

quent heat-treatment [71]. The decrease in strength, however, can be accompanied

by a marketable improvement in ductility and toughness, providing of course that

these enhancements have not been counteracted by overaging-related matrix em-

brittlement after aging.

Reverted austenite occurs during extended isothermal aging at temperatures

which support the dissolution of Ni3Mo precipitates. Ni3Mo is a metastable phase,

and when it breaks-down, it enriches the localized matrix with Ni. This in turn pro-

motes austenite nucleation [4, 5]. At temperatures below Af , the bcc martensite

is attempting to achieve its equilibrium structures of austenite and ferrite. The

metastable Ni3Mo is one of the phases which lead to the initial beneficial precip-

itation hardening reaction during early aging. To begin, this phase fits coherently

within the bcc martensite matrix, however, once the equilibrium amount of this

precipitate has been attained, the accompanying coherency strains and lattice pa-

rameter misfit make it unstable. At this point Ni3Mo dissolves and is replaced with

Fe7Mo6. As this new phase nucleates and grows it depletes the matrix of iron, fur-

ther enhancing the Ni concentration, thus augmenting austenite reversion [5]. The

balance of alloying micro-constituents such as Co and Mo and Ti have a handle

on the rate at which the reversion takes place, however, prolonged heat-treatment

will generate significant amounts of reverted austenite [71]. Martensite-to-austenite

reversion increases when the temperature rises past 450◦C (see Figure 2.2a), where

the material will quickly soften thorough the combined effects of precipitate coars-

ening, and austenite reversion [4]. For this reason EOS assert that the maximum

operational temperature of MS1 is 400◦C [12].

In summary, the temperature parameter has the most significant effect on precipitate

size and dispersion in maraging steels, and thus their mechanical performance after

the precipitation heat-treatment. The 440-540◦C (low-high) temperature range is

considered to be suitable for the aging of 18% Ni grades. Over time at high temper-

atures (540◦C), nucleation sites quickly saturate by diffusion from the surrounding

18



CHAPTER 2. BACKGROUND

lattice. The growth stage is quickly completed, and coherency strain-hardening

decreases with increasing particle size, bringing about a condition of maximum

strength and peak hardness due to the critical radius of dislocation bowing [4].

This condition is met with the early onset of coarsening, loss of coherency, and ul-

timately a lattice with fewer blocking obstacles. The high-temperature treatment’s

maximum attainable hardness peaks early, failing to reach the alloy’s optimal design

strength. After reaching a peak-hardness, precipitation continues, however the alloy

experiences relatively rapid loss in strength due to an accelerated coarsening and

reversion to austinite. At low temperatures (440◦C), the precipitate nucleation and

growth phase is controlled/extended allowing a populous dispersion of small pre-

cipitates. With these smaller particles’, coherency strain hardening increases with

increasing particle size, thus the alloy reaches greater peak strength [4]. However,

considerable time is required for precipitates to reach a size where dislocation bowing

is maximized. The effects of coarsening and austenite reversion are also somewhat

suppressed by the lower temperature.
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3. Problem Statement and Research
Questions

Metal additive manufacturing is still at its infancy when compared with conventional

manufacturing methods. AM’s industrial practicality and potential adoption for the

serial production of components used in demanding engineering applications relies

on a foundational level of process control and an ability to regulate metallurgical

outputs. Without this mandatory process knowledge, AM technology is at risk of

becoming endangered.

The lack of available data presents challenges for engineers and small and medium-

sized enterprises (SMEs) - who do not have abundance of financial resources to fund

Research and Development (R&D) activities - when it comes to utilising the highly

advantageous AM manufacturing technology. In practice each small/medium design

and manufacturing project influenced by issues such as material anisotropy and

microstructural defects etc., incurs additional costs from the significant R&D efforts

needed to resolve these issues. Furthermore, unique attention for the produced

parts in terms of extensive post-processing (i.e. surface finishing, heat-treatment

and non-destructive inspections) is necessary.

The ideal situation is a stand alone AM technology which can produce parts exhibit-

ing predictable, repeatable and reliable mechanical properties with implicit material

characteristics. Comprehensive metallurgical evaluations and assessments of ma-

chine specific behaviours are absolutely necessary in pursuit of this goal. In the

case of AM fabricated maraging steel 300, however, the reality is that the AM sys-

tem/feedstock suppliers provide very limited data on the output of the process in

terns of the material’s performance. Moreover, the metallurgical observations in the
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literature are highly varied and the body of published research is currently inad-

equate to characterize material performance for engineering designs and products.

The following research gaps have been identified and are addressed by the current

work:

• There are no reported findings on the plastic anisotropy of as-built DMLS

fabricated maraging steel 300 (and other AM metals) at various build orien-

tations;

• A direct comparison of the microstructural characteristics and mechanical

properties of maraging steel 300 produced on two AM systems of the same

type, but different machine number, has not been previously conducted;

• The effect of post AM heat-treatments on the plastic anisotropy of maraging

steel 300 (and other AM metals) has not been previously investigated;

• No study has attempted to assist AM end-users towards appropriate heat-

treatment selection for mechanical component design by mapping maraging

steel 300’s mechanical performance and plastic anisotropy levels against a wide

array of heat-treatments.

The purpose of this study is to contribute knowledge and value to the field by

addressing the following research questions:

1. How does the building angle influence mechanical properties of the as-built

and heat-treated AM maraging steel parts?

2. Does the EOS recommended aging treatment of 6h at 490◦ provide optimal

strength in the MS1 material?

3. Which heat-treatment plans can reduce/eliminate the plastic anisotropy of

DMLS maraging steel 300 without compromising significantly on the alloy’s

achievable strength?
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4. What level of repeatability and reproducibility can be expected for parts

produced on independently operated machines of the same type in terms of

build quality (surface finish, density), microstructure, mechanical properties

(strength, ductility etc.) and plastic anisotropy?
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4. Literature Review

Four main topics are covered in this review: 1. Powder feedstock quality; 2. DMLS

material microstructure; 3. Process parameters, laser scan strategies, and build

defects; and 4. Mechanical properties. These four areas - which place the spotlight

exclusively on the extant literature concerning AM fabricated maraging steel 300 -

provide a comprehensive overview of the current status of the alloy and articulate

the concerns most closely related to the research questions.

4.1 Powder feedstock quality

An area of primary research is focused on AM system parameter optimisation with

the prevailing goal of eliminating microstructural defects such as porosity, un-fused

particles, and micro-cracking. While the user can impose certain authority over the

AM system’s control parameters and performance towards this goal, the feedstock

quality (chemical composition, size and morphology) is more intractable, and plays

an important role in the final quality and properties of the fabricated part.

The chemical composition specification ranges covering the main commercially avail-

able maraging steel 300 powders (including MS1 from EOS, CL50WS from Concept

Laser and M300 from Renishaw) [12, 15, 72–77], which are typically controlled by

AM machine manufacturers, are presented in Table 4.1. Individual suppliers work

within these specification limits for their specific powder blend. The defined chemical

specification of a given powder variant is critical towards the achievable properties

of the finished part, however, these specifications are often difficult to achieve in

production because the powders tend to vary within specification (e.g. through reg-

ulation of gas and vacuum parameters during atomization). Therefore, a degree of
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supplier and batch variability is inevitable [78, 79]. Slight alterations to the pow-

der’s chemistry can have major implications on the produced parts as discussed in a

case study by feedstock supplier LPW Technology [78]. The discovery of cracking in

bulk AM processed maraging steel 300 was traced back to the presence of residual

chemical elements - in particular Silicon, Manganese and Boron - which were not

deliberately added to the alloy but were present in raw material despite the powder

falling within specification for the main comprising elements. This highlights the

alloy’s sensitivity to upstream contamination and signifies the importance of sourc-

ing quality assured product from reputable suppliers who can meet narrow chemical

specification requirements and mitigate against residual element contamination.

Table 4.1: Typical chemical composition ranges (%wt) of 18% Ni maraging steel 300 powders
used in metal AM [12, 15, 72–77].

Ni Mo Co Ti Cr Si Mn C Fe
17-19 4.5-6 8.5-11 0.6-1.2 0-0.5 ≤ 1.0 ≤ 1.0 ≤ 0.03 Bal.

As with the powder’s chemistry, subtle alterations to its morphology (size and shape)

can exert significant control over the AM build quality, particularly, the as-built

surface roughness and relative density of the parts. The powder granule shape

and size distribution determine the achievable layer-wise packing density, flowabil-

ity and inter-particle sintering kinetics during fabrication [80], yet very few AM

maraging steel 300 researchers [21, 24, 37, 81, 82] have performed particle analysis

on the starting material, thus making it difficult to correlate observed microstruc-

tural defects and mechanical properties variations with the feedstock characteristics.

In these studies, unimodal distributions of spherically shaped granules having size

range 10µm-70µm, and central tendency of ≈ 35-40µm, have been generally ac-

knowledged. When a batch of powder is cycled through multiple AM builds, the

feedstock experiences a steady gain in Nitrogen and Oxygen concentrations [83],

as well as a shift towards larger and agglomerated powder granules which tend

to get pushed cross-platform into the system’s collection chamber during recoating.

Contrastingly, smaller spherical granules, which permit high packing efficiencies, are
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more readily consumed by the process. These symptoms of powder recycling will im-

pede flow behaviour due to inter-particle friction during the recoating process, lead

to reduced packing efficiencies, and effect the feedstock’s interaction with the laser-

beam. Together these factors will ultimately lower the AM part’s build quality (i.e.

surface roughness and relative density) [80, 84]. Irregular shaped microstructural

defects/pores are indicative of powder packing deficiencies, whereas the formation of

spherical pores pertain to melt-pool gas entrapment. So far, only one early study by

Hoeges et al. [85] has presented findings on the the influence of maraging steel 300

feedstock on the produced metal. The study deals with a comparison between gas

and water atomized maraging steel 300 powders, and their influence on the prop-

erties of AM fabricated test-coupons. Despite only slight differences in the powder

morphologies, it was necessary to modify the AM processing parameters for each

of these powder variants in order to achieve similar relative densities in the pro-

duced parts, thus confirming previous comments regarding the influence of powder

morphology on part relative density. To-date, however, no study has examined the

role of particle morphology on the achievable surface roughness, relative density and

mechanical properties of maraging steel 300 by holding constant the AM processing

parameters. Perhaps the on-going development of new in-situ techniques for AM

process monitoring/diagnostics will allow enhanced process reliability by compen-

sating for feedstock variations in real-time fabrication, and ultimately facilitate the

production of components exhibiting enhanced material performance.

4.2 DMLS material microstructure

4.2.1 As-built material microstructure

The typical low-magnification maraging steel 300 microstructure has a complect ap-

pearance, with bundled interconnections of fan-shaped solidification cells between

molten lines [9, 25]. An example of the sectioned microstructure is shown in Figure

4.1a. The particular development/detail (i.e. melt-pool width and depth) is subject
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to the AM processing parameters employed (e.g. the layer thickness, scan strategy,

scan spacing, speed and laser power). Nonetheless, several maraging steel 300 stud-

ies [9, 25, 29, 86] employing alternative AM systems and process parameter settings

report very similar microstructures. In these studies the melt-pools were observed

to range in width (75-100µm) and depth (40-50µm) which is reflective of the ap-

plied laser spot-size, energy and layer-thickness. Variations in the reported AM

systems’ laser input energy (i.e. ranging between 105-400W), laser scanning strate-

gies (e.g. the scan rotation angle between successive layers), and the use of pulsed

versus continuous line scanning, were also observed across these studies. These gen-

eral observations serve to demonstrate how the AM processing procedure is not a

standardized practice, and the methods by which it is administered, along with the

metallurgical results achieved, are subject to variation between producers.

(a) (b)

Figure 4.1: (a) Low magnification optical and (b) high magnification Scanning Elec-
tron Microscope (SEM) images of laterally sectioned structure fabricated with the EOS
EOSINT M280 DMLS system using the manufacturer’s recommended set of parameters
(MS1 Performance 2.0) and maraging steel 300 powder (MS1). The arrows indicate the
AM build-direction.

A higher magnification image revealing the formation of a mesostructure of very

fine solidification cells is shown in Figure 4.1b. These cellular martensite bundles

comprise a compact arrangement of fine, coarse, and dendrite cell formations hav-

ing sub-micron intercellular spacing, and grow epitaxially across laser-tracks and

build-layers [25, 28, 29, 31, 42, 86]. Assisted by rapid melt-pool cooling rates (circa

103 to 108 K.s−1), the evolution mechanisms of these cells relate to the melt-region
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thermal flux direction which changes for successive layers whereby the cells orien-

tate themselves concurrent with the direction of heat-flow/removal. A theoretical

explanation of their formation is presented in a recent study by Tan et al. [37]. This

characteristic cellular structure, unique to the powder processing method, is believed

to be a major contributor to the strength difference between as-built-AM versus the

solution-annealed conventionally prodiced alloy, which in-contrast does not display

retained austenite in its microstructure, and exhibits random parent grains, each

containing coarse and disordered packets of parallel lath-martensite [3, 8, 18, 86,

87].

As shown in Figure 4.1b, retained austenite is easily distinguishable in the high mag-

nification microstructure where it presents as the bright phase which aggregates at

cell boundaries. It arises in the as-built alloy from an uncompleted transformation

into martensite during the rapid cooling/solidification. The existence of these mi-

croscopic segregated solute-rich regions not only softens the as-built alloy, but also

augments further austenite reversion during the elevated temperature precipitation

heat-treatment cycle [9, 23, 31, 67, 69]. Accordingly, the importance of appropriate

AM processing variables is evident since these will govern the volume of retained

austenite in the as-built microstructure, and ultimately the part performance. Stud-

ies having performed quantitative phase analysis [9, 23, 29, 67] have confirmed a sig-

nificant amount of retained austinete in the as-built metal, however, are at variance

with regards the percentage volume present. Jägle et al. [67] - who used high reso-

lution electron backscatter diffraction (EBSD) scans - estimated a volume fraction

of 8.5% ± 3.56%, whereas Casati et al. [9], Kempen et al. [23], Suryawanshi et al.

[29], Yin et al. [30], and Tan et al. [37] performing Reitveld refinements measured

11.38%, 5.8%, 10%, 10.3% and 1.6% respectfully. The observed variability in the

literature may indeed be the direct result of the individual fabrication parameters

and scan strategies and/or due to material characterization diligence.

In an interesting and recently published study, Bhardwaj et al. [66] quantified the

effect of two alternative laser scan strategies on the volume of as-built retained

27



CHAPTER 4. LITERATURE REVIEW

austenite and found that the scan strategy indeed impacts on the quantity of this

phase, and thus the alloy’s as-built tensile properties (discussed further in Section

4.3.3). The harmful effect of this austenite phase, which limits the as-built alloy’s

strengthening capacity, can be greatly diminished by holding the laser heat-input to

a minimum, in conjunction with the use of appropriate scanning strategies. Building

on Bhardwaj’s work, a more comprehensive investigation of process parameter/scan

strategy impact on the volume fraction of retained austenite in AM maraging steel

300 would be helpful. Also, the correlation of this phase with the achievable post

heat-treated mechanical properties would be a interesting addition.

4.2.2 Precipitate formation in the DMLS material microstruc-

ture

When comparing the AM-produced material against its CP counterpart Jägle et

al. [8] found no observable difference between the precipitate chemistry, formation-

kinetics, morphology, or size. Despite their vastly different processing routes (CP

versus AM), precipitates form in the very same way, although the materials exhibit

significantly different characteristics with respect to the grain-morphology and size,

the texture, and the presence of retained austenite. The alloy’s processing history

can be held exclusively responsible hence. In an early study by Stanford et al. [3] the

authors claim that precipitation took place in MS1 material during the AM build

process, as revealed by their microstructural evaluation. Particles of ~20-100nm in

size were observed via. scanning electron microscopy (SEM), and the material ex-

hibited a good degree of hardness in the as-built condition (387HV, ≈ 39-40HRC).

In stark contrast, Jägle et al. [42] reported no evidence of early precipitation or nu-

cleation of solutes in the as-built material despite the alloy’s propensity to develop

precipitates, and despite AM’s unique thermal profile (intrinsic heat-treatment).

This view is shared by Mutua et al. [18] who declare that the high solidification

cooling rates prohibits the formation of precipitates. In more detailed follow-up

examinations, Jägle et al. [8] state that early stages of precipitation are limited to
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Ti-Ti clustering which constitutes the early formation of Ni3Ti precipitates. When

investigating the size and morphology of precipitates in aged material Jägle et al. [42]

found that the particles ranged in size from diameter ~2-11nm depending on their

chemistry. Separately, Suryawanshi et al. [29] found the average precipitate size to

be ~40nm in length and ~5nm in width. These conclusions put Stanford’s observa-

tions into question. The works conducted by Jägle are considered to have a greater

technical footing as they employed more capable AM equipment, and more appro-

priate characterization techniques in their assessments. The discrepancies between

studies, however, is testament to the level of variation that exists between indepen-

dent researchers and producers. Selection of equipment, processing parameters, and

characterization techniques can provide vastly contrasting results between studies.

The current work aims to address the identified issues by (a) following ASTM stan-

dardized procedures for test-specimen design and testing; (b) employing AM system

supplier’s pre-optimized processing parameters and scan strategies during AM fabri-

cation; (c) monitoring anisotropic variation by testing specimens fabricated in three

AM build orientations (0◦, 45◦, 90◦); and (d) considering an extensive array of aging

heat-treatments to monitor mechanical property and anisotropic variation not previ-

ously conducted in the past for this AM material. Furthermore, this work examines

the repeatability between EOS EOSINT M280 systems by comparing the material

characteristics, microstructures, tensile properties, and anisotropy variation of iden-

tical parts fabricated on two alternative machines belonging to and operated by

different users.
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4.3 Process parameters, laser scan strategies and

build defects

4.3.1 Influence of process parameters

Several maraging steel 300 studies have identified the optimum processing param-

eters as those which provide part relative density > 99% [27, 29, 31, 56, 86, 88].

According to powder feedstock supplier LPW, a relative density of> 99.9% is consid-

ered the benchmark for near fully dense builds [78]. Experimental results published

by Koutney et al. [24] showed that an increase in the laser energy density during

AM processing (i.e. from 53.6-65.5 J/mm3) can lead to enhanced relative density

(99.1%-99.9%) and superior mechanical properties (e.g. 16% increase in modulus

of elasticity, 3% greater yield strength and 26% increased ductility etc.) in as-built

maraging steel 300. Energy density (Ed) is a function of laser power (P ), scan speed

(v), pitch (scan spacing) (h), and layer-thickness (t) as described by the following

equation [16, 18]:

Ed = P

vht
(4.1)

Through a Design of Experiments (DOE) approach, Casalino et al. [16], Campanelli

et al. [17], and Mutua et al. [18] lay the groundwork for maximising relative density

while signalling the significance of Ed by varying factors P and v, and monitoring

the alloy’s resulting mean-response in terms of density, hardness, tensile strength,

and ductility (% elongation) measurements. The mechanical properties were highly

variable due effects of Ed on the resulting relative density which ranged in these

studies from 90.9-99.9%. In their work, Mutua et al. [18] provide a graphical pro-

cess window/schema obtained from their experimental results. The schema relates

these influential parameters (P , v, Ed) and clearly identifies a suitable AM-process

window for maraging steel 300 fabrication, i.e. regions in which the relationship

between these input variables corresponds to alterations in the alloy’s relative den-

sity, microstructure, and hence the mechanical properties. The authors also showed
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that excessively high Ed will lead to porosity, thus, a reduction in the alloy’s rela-

tive density. The spherically shaped pores observed in this condition were caused

by gas entrapment within molten pools. Similarly, Suryawanshi et al. [29] suggest

that a sub-optimal combination of process settings, namely laser power (P ) and/or

lower scan-speed (v) may have been responsible the presence of small spherically

shaped pores in their fabricated test specimens. The same authors present contradic-

tory porosity quantifications for alternative evaluation techniques: the Archimedes

method (0.5%), and Image Analysis Method (0.7-1.1%). In their reported mechan-

ical properties, an under-performance in terms of the alloy’s as-built strength can

be observed. Furthermore, the aged (5h at 480◦) tensile ductility properties were

approximately 40% lower than the guide-values outlined in their material supplier’s

data sheet [72]. As highlighted earlier, these metallurgical defects can act as stress

raisers and potential loci for fracture initiation causing the alloy to fail prematurely.

4.3.2 Influence of the laser scan strategy

Yasa et al. [86] and Becker et al. [27] put forward proposals of laser re-melting (or

double exposure) scan-strategies as a solution towards decreasing unwanted porosity.

Both studies demonstrated how such scan strategies can provide slight improvements

to maraging steel 300’s relative density results. In their experiments, Becker et al.

[27] selected suitable parameter settings and used these in conjunction with a dou-

ble exposure scan-strategy to reduce the presence of voids to within 0.3% in the

as-built metal (i.e. improving relative density from 99.5% to 99.7%). They scru-

tinised the effect of laser re-melting by performing tensile tests on specimens built

with their longitudinal axis aligned at 0◦ and 90◦ to the build-plate. In the reported

results, however, the marginal decrease in porosity achieved through laser re-melting

(0.2%), is partnered by a considerable increase in tensile property anisotropy (i.e.

elasticity modulus, yield strength and ductility). Whilst a single laser exposure

scan-strategy produced material exhibiting a certain anisotropy, the secondary pass

of the laser resulted in a significantly larger divergence in properties with respect
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to the build orientation. The results imply that residual stresses and/or preferred

texture (perhaps promoted by this double exposure scan strategy), in conjunction

with AM’s inherently anisotropic layer-wise macrostructure, may be at the root of

the strength divergence. Residual stresses are suspected to be the cause of scatter

witnessed in crack growth analysis in the same article. Additionally, when Yasa

et al. [86] achieved hardness values 30% higher than the conventionally produced

(CP) alloy, they assigned their reasoning to early stage precipitation caused by the

process’s intrinsic heating. It may be more plausible, however, that this premium

hardness derived from compressive surface stresses installed by the double expo-

sure scan strategy. Although tailored scan strategies can be employed to eradicate

porosity, the evidence suggests that these thermal processing events have ancillary

effects which may adversely affect the performance of produced part. To-date, AM

scan-strategy manipulation has played only a supporting or minor role in research

concerning maraging steel 300. Accordingly, the AM research and manufacturing

community would benefit from a study which would fully characterize the effect of

alternative scan-strategies on the microstructural integrity, mechanical performance

and anisotropy for this alloy.

4.3.3 Influence of residual stress and texture

Residual stresses in AM-produced alloys are the unfortunate and unavoidable con-

sequence of the short and severe laser-powder interaction times and rapid melt-pool

cooling rates [89]. Despite maraging steel’s relatively low coefficient of thermal ex-

pansion (≈10µε/◦C), residual stresses arise during the build-process due to (i) the se-

vere temperature gradients and localized volume changes induced; and (ii) austenite-

to-martensite phase transformation during melt-pool solidification [66, 89]. These

stresses are major obstacles among components destined for the aerospace and other

high-end industries, which have rigid requirements and specifications, and a strict

precision is necessary for their manufacture. High-magnitude residual stresses have

led to cases of base-plate separation during the AM cycle [90], or warping/distortion
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arising from stress relaxation upon part removal from the build platform [91]. Thin

components of non-uniform geometry are especially prone to the latter when dif-

ferential cooling between the raw-material and the AM system’s base-plate metal

lead to residual stresses. Upon removal from the build-plate, shrinkage distortions

(bowing) are common, caused by disruption to the parts static-equilibrium. Such

distortion/stresses can be lessened through connecting the underside of each part

to the build platform with an appropriate support structure/scaffolding which func-

tions as a passive heat-sink during manufacturing. The replacement of tensile surface

stresses with compressive stresses through shot-peening can assist with the circum-

vention of premature residual stress related service failures (such as corrosion and

fatigue failure) and can enhance the components tribological properties [92]. For that

reason shot-peening has been widely adopted in the manufacturing community as a

way of improving metallic performance and is a commonly practised post-processing

procedure with AM components [20]. As-built residual stresses can also be managed

by the selection of suitable process-parameters, i.e. appropriate energy input, the

design of laser scanning-strategies and by effectively pre-heating the build-plate in

advance of the AM build [21, 27, 93, 94].

Croccolo et al. [13] suggest that due to maraging steel 300’s low coefficient of thermal

expansion only low magnitude residual stresses arise in from the AM build and are

tensile in nature. However there is a difference of opinion with regards the magnitude

and sign of the residual stresses that develop. Becker et al. [27] and Bhardwaj et al.

[66] showed that rotating the laser scan direction for subsequent build layers during

AM build-up had a noticeable impact on the residual stress state in maraging steel

300. In these studies, measurements were performed on the top (free-surface), and

base surface (after removal from the build-plate). Two scan strategies, X and XY -

as shown in Figure 4.2 - were compared. While both of these studies investigate the

influence of the intra-layer laser scan rotation (90◦) on surface/near-surface residual

stresses, alternative residual stress characterization techniques were employed and

these produced conflicting results. In this Figure (Figure 4.2) ’N’ represents an ar-
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bitrary build layer and subsequent layers are labelled ’N+1’ and ’N+2’. Using x-ray

diffraction, Bhardwaj et al. [66] detected compressive surface residual stresses for

both X and X-Y strategies. Higher magnitude stresses, ≈25% of yield strength (0.25

×Rp0.2), were observed in material fabricated using the X scan strategy, whereas

the X-Y strategy resulted in slightly lower magnitudes (≈0.2 ×Rp0.2). This X-Y

strategy was also beneficial towards reducing texture, and tensile specimens fabri-

cated using this algorithm achieved higher yield strength and tensile strength, but

lower ductility. Interestingly, these mechanical properties observations are believed

to be related to a reduced (10%) presence (for this X-Y scan strategy) of retained

austenite which reinforces comments made in Section 4.2.1. Unfortunately, the au-

thors don’t specify the tensile specimens AM build orientation making it difficult

to speculate further on the reported outcomes. Separately, Suryawanshi et al. [29]

detected only weak fibre texture in the as-built condition and credited the absence

of texture to their use of the X-Y strategy during build-up. They did, however,

notice that some grains appeared to be orientated in the laser-scanning direction,

which may be a result of melt-pool solidification behaviour, as discussed earlier in

section 4.2.1.

Figure 4.2: Showing the bi-directional (X) and cross-directional (XY) scan strategies used
by Becker et al. [27] and Bhardwaj et al. [66] to compare the residual stress state, texture,
and mechanical properties in maraging steel 300. ’N’ represents an arbitrary build layer
and subsequent layers are labelled ’N+1’ and ’N+2’.

34



CHAPTER 4. LITERATURE REVIEW

In contrast to Bhardwaj, Becker et al. [27], who determined near-surface residual

stresses using the mechanical Strain-gage Hole-drilling method (HDM), discovered

≈ 40% higher magnitude stresses approaching yield strength (0.7 ×Rp0.2) in material

that had been fabricated using the X-Y strategy. Moreover, the stresses observed

were tensile in nature which is clearly a contradictory finding. The residual stress

variation between literature studies suggests there is a need for more comprehensive

investigation using appropriate evaluation techniques. Becker et al. [27] do comment

that the stress distributions were non-uniform and inconsistent between specimens,

and attribute this to the AM process’s complex temperature gradients. Earlier work

by Casavola et al. [95] employing HDM also observed high-magnitude tensile near-

surface stresses (0.7 ×Rp0.2) in the as-built condition. It is worth noting, however,

that one of the fundamental limitations of the HDM method - which relies on the

accurate measurement of strains which are caused by localized stress relaxation on

the outside of a shallow hole as it is introduced incrementally into the stressed ma-

terial - is that small experimental errors in strain measurement translate into larger

calculated residual stresses. Even in the as-built condition, maraging steel exhibits

a high modulus of elasticity (E) (≈160 GPa) and high hardness (Vickers Hardness

≈ 350 kg/mm2), making it a difficult alloy to characterize by sensitive mechanical

methods. Nevertheless, it is clear from these studies that the scan strategies play

an important role in the development of residual stress and texture in the as-built

material.

Maraging steel 300, however, is rarely used in the as-built state, and Becker et al.

[27] account for the effectiveness of heat-treatment on residual stress relaxation.

The authors demonstrated that by subjecting the material to a post-AM solution

anneal, residual stress magnitudes could be relieved by up to 80% and the properties

(now akin to those of CP-material) exhibited their most isotropic state (albeit with

≈26% reduction in yield strength). The evidence suggests that the solution anneal

is undoubtedly effective in reducing the residual stress state, however, this super-

fluous process-step incurs additional processing cost and complexity and subtracts
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from the overall maraging steel 300 AM appeal. As discussed in Section 2.4.1, an

aging heat-treatment cycle is the natural route to enhance the alloy’s strength ca-

pabilities. On its own, however, aging at moderate temperatures (e.g. 440-540◦C)

seems capable only to provide partial stress relief. Croccolo et al. [20] allege that

the standard aging treatment of 6h at 490◦C is particularly effective at reducing

residual stresses in maraging steel 300, however, a lack of research knowledge re-

garding stress relaxation by cause of aging make its effectiveness inscrutable. In this

context, better comprehension of the link between the alloy’s aging heat-treatment

and the suppression of factors such as texture and residual stress, which influence

mechanical performance and property anisotropy, is required. Such a study could

also incorporate alternative scan strategies and build orientations in its appraisal.

4.4 Mechanical properties

As previously noted, non-standardisation of machine-powder variable settings across

the AM landscape leads to variations in the microstructural evolution, austenite re-

tention, and presence of defects in fabricated parts. These issues, in conjunction

with the use of a assortment of standard/non-standard test-coupon geometries (e.g.

flat and cylindrical) and mechanical testing rates in the research literature, have re-

sulted in a spread in the published monotonic properties of AM fabricated maraging

steel 300. The influence of the AM build orientation is another aspect influencing the

as-built performance of the alloy and requires further investigation. Moreover, a dif-

ference of opinion regarding the optimal aging parameters for installing strength and

hardness suggests that there is a level of uncertainty with regards heat-treatment se-

lection. For example, EOS (MS1 powder [12]) recommend an aging heat-treatment

of 6h at 490◦C, whereas Concept Laser (CL50WS powder [72]) and Renishaw (M300

powder [15]) suggest 6-10h at 540◦C and 6h at 500◦C respectfully.
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4.4.1 As-built material properties

The tensile yield strength (Rp0.2) and elongation at break (At) values measured

across thirteen (13) research studies conducted on maraging steel 300 are plotted

in Figure 4.3 offering a better visualisation of the wide-spread variability observed.

For reference, the values published by EOS in their material data sheet (MDS) for

MS1 are included on the plot.

Figure 4.3: Comparison of the as-built yield strength (Rp0.2) and % elongation (At)
properties by AM build-orientation for maraging steel 300 test-specimens fabricated using
various geometries, processing parameters, scan strategies, and powder feedstock types.
The red circled data points are the values published by EOS in their material data sheet
for MS1 [12], while circled in black are properties reported by Meneghetti et al. [96]. Both
of these groups highlight anisotropic as-built properties since values for the horizontal (cir-
cular symbol) and vertically orientated (triangular symbol) test-specimens do not overlap.
The square shape symbol is used where the author has not specified the build direction of
the tested parts.

As shown, both the EOS [12] data (circled in red) and Meneghetti et al. [96] data
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(circled in black) - which report properties for horizontal (0◦) and vertical (90◦) build

orientations - provide evidence that a certain stress and strain anisotropy exists in

the as-built metal. There is, however, a lack of consensus between Meneghetti’s

reported tensile data and their concluding remarks where they comment that there is

no difference in terms of mechanical properties between specimen build orientation.

It is also worth noting that this particular study reports unusually high elongation

properties for the as-built EOS MS1 as shown in Figure 4.3.

4.4.2 Aged material properties

Understandably, the quality of the as-built metal will govern its mechanical per-

formance in the aged condition, and that various combinations of aging time and

temperature will give contrasting mechanical properties outcomes in maraging steel

300. Yasa et al. [86] was the first openly published study to examine optimization

of the aging heat-treatment of maraging steel 300. The study demonstrated how

increased hardness, approximately 10% greater than the CP-alloy, could be achieved

in the AM alloy. However, as-expected, ductility and toughness were markedly re-

duced to values lower than the CP-alloy (AM ductility: ≈ 1.5% versus CP: ≈ 7%).

Other authors also report lower ductility in the AM-processed and aged material

[9, 25, 85, 86]. Casati et al. [9] rationalize AM’s comparatively poor ductility and

toughness by speculating that the retained austenite at cell boundaries is so fine and

well-dispersed, that it prevents any sizeable toughening as further reversion takes

place during aging. Certainly, studies covering the conventional welding of marag-

ing steel relate poor weld toughness to high energy inputs which involve prolonged

high-temperature exposure and slower cooling rates. This condition can lead to a

coarse and segregated structure and encourages precipitation at grain boundaries

and thus embrittlement [10].

In a continuation of the work by Yasa et al. [86], the same group of researchers

[23] found the best aging parameters, in terms of developing optimum hardness, to

be 5h at 480◦C. With this t, T combination, a hardness of 58 HRC was achieved.
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Contuzzi et al. [22] accomplished comparable optimum hardness (57 HRC) in his

brief conference article, but this was achieved after 15h at 500◦C, whereas Mutua

et al. [18] identified 5h at 460◦C as their optimum.

Casati et al. [9] investigated the effects of a more expansive range of aging parameters

(t, T) on the hardness of AM-processed maraging steel 300. The strengthening

trend as a function of aging time for the various temperatures revealed the peak

hardness for a given t, T combination. These peak conditions were then examined

further on tensile test-specimens which were built in the horizontal (0◦) orientation.

The measured properties reflected the observed changes in the microstructure (i.e.

increase in austenite with t, T). The maximum yield strength obtained (Rp0.2 =

1957±43MPa after 8h at 460◦C) is comparable to the typical EOS MS1 achievable

value, but EOS specify a different t, T combination (Rp0.2 = 1990±100 after 6h at

490◦C).

It is evident that no two studies have identified an equivalent optimum aging cycle

for strength/hardness in the AM-processed alloy. The variety suggests a scepticism

about the most appropriate aging parameters, not only in terms of amassing strength

and hardness (which has been the focus of these studies in the past), but also in

identifying the best combination of t, T to embody ductility and toughness. When

increased ductility is sought in MS1, EOS suggest an aging treatment of 6h at

525◦C (-600◦C) [97], however until now, there has been no published tensile data

available for the appraisal of these aging parameters (either from EOS or the research

literature). The formulation of a full and robust evaluation of the wide-scale heat-

treatment and build orientation influences on the monotonic tensile properties of

AM maraging steel, as presented in this study, is therefore much needed.

Anisotropy

The populous presence of blocking precipitates, as well as giving maraging steel

outstanding strength and hardness in the aged condition, are also highly effec-

tive at concealing anisotropic mechanical behaviour. In that context EOS publish
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isotropic data for MS1 in its aged condition [12]. However, a certain stress and

strain anisotropy is evident in Suryawanshi et al. [29] and Meneghetti et al. [96]

aged yield strength (Rp0.2) and elongation (At) experimental data which are pre-

sented in Figure 4.4. As before, this plot intends to highlight a large degree of

mechanical properties variation observed within and between literature studies for

maraging steel 300 which has been aged to achieve optimal strength. From the data

presented, it is worth noting that Suryawanshi et al. [29] downplayed a strength

difference (117MPa) between 0◦ and 90◦ build orientations as ’marginal’, whereas a

strain anisotropy of 5% was not highlighted by Meneghetti et al. [96]. Anisotropy

can also be observed in Suryawanshi’s crack-growth resistance results which show

that vertical (90◦) specimens display a slightly higher rate of crack-growth than

horizontal (0◦) specimens, however this too is not highlighted by the authors.

Figure 4.4: Comparison of the aged (for optimal strength) yield strength (Rp0.2) and %
elongation (At) properties by AM build-orientation for maraging steel 300 test-specimens
fabricated using various geometries, processing parameters, scan strategies, and powder
feedstock types. Circled in red are the values published by EOS in their material data
sheet for MS1 which indicate isotropic mechanical properties upon aging since horizontal
(circular symbol) and vertically orientated (triangular symbol) specimen values overlap.
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The direct comparison of stress versus strain (σ − ε) behaviour between alterna-

tive build orientations (i.e. by superimposing the data on a plot) can provide very

valuable information on the AM alloy’s mechanical response, whereas on their own,

the ’fixed value’ properties derived from these plots may lead to anisotropic be-

haviour being overlooked. To-date, however, only one study by Meneghetti et al.

[96] provides a visual insight into the anisotropic (elastic and plastic) maraging steel

300 material response by supporting the derived mechanical properties of horizontal

and vertically orientated test-coupons with their corresponding superimposed σ− ε

curves. In this study, both elastic and plastic anisotropy can be observed in the as-

built alloy’s σ−ε plotted paths, however as mentioned above, the derived mechanical

properties do not effectively communicate this observation, nor was it highlighted by

the authors. They recorded similar derived mechanical property values (elasticity

modulus, yield strength, tensile strength and ductility) for specimens fabricated at

alternative build orientations (0◦ and 90◦) in both as-built and heat-treated mate-

rial conditions. Upon aging, the tensile elastic anisotropy previously observed in

the as-built σ− ε curves is largely reduced. Nonetheless, a slight strength difference

between build orientations is reflected in the aged material’s plastic response (i.e.

between the material’s yield point through failure.

Croccolo et al. [20] dedicated to reveal fatigue strength anisotropy in aged MS1

test-specimens grown at three different angles (0◦, 45◦, and 90◦) between specimen’s

longitudinal axis and the build direction. This experimental study executed a robust

fabrication process using the EOSINT M280 AM machine with supplier’s (EOS) pre-

optimised ParameterSet (Performance 2.0 for MS1 ) to manufacture standardized

specimens which were then shot-peened, precipitation hardened (6h at 490◦C), and

shot-peened once more prior to finish-grinding. This cautious sample preparation

sequence, plus the fact that the alloy had been aged to obtain peak strength, ra-

tionalizes the results achieved. No significant disparity was observed in the fatigue

strength between build-orientations. Still, the 45◦ and 90◦ specimens displayed lower

fatigue limits, albeit marginal (1.6%, 2.6%), than horizontal specimens. Residual
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stresses may be a contributory factor here since it is known that they are positively

correlated with increasing build height [94, 98], and suggests that through-thickness,

property-altering, residual stresses may remain in the material after the prescribed

EOS aging (6h at 490◦C) and shot-peening treatments.
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5. Materials and Methods

5.1 Material and fabrication of test samples

Gas-atomized MS1 powder feedstock was used to fabricate test-coupons on two EOS

EOSINT M280 AM systems belonging and operated by different users, denoted as

Supplier 1 and Supplier 2. The chemical composition of the raw-material is shown

in Table 5.1, which corresponds to US classification 18 Maraging (300), German

X3NiCoMoTi 18-9-5, and European 1.2709 [99]. In the same table, the results of

the energy dispersive x-ray (EDX) analysis for the main comprising elements, con-

ducted with a Hitachi SU 70 Scanning Electron Microscope (SEM) fitted with an

Oxford Instruments EDX attachment, are also presented. A close agreement be-

tween the Supplier 1 and 2 SEM-EDX values and the EOS published values [12] for

MS1 is observed, which also confirms that the powder material used is in line with

the manufacturer’s (EOS) specifications. A sample of Supplier 1’s raw-material was

provided, whereas the starting condition of the powder used to fabricated samples

from Supplier 2 was not communicated. Supplier 1’s sample, which came from a

new batch of virgin powder, presented spherical particles typically measuring un-

der 50µm. The SEM morphology and particle size distribution, analysed using a

Malvern Morphologi G3 particle analyser, are shown in Figures 5.1a and 5.1b re-

spectively. The observed median particle size was 36.69µm, and had a standard

deviation (SD) of 10.74µm. The median particle circularity (deviation from a per-

fect circle, where perfect circularity = 1) was 0.956.

A rectangular-shaped tensile test specimen having uniform cross-section at gage

and meeting the requirements of the ASTM-E8M standard [100] was selected to
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Table 5.1: Chemical composition (%wt) of MS1, the 18Ni (300) grade maraging steel powder
supplied by EOS (GmbH) [12] with SEM-EDX analysis results for the main comprising elements.

Ni Mo Co Ti Al Cr Si Mn C Fe
MS1 [12] 17-19 4.5-5.2 8.5-9.5 0.6-0.8 0.05-0.15 0-0.5 0-0.1 0-0.1 0-0.03 Bal.
Supplier 1-EDX 18.14 5.67 8.94 0.87 - - - - - Bal.
Supplier 2-EDX 17.96 5.65 9.08 1.05 - - - - - Bal.

(a) (b)

Figure 5.1: (a) SEM morphology of the virgin MS1 powder, and (b) powder particle size distri-
bution (circular equivalent diameter) with statistical details inset.

allow for both lateral and axial elastic and plastic strain measurements whilst under

tensile loading. The finished specimen geometry, dimensions and tolerances are

shown in Figure 5.2a. To investigate the influence of build orientation on property

anisotropy, test-specimens were fabricated in the Y-Z build plane at three angles (0◦

(horizontal), 45◦ (inclined), and 90◦ (vertical)) between their longitudinal axis and

the build platform, as shown in Figure 5.2b. Both EOS EOSINT M280 systems were

equipped with 200W Ytterbium-fibre laser shielded by Nitrogen and were fitted with

the manufacturer recommended (for MS1) ceramic re-coater blade. A total of forty-

eight (48) samples were fabricated by Supplier 1 (i.e. sixteen (16) test-pieces for each

AM orientation) over three consecutive AM builds. Supplier 2 fabricated a smaller

batch of twelve (12) samples (i.e. four (4) test-pieces for each AM orientation) in a

single AM build.

Both machines were driven by the factory default, undisclosed, and pre-optimized

set of parameters ’MS1 Performance 2.0’ which has been developed by the manu-

facturer for this specific material and machine combination [99]. EOS claims that
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(a) (b)

Figure 5.2: (a) Showing the finish-machined specimen geometry, and (b) the AM build volume
coordinate system and test-specimen build orientations.

their set of parameters (MS1 Performance 2.0 ) ensures reliable mechanical proper-

ties. This offers a defined part property profile bolstering industry-level repeatability

and quality [101]. A vertical support-scaffold connected the under-side of each spec-

imen to the manufacturer’s recommended building platform (Steel 1.2083 36mm

thick DirectBase TS36P) [99]. This structure played two important roles during

the elevated temperature production cycle - (a) it functioned as a passive heat-sink

during manufacturing; and (b) it reinforced the 45◦ inclined specimens against cross-

platform re-coater forces and earthward gravitational forces. As shown in Figure 5.3,

the AM build leaves visible ridges upon parts’ build surfaces and a stair-stepped ef-

fect on 45◦ sloping surfaces which are indicative of the layered fabrication process.

High roughness at the surface can augment crack initiation thus leading to pre-

mature failure. Furthermore, these ridges hinder the accurate evaluation of gage

width and thickness dimensions. Ductility calculations are sensitive to the mea-

surement of gage cross-sectional area, while the ASTM E8M standard exhorts that

particular attention be given to the uniformity and quality of surface finish with

regards high-strength specimens [100]. For these reasons, a machining allowance of

0.5mm was added to each specimens’ face prior to the build to ensure that a uniform

and high-quality surface finish, appropriate for the tensile testing of high-strength

specimens, could be achieved. This surplus material, which was later machined

by single-cycle precision computer numerically controlled (CNC) wire electrical dis-
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charge machining (EDM) profiling and surface-grinding operations, had the extra

benefit of safeguarding against potential thermally induced distortion.

Figure 5.3: DMLS fabricated samples of the 45◦ build orientation before detachment of the
support scaffold from the parts/build-platform. Detail A highlights the presence of distinct surface
ridges which are consequent to the layer-wise fabrication process.

As verified by the post-build inspections, the process had achieved strong inter-

layer and intra-layer metallic bonding, with a uniform and characteristic ridged

surface. The parts were dimensionally accurate, however it is worth noting that

a longitudinal shrinkage distortion (bowing) in the AM build direction (Z), to the

extent of ≤ 0.1mm, was observed in several horizontal (0◦) specimens after their

removal from the build-plate. This shrinkage, which was rectified in the downstream

machining operation, is understood to have been brought about by a build-up of

thermal stresses developed between the raw-material and base-plate metal during

the heating and cooling cycles over the opening number of layers.

5.2 Heat-treatment

The heat-treatment (aging) was performed in a pre-heated Elite Thermal Systems

120 litre 6kW heavy duty-fan oven (air atmosphere) controlled by dual Eurotherm

3216 PID temperature controllers and cooled slowly in still air at ambient tempera-

ture (23◦C). The experimental heat-treatment plan is shown in Table 5.2, where T

46



CHAPTER 5. MATERIALS AND METHODS

denotes tensile tests and H the Vickers hardness measurements performed for a set of

0◦, 45◦, 90◦ specimens. The red font indicates the treatments which were applied to

sets of specimens obtained from each M280 machine, and takes into account the EOS

recommended heat-treatment for MS1, 6h at 490◦C. The black font represents the

balance of specimens obtained from Supplier 1. These experimental heat-treatments

were selected to validate the EOS recommendations (discussed in Section 4.4.2); to

formulate a comprehensive evaluation/comparison of static mechanical properties;

and to allow for wide-scale investigation of the anisotropy variation.

Table 5.2: Showing the experimental heat-treatments applied to full-sets of test-specimens (i.e.
0◦, 45◦, 90◦), where the characters ’T’ and ’H’ symbolize a tensile, and/or Vickers Hardness test
campaign. The red font indicates the treatments which were applied to sets of specimens obtained
from each M280 machine.

Temperature Aging time [hours,h]
[◦C] As-built 1h 2h 3h 4h 5h 6h 8h 10h 12h 15h 16h
As-built T,H - - - - - - - - - - -
460◦C - - - - - H T,H T,H H T,H - H
490◦C - - - H T,H H T,H T,H - H - -
525◦C - - - H T,H H T,H T,H H - H -
540◦C - - H - T,H H T,H T,H H - - -
600◦C - T,H T,H H T,H H T,H H - - - -

5.3 Material characterization methods

5.3.1 Density

Archimedes’ Principle density measurements were performed on as-built samples

obtained from each DMLS machine, and for each build-orientation, using a Sar-

torius Quintix analytical balance which was fitted with accessory YDK03 density

determination kit. The measurement procedure followed the guidelines present in

the ASTM B962-17 [102] standard.

Metallographic samples were sectioned and mounted with Buehler Ltd. PhenoCure

compression mounting compound, and standard finishing steps applied - includ-

ing polishing with oil based monocrystalline diamond suspension (6µm and 1 µm),

MetaDi from Buehler Ltd. In each case the sectioned plane was taken perpendicu-
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lar to the materials tensile loading axis. Modified Fry’s reagent (150mL H2O; 50mL

HCl; 25mL HNO3; 1g CuCl2) was used to reveal the microstructure which was ob-

served via an Olympus BX60 Optical light microscope, and Hitachi SU 70 Scanning

Electron Microscope.

5.3.2 Porosity

Porosity was examined via x-ray Computed Tomography (CT) scans, performed us-

ing a General Electric VTOMEX L300, Nanotom S instrument operating at 180kV,

80µA, 250µs and with a resolution of 13.4µm. Digital inspection of the porosity

network, and a quantitative evaluation of the size and distribution of pores was

completed using Thermo Fisher Scientific’s Avizo software [103].

5.3.3 Hardness

The progress of the aging heat-treatment was evaluated using a Zwick ZHV Vick-

ers macro-hardness tester which had been calibrated with a standard test block to

the requirements of ASTM E92-17 [104]. Samples were sectioned, mounted, and

polished, then indented with a 30kg test force applied perpendicular to the metallo-

graphic sample’s sectioned plane (i.e. parallel to the AM material’s tensile loading

axis). Twenty (20) measurements were performed on each test specimen, and the

results and test statistics were computed using the R statistical software package

[105].

5.3.4 Microstructure

The material’s crystal structures were qualitatively analysed (for selective heat-

treatments) via a PANalytical Empyrean Pro multipurpose x-ray diffractometer

(XRD) using Cu Kα radiation. Crystallographic phase identification was achieved

using HighScore Plus software.
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5.3.5 Mechanical properties

Uniaxial tensile tests were conducted at ambient temperature in a calibrated Zwick/

Roell (Dartec) M1000/RK servo-hydraulic closed-loop testing machine equipped

with 100kN capacity load cell and fitted with ±100kN fatigue rated hydraulic wedge

grips. The test procedure was fully compliant with the ASTM E8M standard [100].

Among other test requirements, this standard prescribes stressing/ straining/ dis-

placement rates for deriving reliable and consistent mechanical properties data. The

test was initially controlled (via a 9600 series controller) to the elastic stressing rate

of 10.34 MPa/s, using strain control from the extension feedback channel (Epsilon

model 3542-025M-050-ST). Upon detection of yield, the test-rate maintained a con-

stant plastic strain rate of 6.25 × 10−4/s controlled via the stroke feedback channel.

At the end of the yield (detected from either reaching a 5% increase in stress, or an

absolute strain limit of 2%), the test-velocity was commanded by a third rate, the

tensile strength (Rm) rate: 0.0068/s. This strain rate was maintained to peak force

through failure.

Concurrently, a non-contact full-field displacement measurement was performed us-

ing LaVision’s portable 3D Digital Image Correlation (DIC) apparatus [106]. The

apparatus comprised of (i) two 12-bit Imager E-lite CCD-chipped cameras fitted

with 35mm lenses, (ii) two gated white light sources each containing twelve linear-

configured LEDs, (iii) a StrainMaster Controller and data-acquisition unit with

integrated analogue-to-digital converter (A/D), and (iv) a dedicated PC complete

with StrainMaster R© processing software. The complete experimental configuration

is illustrated in Figure 5.4 (each feature discussed in this section is indicated on this

figure).

Each camera was focussed onto the measurement plane providing an overlap region

upon the specimen gage surface. The enclosed angle between cameras and the

working distance between each camera and the test-specimen was ≈20◦ and ≈350mm

respectively. Using the stereoscopic camera system’s in-situ position, a global 3D-

coordinate system was derived by means of a precursory calibration step involving a
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Figure 5.4: Configuration of tensile test set-up including the 3D Digital Image Correlation (DIC)
apparatus which allowed concurrent determination of test-specimen width and axial strains.

3D two-level calibration target/plate. This included the generation of a fit mapping

function with the calibration plate from which the average deviation of the de-

warped calibration target positions to the ideal positions was lower than 0.3 pixel.

This corresponds to an excellent fit, and an appropriate basis for the proceeding full-

field 3D strain-measurement evaluations [107]. A high-contrast acrylic paint dark

’speckle’ pattern (dark black speckles on a bright white background) was applied

to the area of interest (i.e. the specimens’ gage surface). Special attention was

given to achieving a relatively fine pattern scale (for higher spatial resolution) with

a non-repeating isotropic distribution. In this study, each subset (or "window") had

an area of 37 pixels2, which translated to approx. 1.75mm2. The purpose of the

speckle pattern is to provide a unique signature pixel arrangement from which the

specimen’s displacement field can be digitally tracked throughout the tensile test. A

sequence of images was captured during each tensile test (i.e. from zero applied load

to fracture) at a periodic rate of 5Hz. A displacement vector corresponding to each

subset was calculated by the StrainMaster least squares matching algorithm from
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a reference (un-deformed) image. The basic result of the DIC analysis was a full-

field 3D displacement measurement evaluation containing thousands of measurement

points. Poisson (ν) and plastic strain ratios (R-values) were calculated from the DIC

determined strain data in accordance with ASTM test methods E132-04 [108] and

E517-18 [109]. R-value is the ratio of true width strain (εw) to true thickness strain

(εt), given by Eq. 5.1, with both strains calculated after tensile plastic flow was

induced. The R-value was employed to quantify the strain plastic anisotropy (non-

uniform transverse straining), which typically is anticipated in AM-fabricated parts.

R value = εw
εt

(5.1)

In turn, the individual test-specimen R-values (R0, R45, and R90), are unified by

the parameter ∆R which is used to quantify planar anisotropy (i.e. in the AM Y-Z

plane) by Eq. 5.2.

∆R = 1
2(R0 − 2R45 +R90) (5.2)
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6. Results and Discussion

6.1 As-built material microstructure and density

Representative micrographs are presented for the individual build orientations of

parts obtained from each supplier in Figure 6.1. A distinct dissimilarity was observed

in the microstructures of the sectioned vertically orientated (90◦) parts. As shown in

Figures 6.1c and 6.1f, different laser scan strategies were administered by each M280

system during the fabrication process, despite the fact that the MS1 Performance 2.0

set of parameters was used by both suppliers. Supplier 1 specimens were fabricated

with a 67◦ line scan rotation between successive build layers, whereas Supplier 2

specimens display a 90◦ scan rotation. Other researchers [13, 30] have reported a

layer-wise scan rotation angle of 67◦ when employing MS1 optimized parameters on

similar EOS machines. Nevertheless, these limited literature-reported findings do

not exclude the existence of strategies with other scan rotation angles (as found in

this study).

For clarity, a schematic representation of the administered laser scan strategies for

each M280 AM system is shown in Figure 6.2. The set of parameters (MS1 Perfor-

mance 2.0 ) prescribed uni-direction line-scans with a laser hatch-spacing of 110µm

in each case. The hatch-spacing and line-scan direction remained constant within

each AM layer where each line-scan was segmented into stripe divisions of approxi-

mately 0.3mm-0.6mm, presumably to prevent excessive localized heat build-up dur-

ing fabrication. The laser scan-direction was rotated for each consecutive layer as

shown in Figure 6.2. The rotation is understood to be beneficial towards homogeniz-

ing the AM microstructure. However, the angle of rotation was different for Supplier
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(a) (b) (c)

(d) (e) (f)

Figure 6.1: Representative optical micrographs of samples fabricated in three build-orientations
on two EOSINT M280 systems (Supplier 1 and Supplier 2): (a) and (d) horizontal (0◦); (b) and
(e) inclined (45◦); and (c) and (f) vertical (90◦).

1 and 2 (i.e. 67◦ and 90◦ respectfully). The reason for this difference between AM

systems is unknown, but is perhaps linked to the machines’ service interval/history

(e.g. through the system maintenance/ software upgrades).

The AM characteristic laser melt tracks and fan-shaped solidification cells are ap-

parent at low magnification in Figures 6.1a and 6.1a. Comparable melt-pool pro-

portions, which are reflective of the applied laser energy input (< 200W), can be

observed in the horizontal cross-sections shown in Figures 6.1a and 6.1d. In partic-

ular, melt-pool depths 35-55µm corresponding to the applied 40µm layer thickness,

and widths 45-70µm suggesting a laser focus diameter of ≈ 60µm, were observed.

Larger laser focus-diameters (100µm) have been used with higher capacity AM plat-

forms (laser power: 285W) administering equivalent layer-thickness [37]. Supplier

2 micrographs revealed persistent defects in the form of pores and un-melted pow-

der particles as indicated in Figures 6.1d and 6.1e by dotted lines. In connection,

inferior density was recorded for Supplier 2 specimens as reported in Table 6.1.

Nonetheless, all the reported density values fall within the EOS quoted density

range of 8.0-8.1 g/cm3 [12]. The determined density values (Table 6.1) do not pro-
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Figure 6.2: Schematic representations of the DMLS laser scan strategies which has been inferred
from microstructural observations. Each layer’s uni-directional line-scan was divided into short
stripes of length 0.3-0.6mm to prevent excessive localized heating. However, a difference in the
scan angle is observed for parts obtained from alternative suppliers.

vide sufficient evidence to suggest that part density is influenced by the AM build

orientation, however, it is worth noting for the proceeding sections that the Supplier

2 horizontal samples, which exhibited a relatively high degree of porosity in their

microstructures, also obtained the lowest overall density values.

Table 6.1: Comparing the density values of maraging steel 300 samples obtained from two EOS
M280 DMLS systems for the as-built Horizontal (0◦), Inclined (45◦), and Vertical (90◦) build
orientations.

Density, ρ (g/cm3)
0◦ 45◦ 90◦

Supplier 1 8.051 8.050 8.049
Supplier 2 8.028 8.031 8.034

It is believed that the observed microstructural defects (Supplier 2 samples) may be

caused by the powder feedstock characteristics, which is consistent with the find-

ings recently reported by Quinn et al. [84]. As discussed in Section 4.1, successive

recycling and collection of powder granules following completed AM builds affects

the feedstock’s morphology, flow-behaviour, packing efficiencies and the interaction

between the powder and the laser beam. These factors may have contributed to

the porosities and un-melted particles which were observed in the Supplier 2 micro-

graphs. It is, however, noted that the feedstock quality may not be solely responsible

for the development of microstructural defects, as the role of the wider (90◦) scan
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rotation angle has to be examined as well (both separately and in conjunction with

the powder quality). To that end, further work is recommended, to fully charac-

terize the effect of alternative scan-strategies on the microstructural integrity and

anisotropy of maraging steel 300 parts fabricated with the EOS machines.

Figure 6.3 presents typical high-magnification SEM micrographs for each build-

orientation. As shown, the rapid melt-pool cooling rates give rise to various cellular

morphologies including fine, coarse, and dendrite cell formations (highlighted on

the images by dotted lines). The evolution mechanisms of these growth formations

relate to the melt-region thermal flux direction which changes for successive layers

and has been discussed in Section 4.2.1. Retained austenite is easily distinguishable

in these high magnification images as the bright-colour phase which aggregates at

cell boundaries. Also explained in Section 4.2.1, retained austenite occurs when the

material cools rapidly from austenite finish (Af ) to ambient temperature, essentially

freezing in place solute-rich austenite leaving it untransformed, whereas solute de-

pleted austenite transforms into martensite. The as-built microstructures observed

during this investigation compare visually with those reported in the literature [9,

23, 24, 42]

(a) (b) (c)

Figure 6.3: Representative high magnification as-built (SEM) cross-section images of the MS1
microstructure for three-build orientations: (a) horizontal (0◦); (b) inclined (45◦); and (c) vertical
(90◦). The SEM images reveal a mesostructure of circular and dendrite cells exhibiting retained
austenite at cellular boundaries.
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6.2 X-ray CT-scans

The porosity level observed in the Supplier 2 samples mandated a more comprehen-

sive evaluation using x-ray CT-scans. Figure 6.4 presents histograms of the pore

size distribution for all three build orientations examined in this study, while the re-

constructed scans are presented in Figure 6.5. The scans were performed on as-built

material surrounding the tensile specimens’ fractured surface. The re-constructed

CT-scans and porosity histograms indicate that there is an independent porosity

variation due to part orientation within the build volume. The horizontal (0◦) sam-

ple displayed a lower relative density, and a much greater proportion of larger pores

when compared to the inclined (45◦) and vertically orientated (90◦) samples. The

results suggest that the achievable relative density is a function of the powder’s

quality, and the part’s build-platform projected area (i.e. layer-wise cross-sectional

area), since the horizontal layers had a significantly larger build-platform projection

and were therefore more likely to be affected by powder packing deficiencies during

recoating.

Figure 6.4: Histograms of the pore size distribution in the as-built maraging steel 300 alloy which
has been fabricated in three AM build orientations: Horizontal (0◦); Inclined (45◦); and Vertical
(90◦).
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(a) (b)

(c)

Figure 6.5: Transparent x-ray CT reconstructions showing micro-pores in a volume of DMLS
as-built maraging steel 300 (Supplier 2) for build orientations: (a) Horizontal (0◦); (b) Inclined
(45◦); and (c) Vertical (90◦).

Although the horizontal (0◦) sample exhibited a comparatively large degree of poros-

ity, the relative density of the analysed volume of material remained higher than

99.96% which verifies the alloy’s suitability for AM fabrication and welding [8–10].

It is also of note that each of the samples displayed a populous dispersion of sub

ø40µm sized defects which is an anticipated finding for this, previously stressed,

material.
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6.3 Aged material microstructure

Micrographs of the aged alloy, and their corresponding x-ray diffraction (XRD) spec-

tra are presented in Figures 6.6, and 6.7, to demonstrate the effect of aging temper-

ature on the reversion of metastable bcc martensite phase (Fe-α) to fcc austenite

(Fe-γ). As explained in Section 2.4.1, the reversion occurs during extended isother-

mal aging at temperatures which support the dissolution of first-stage metastable

Ni3Mo and Ni3Ti precipitates (T > 450◦C). As new Fe2Mo and/or Fe7Mo6 phases

nucleate and grow during a second stage development they deplete the matrix of

iron, further enhancing the Ni concentration, thus augmenting austenite reversion

[4, 5]. At higher temperatures these nucleation sites quickly saturate by diffusion of

solute elements from the surrounding lattice. This effect combined with early on-

set of precipitate coarsening (overaging), causes a reduction in the alloy’s strength

capabilities, i.e. a softening behaviour. Lower temperatures control/extend pre-

cipitate nucleation and growth, suppress austenite reversion, and allow a populous

dispersion of small precipitates [4]. For these reasons, the milder aging cycle of 6h

at 460◦C presents a microstructure (Figure 6.6a) comparable in appearance to that

of the as-built metal (Figures 6.3a, 6.3b and 6.3c). Moreover, there is no noticeable

phase change observed in the XRD spectra of as-built and 6h at 460◦C treatments.

As observed in Figure 6.6, the austenite phase develops markedly at temperatures

upwards of 490◦C, where the bright cellular boundaries loose definition, and the

volume fraction of the austenite phase readily increases. This is also reflected in the

XRD data (Figure 6.7) where the intensities of Fe-α peaks reduce, and Fe-γ peaks

increase with greater aging temperatures.
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(a) (b)

(c) (d) (e)

Figure 6.6: SEM micrographs of AM maraging steel 300 aged for 6 hours at various temperatures
[(a) 460, (b) 490, (c) 525, (d) 540, (e) 600◦C] showing a reversion of austenite at solute rich cell
boundaries with increased temperature.

Figure 6.7: XRD spectra for DMLS MS1 as a function of aging temperature. The Fe-α and Fe-γ
diffraction positions are highlighted on the plot.
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6.4 Mechanical properties

6.4.1 Tensile properties and Vickers hardness

A selection of tensile stress (σ) versus strain (ε) curves and Vickers hardness aging

curves comparing Supplier 1 versus Supplier 2 data are presented in Figures 6.8,

and 6.9 respectively. A full record of the associated mechanical property tensile and

hardness data, covering all of the treatments marked in Table 5.2 for both suppli-

ers, is tabulated in Table 6.2. The data convey the extent of mechanical property

variation across the as-built build-orientations, and the examined heat-treatments.

Significant anisotropy, and an appreciable supplier related variation has been con-

firmed in both the as-built and aged maraging steel 300 stress-strain curves. In

particular, the largest and most obvious strength and ductility divergence can be

seen in the as-built inclined (45◦) specimens’ σ − ε curves. Although achieving a

218MPa (22%) superior yield strength (Rp0.2), the sample fabricated with 67◦ laser

scan rotation (Supplier 1) displayed an unusual σ versus ε trajectory. As shown by

the solid green curve in Figure 6.8a, an uneven material response during plastic de-

formation culminated in failure at ≈ 57% less elongation (i.e. an overall reduction of

9.1%) when compared to the Supplier 2 specimen (dashed green curve), which had

been fabricated with the 90◦ laser scan rotation. Remarkably, these samples have

comparable hardness values, which indicates that hardness measurements alone can

provide insufficient information for the assessment of mechanical properties. Like-

wise, when analysing the effect of heat-treatment on mechanical anisotropy, Table 6.2

and Figure 6.9 data indicate that hardness measurements are not effective towards

revealing and quantifying mechanical anisotropy and helps to explain why similar

observations have not been presented in the research literature to-date. Nonetheless,

substantial anisotropy is evident in the as-built Vickers hardness measurements for

both suppliers (i.e. in Figure 6.9 where the aging time is 0h).

As shown for the hardness measurements in Figure 6.9, even for the low aging

temperature (460◦C) the greatest percentage of the treatment’s peak hardness is
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(a) (b)

(c) (d)

Figure 6.8: Stress (σ) versus strain (ε) curves comparing as-built and aged maraging steel 300
test-specimens which have been fabricated on two EOS EOSINT M280 AM machines belonging to
and operated by different users.

Figure 6.9: Precipitation strengthening curves demonstrating the effect of heat-treatment time
and temperature parameters on the attainable hardness and anisotropy of AM MS1 fabricated on
two EOS EOSINT M280 machines belonging to and operated by different users.
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obtained within the early stages of aging (during underaging). The rate of early-

stage hardening is due the populous development of small and coherent first-stage

precipitates which shear the passing dislocations [4]. This lower temperature some-

what regulates early-precipitation diffusion kinetics allowing particles to grow by

a greater extent before overaging dominates. For this reason, the greater popula-

tion of particles at lower treatment temperatures provides an enhanced strength-

ening effect, however, as previously mentioned, the time taken to achieve peak

strength/hardness increases alongside. Despite the narrow temperature window,

and harmonious strengthening-relationship between 460◦C and 490◦C, it takes 4h

longer for the former to reach its peak-hardness condition.

Both sets of as-built samples exhibited a reduction in modulus of elasticity (E) with

increasing build-orientation angle. This may be associated with the microstructural

pattern developed during build-up of AM layers, since higher E is achieved when

the loading direction is parallel to the build layers. AM’s distinct three-dimensional

(3D) microstructural pattern, visible in Figure 6.1’s micrographs, is brought about

by the layer-wise deposition of powder and continuous re-melting/heating of material

beneath the melt-pool during build-up.

Overall, Supplier 1 aged specimens having been fabricated with a 67◦ layer-wise scan

rotation and with defect-free microstructures showed higher stiffness and greater

strength consistency between build orientations. However, the Supplier 1 group

of as-built test-specimens displayed the largest variation across the full range of

mechanical properties. For example, the mean and standard deviation (SD) Vickers

hardness (HV) with respect to the build orientations was 362HV and 25HV in that

order. The mean and SD yield strength (Rp0.2), and total elongation (At), were

984MPa (with SD = 89MPa) and 12% (with SD = 4.7%) respectfully. Higher

recorded hardness values were observed jointly in specimens aged at 460◦C for 12h;

and 490◦C for 8h which measured 609HV (with SD = 4HV), and 609HV (with

SD = 5HV) respectively. Greatest yield strength was 1936MPa (with SD = 46MPa)

and tensile strength was 2006MPa (with SD = 36MPa) for the specimens aged at
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460◦C for 12h, but there was little mechanical property difference between the 12h

at 460◦C and 8h at 490◦C heat-treatments.

However, as indicated by the aging and σ − ε curves, greater strength (≈ 3%) and

hardness (≈ 4%) was achieved in the aged Supplier 2 specimens (aged at 490◦C

for 8h). As with Supplier 1 samples, the strength and hardness continued to rise

when the material was aged past the EOS recommended 6h treatment duration.

This strength and hardness ascension was accompanied by a reduction in ductility.

While in this brittle condition, Supplier 2 samples displayed comparatively erratic

and reduced ductility behaviour to those of Supplier 1. Correspondingly, this in-

ferior ductility performance is attributed to the combined consequences of matrix

embrittlement due to coarsened precipitates, and the presence of microstructural

pores/un-melted particles, which jointly act as sites for crack nucleation [9, 13, 21,

28, 31, 68, 111].

When comparing the experimental mechanical properties against the EOS published

data (Table 6.2), both as-built vertical (90◦) parts underperformed in terms of elas-

ticity modulus (≈19% lower), and yield strength (≈13% lower). Upon aging, the al-

loy gained remarkable strength (>87% increase) and hardness (>75% increase), and

most mechanical property values fell within the EOS published confidence bands.

This maraging steel 300 reflection demonstrates the outstanding effectiveness of the

precipitate development towards obstructing and retarding the movement of dislo-

cations in the lattice, but also towards suppressing anisotropic material behaviour.

The aging curves show clear evidence of overaging when temperatures exceed 490◦C,

most noticeably at 600◦C where the alloy is heated into the austenite phase trans-

formation zone. This observed loss of hardness is based on Orowan’s mechanism

of dispersion hardening, where passing dislocations loop around larger and more

dispersed stage-two Fe2Mo and/or Fe7Mo6 precipitates [63, 112]. The effective-

ness of dislocation hindrance in the overaged specimens is much reduced due to the

combined loss of precipitate-lattice coherency, and the increasing sparsity of these

blocking particles. Overaged specimens also displayed increased strain-hardening,

63



CHAPTER 6. RESULTS AND DISCUSSION

Table 6.2: Full set of experimental data retrieved from tensile and Vickers hardness testing of maraging steel 300
produced by DMLS on two EOS EOSINT M280 AM systems belonging to and operated by different users, denoted
Supplier 1 and Supplier 2. Elasticity modulus (E); Poisson ratio (ν); Yield strength (Rp0.2); Tensile strength (Rm);
Elongation to fracture (At); Reduction in area (Z); and Vickers hardness (HV). EOS reference data [12] are shown
with italics fonts.

Data Heat- Orien- E ν Rp0.2 Rm At Z HV30kgf
Treatment tation [GPa] [MPa] [MPa] [%] [%] [kg/mm2]

E
O
S EOS As-Built[12] 0◦ 160±25 - 1050±100 1100±100 10±4 - (310-360)

90◦ 150±20 - 1000±100 1100±100 10±4 - (310-360)a

EOS Aged[12] 0◦
180±20 - 1990±100 2050±100 4±2 - (>513)6h @ 490◦C 90◦ - -

Su
pp

lie
r
1

As-Built
0◦ 161 0.24 1069 1174 15.7 56 382
45◦ 140 0.29 991 1144 6.8 56 327
90◦ 122 0.35 892 1057 13.8 62 375

6h @ 460◦C
0◦ 182 0.33 1961 2004 8.6 33 603
45◦ 185 0.31 1895 1963 8.0 28 595
90◦ 180 0.32 1875 1928 5.9 24 599

8h @ 460◦C
0◦ 182 0.33 1961 2004 8.6 33 603
45◦ 185 0.31 1895 1963 8.0 28 595
90◦ 180 0.32 1875 1928 5.9 24 599

12h @ 460◦C
0◦ 182 0.33 1961 2004 8.6 33 603
45◦ 185 0.31 1895 1963 8.0 28 595
90◦ 180 0.32 1875 1928 5.9 24 599

4h @ 490◦C
0◦ 182 0.33 1961 2004 8.6 33 603
45◦ 185 0.31 1895 1963 8.0 28 595
90◦ 180 0.32 1875 1928 5.9 24 599

6h @ 490◦C
0◦ 178 0.40 1901 1958 5.9 19 602
45◦ 183 0.28 1925 1984 4.4 10 603
90◦ 178 0.28 1893 1958 6.1 22 599

8h @ 490◦C
0◦ 183 0.34 1969 2020 8.3 32 608
45◦ 184 0.29 1930 1993 7.8 29 606
90◦ 180 0.32 1912 1978 4.2 21 615

4h @ 525◦C
0◦ 189 0.33 1811 1882 5.82 35 570
45◦ 185 0.29 1811 1878 5.38 30 568
90◦ 180 0.3 1797 1885 7.97 23 578

6h @ 525◦C
0◦ 181 0.34 1768 1844 10.4 32 560
45◦ 175 0.32 1747 1818 6.9 29 560
90◦ 176 0.31 1741 1816 8.5 31 554

8h @ 525◦C
0◦ 179 0.34 1729 1811 10.5 36 552
45◦ 181 0.31 1714 1802 9.9 33 558
90◦ 181 0.32 1723 1816 10.1 30 557

4h @ 540◦C
0◦ 181 0.34 1700 1769 10.4 37 543
45◦ 183 0.32 1697 1778 10.2 38 550
90◦ 169 0.30 1656 1744 9.3 33 554

6h @ 540◦C
0◦ 182 0.26 1661 1736 12.4 38 536
45◦ 177 0.29 1666 1746 6.7 19 542
90◦ 182 0.31 1640 1724 10.5 31 536

8h @ 540◦C
0◦ 182 0.31 1625 1701 11.2 41 525
45◦ 177 0.29 1620 1705 11.5 37 534
90◦ 174 0.31 1579 1666 10.8 33 531

2h @ 600◦C
0◦ 173 0.32 1326 1440 17.1 49 458
45◦ 174 0.29 1312 1425 16.5 53 457
90◦ 166 0.29 1290 1405 15.5 51 457

4h @ 600◦C
0◦ 169 0.31 1267 1387 17.2 49 447
45◦ 167 0.27 1263 1382 16.7 49 447
90◦ 164 0.30 1253 1368 16.0 49 442

6h @ 600◦C
0◦ 166 0.33 1214 1338 17.6 50 430
45◦ 173 0.26 1211 1335 17.7 50 432
90◦ 157 0.33 1172 1303 14.5 54 432

Su
pp

lie
r
2

As-Built
0◦ 150 0.34 1028 1172 12.9 43 369
45◦ 136 0.33 773 1053 15.9 60 329
90◦ 120 0.38 853 1035 15.1 60 328

4h @ 490◦C
0◦ 170 0.29 2006 2050 2.3 6 610
45◦ 175 0.27 1977 2047 4.4 12 620
90◦ 171 0.31 1929 1996 6.1 14 616

6h @ 490◦C
0◦ 174 0.30 2004 2070 2.9 7 626
45◦ 179 0.31 2004 2080 3.9 5 633
90◦ 172 0.34 1981 2047 6.2 21 631

8h @ 490◦C
0◦ 179 0.38 1998 2047 NAb 6 636
45◦ 178 0.31 2013 2069 3.4 12 635
90◦ 170 0.34 2005 2067 5.5 22 640

a Brackets indicate approximate hardness conversion numbers per Table 3, [110];
b Fracture occurred before end of yield was reached.
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corresponding to the wider dispersion of particles whereby the build-up of subse-

quent gliding dislocation loops heighten the degree of back-stress in the lattice. The

full set of stress (σ) - strain (ε) curves displaying this behaviour is provided in Figure

6.10. These overaged AM MS1 properties, not previously reported, may be useful

to AM practitioners when good toughness is sought, as indicated by the area under

the σ versus ε curves.

Figure 6.10: Full set of σ-ε curves obtained from aged test-specimens. Evidence of overaging
(strength reduction) and increased strain hardening behaviour can be seen for this maraging steel
300 alloy as the heat-treatment temperature increases.
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To compare the mechanical and anisotropic characteristics between the various heat-

treatments, and between samples obtained from either supplier, a relationship be-

tween hardness (H) and yield strength (Rp0.2), which is based on similar empirical

relationships used for other metals, was devised from the available test data. In

particular, the typical linear rule-of-thumb for a broad range of metallic alloys given

by Eq. 6.1 [113] has been used.

H ≈ 3 ×Rp0.2 (6.1)

Where hardness (H), described as the indenter force divided by the projected area

of the indent (in MPa) is determined by Eq. 6.2.

H = HV30 × 9.81m/s2 (6.2)

Where HV30 represents the Vickers hardness value. The experimental relationships

presented in bar-chart form in Figure 6.11, demonstrate the extent of as-built stress

anisotropy in the DMLS alloy due to supplier variation and part orientation, rein-

forcing prior anisotropy observations for the as-built and aged alloy across the range

of experimental treatments. The most prominent discrepancies take place between

as-built samples obtained from either supplier. This supplier related anisotropy

variation may be attributed to the alternative scan strategies employed on either

AM machine, and suggests that the scan rotation angle has a significant effect on

mechanical anisotropy. Following the application of the aging heat-treatments, the

degree of stress anisotropy is dramatically reduced by the presence of hard sec-

ond phase precipitate particles [114], and Eq. 6.1 is satisfied. Nevertheless, the

anisotropy developed during the fabrication process is not fully abolished following

aging.

66



CHAPTER 6. RESULTS AND DISCUSSION

Figure 6.11: Ratio of Hardness (H) to Yield Strength for the as-built and heat-treated maraging
steel 300 examined. Common heat treatment plans between Supplier 1 and Supplier 2 are framed
(black rectangles) to facilitate easier comparison.

6.4.2 R-values

Further evaluation of plastic anisotropy has been performed via the DIC obtained

R-value measurements (calculated using Eq. 5.1), for which a selection of the ob-

tained results are presented in Figure 6.12. The plot confirms (i) the existence of

non-uniform transverse straining since Risotropic = 1; and (ii) the variation of R-

value between AM build orientation angles. Greater R-value variation is observed

in Supplier 1 as-built and aged specimens (solid lines) which have been fabricated

with the 67◦ laser-scan strategy. The harmonious and significantly flatter trends ob-

served in Supplier 2 specimens (dashed lines) indicate a uniformity of plastic strain

behaviour between build angles and suggests that a 90◦ scan strategy provides a

more homogeneous microstructure. As with the mechanical properties, a signifi-

cant reduction in plastic strain anisotropy was observed following the application of

aging heat-treatments. The precipitation of nanometric dislocation hindering pre-

cipitate particles is exclusively responsible hence. Regardless of the scan strategy,

build orientation or heat-treatment, all AM fabricated specimens displayed R-values

< 1 signifying greater thinning in specimen’s thickness direction whilst under tensile

loading. This suggests the dominance of a systemic process anisotropy which cannot

be abolished simply by aging the AM fabricated alloy. Furthermore, the experimen-
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tal findings indicate that the AM induced anisotropy cannot be eliminated through

application of the EOS recommended 6h at 490◦C heat-treatment. As mentioned

previously (Chapter 1), this inherent anisotropy stems from (i) the layer-wise deposi-

tion of powder; (ii) planar movement of the heat-source; and (iii) uniaxial movement

of the build platform during fabrication. To abolish any fabrication manifested mi-

crostructural patterning it may therefore be necessary to perform a solubilization

treatment step prior to aging, incurring additional cost, complexity and processing

time. This re-crystallisation step has been shown to homogenise the AM maraging

steel 300 microstructure by replacing laser scan tracks and melt-pool solidification

patterns with slender packets of parallel lath martensite through moderation of the

alloy’s solidification cooling rates [9, 18, 27, 31].

Figure 6.12: Plot of R-values versus build orientation angle, evaluated at 1.5% axial strain. The
trend patterns for individual specimens are displayed using local polynomial regression fitting.

6.4.3 Contour maps of mechanical properties

The experimental results indicate that the 6h at 490◦C heat-treatment plan is not

optimal for the alloy’s strength, ductility, hardness, or anisotropy. To address this

issue, mean mechanical property values (with respect to the build orientations) from

the complete set of experimental results (as outlined in Table 5.2) have been used

to construct contour surface plots. In particular, the individual experimental values
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were parameterised against the corresponding heat-treatment time and temperature

values by implementing bi-variate interpolation onto a grid of the irregularly spaced

data using akima interpolation [115]. A version of the akima algorithm which uses

bi-linear spline interpolation was chosen for this purpose. This in turn permitted

the representation of a smooth surface of z values distributed at assigned x (aging

time) and y (aging temperature) grid positions. An equally spaced grid composing

100×100 tiles was selected to provide high resolution and contrast with later imaging

functions. The akima algorithm’s resulting structures were suitable for input into

high performance imaging functions (ggplot2 [116]) using the R statistical processing

software [105] - principally raster, which represents colour, and contour, which joins

points of equal magnitude. This methodology was applied to each of the important

response variables (Rp0.2, Rm, At, HV, and ∆R-values) to create the contour maps

displayed in Figure 6.13.

The discrete time and temperature combinations at which the response variables

have been experimentally evaluated are clearly marked on each of the the contour

maps. It must be emphasised that the gradients in between these measurement

points have been smoothly fitted to the data using the akima algorithm (spline in-

terpolation), and are therefore not absolute values. While this form of interpolation

uses low degree polynomials which help to minimise overfitting/modelling error,

these plots should act as a guide rather than conveying definitive material outputs.

The constructed contour maps can serve as a very practical tool in terms of tailoring

the output of the EOS MS1 material either for research or part production purposes.

For example, they can provide informed heat-treatment selection when particular

mechanical properties and anisotropy limits are required for an AM part. Moreover,

the contour maps can be further enriched with supplementary experimental data,

in-turn increasing the reliability and validity of this heat-treatment selection tool.

Figure 6.13 clearly communicates that the chosen aging parameters correspond to

significantly different achievable mechanical properties in DMLS MS1. Remark-

able strength and hardness can be installed by underaging the alloy between 460-
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(a) (b)

(c) (d)

(e)

Figure 6.13: Interpolated smooth surface contour plots of experimentally determined (marked)
AM MS1 properties (a) Yield strength (Rp0.2); (b) Tensile strength (Rm); (c) Total % Elongation
(At); (d) Vickers hardness (HV); and (e) Planar anisotropy (∆R) evaluated at 1.5% axial strain.
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525◦C (see Figures 6.13a, 6.13b, and 6.13d), however, ductility (and toughness) are

markedly reduced in this condition (see Figure 6.13c). When increased ductility

is sought, the alloy can be aged at temperatures above 525◦C, though a loss of

strength and hardness can be expected as overaging and austenite reversion rapidly

take hold. The ∆R contour plot for R-values evaluated at 1.5% axial strain is shown

in Figure 6.13e. ∆R, calculated using Equation 5.2, represents an overall measure

of the variation of R-value in the Y-Z build plane (planar anisotropy) where for an

isotropic material: ∆R = 0. For AM materials, non-zero values of ∆R could be an

indicator of preferred texture / alignment of the micro-structure due to the laser

scanning pattern (especially in the distribution of second phases such as inclusions)

/ the presence of residual stresses [114]. The contour plot highlights that the range

of ∆R variation is low across all treatments (<0.25 at 1.5% axial strain). Planar

anisotropy is minimised in the underaged to peak-aged condition. It is understood

that the populous presence of small precipitates effectively conceals non-uniform

transverse straining by blocking gliding dislocations in this stiff and brittle condi-

tion. Comparatively, a greater degree of planar anisotropy can be observed in the

overaged and austenitized material, where a lattice with fewer blocking obstacles,

and a higher volume fraction of ductile Fe-γ, sees ∆R deviate from zero.
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As AM technology continues to mature, more is expected of the functional parts pro-

duced, with special attention towards achieving metallurgical soundness by tackling

the factors which influence mechanical performance. However, the deficit of pro-

cess knowledge concerning such factors is forestalling the technology’s widespread

advancement into the engineering arena, since industrial entities seeking to pro-

duce high-value AM components which are destined for use in demanding engineer-

ing applications expect high-quality and consistent process outputs. Accordingly,

this research study investigates inconsistencies in the mechanical characteristics and

plastic anisotropy levels in identical EOSINT M280 fabricated maraging steel 300

(MS1) test-coupons that have been supplied by two AM facilities. The effect of

three AM build-orientations (0◦,45◦, and 90◦) on the as-built plastic anisotropy of

these parts has been thoroughly examined, and the alloy’s mechanical performance

and plastic strain behaviour has been monitored through an array of strengthening

heat-treatment plans to identify the combinations of time and temperature which

can diminish anisotropy. In doing so, a broad collection of mechanical properties,

material characteristics, and plastic anisotropy levels for these additively manu-

factured standard test-specimens have been evaluated and discussed in this novel

experimental investigation. The important conclusions are summarized as follows:

1. Considerable anisotropy has been confirmed in as-built MS1;

2. Appreciable microstructural dissimilarities affecting mechanical performance

and anisotropy have been observed in as-built maraging steel 300 samples

obtained from alternative suppliers;
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3. The AM laser scan strategy, and in particular the scan rotation angle be-

tween AM build layers, had a profound effect on the strength, ductility and

anisotropy (transverse strain behaviour) developed in the as-built alloy;

4. Microstructural porosities and un-fused powder particles observed in one group

of samples led to reduced plasticity and erratic fracture behaviours in aged

samples;

5. The AM component’s relative density is affected by unfavourable powder feed-

stock characteristics (size and morphology), and the part’s cross-sectional pro-

jection onto the build-platform;

6. Plastic anisotropy can be reduced significantly through application of a dislo-

cation hindering precipitation heat-treatment, however, a degree of transverse

strain anisotropy is likely to remain due to the AM material’s fabrication his-

tory;

7. The 6h at 490◦C heat-treatment plan is not optimal in terms of strength, hard-

ness, ductility and anisotropy properties for the DMLS MS1. A proposition

of 8h at 490◦C is offered where optimal design strength (Rp0.2 >1900 MPa) is

sought, whereas the 8h at 525◦C aging plan offers a good isotropic compromise

between design strength (Rp0.2 >1700 MPa), and ductility (At ≈ 10%);

8. Heat-treatment parameters can be tailored to meet strength/ ductility/ anisotropy

design requirements by using the obtained mechanical properties contour maps;

9. The relationships between the constructed contour maps, and in particular

the connection of discrete data points regarding these, can serve AM engi-

neers beyond acting as visualisation aids for heat-treatment selection. With

some further development, these contour maps have potential usefulness as a

predictive and interpretive tool for optimising the AM process output as well

as informing the material selection process for mechanical component design;
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10. The as-built and overaged specimens showed higher levels of planar anisotropy

compared to that of the underaged and peak-aged condition;

11. Hardness measurements alone are not effective towards quantifying anisotropy

in DMLS maraging steel 300.
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8. Recommendations and Future
Work

Some suggestions for future work are given as follows:

Influence of the feedstock quality and laser scan-strategies: An investiga-

tion into the influence of powder recycling on the presence of microstructural defects,

and the mechanical and physical properties of maraging steel 300, has not been pre-

viously reported. Moreover, the condition of the starting material, in conjunction

with alterations to the input variable of the laser scan-strategy (e.g. the intra-layer

scan rotation angle etc.), has not been examined. These investigations are therefore

proposed, and it is suggested to hold constant the (pre-optimized) process parame-

ters of layer-thickness, scan-speed, hatch-spacing, laser-power etc. so that the input

variables (powder quality, scan strategy) are exclusively responsible for the observed

changes in the as-built material’s response (i.e. the presence of microstructural pores

and un-melted particles, and the alloy’s mechanical and physical properties);

Suppression of as-built plastic anisotropy through parameter and scan

strategy manipulation: Sufficient research knowledge exists on the process pa-

rameter selection which will enable the fabrication of near full-density (> 99.9%)

maraging steel 300 parts. However, as has been verified by this study, the use of

alternative laser scan strategies will influence the fabricated part’s plastic strain be-

haviour with respect to the AM build orientation. A study with the objective of

minimizing the as-built plastic anisotropy in maraging steel 300, through laser scan

strategy manipulation, is therefore suggested. This optimization study could use

the same experimental methodology as the current work (tensile testing in conjunc-
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tion with DIC displacement analysis) to harvest tensile and plastic strain data from

as-built samples fabricated at 0◦, 45◦, and 90◦ build orientations. Following this,

the planar anisotropy data obtained from the individual scan strategies examined,

could be visualised using interpolated contour maps similar to those presented in

Section 6.4.3. Indeed, a series of contour plots could be produced from the obtained

dataset covering a range of tensile plastic straining (e.g. 1.5 - 10%), thus providing

clear understanding of as-built material’s plastic anisotropy characteristics due to

scan strategy manipulation;

Retained Austenite: A complimentary extension of the above-mentioned inves-

tigations would include accurate quantifications of the percentile volume of retained

austenite in the as-built microstructure. As highlighted in Section 4.2.1, the laser

scan strategy is suspected to affect the volume of retained austenite in AM pro-

cessed maraging steel 300, and this phase has an ancillary effect on the achievable

mechanical properties in the aged condition. Thus, the correlation between the vol-

ume of retained austenite and the achievable pre and post heat-treated mechanical

properties is also recommended;

Residual stress and texture: It has been identified in Section 4.3.3 that the

influence of the laser scan strategy on preferred texture generation and the as-built

residual stress state in maraging steel 300 remains an open question requiring de-

tailed quantitative analyses through employing appropriate and accurate evaluation

techniques. Furthermore, it is not clear whether the alloy’s typical heat-treatment

parameters are capable to suppress texture and residual stress in the aged material.

To that end, a dedicated experimental study reporting on these critical matters,

and their influence on the anisotropic mechanical behaviour of the fabricated part,

is suggested;

Mapping and optimisation of the mechanical properties: The interpolated

contour maps presented in the current work (Figure 6.13) provide a means of tailor-
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ing the material outputs (mechanical properties and anisotropy) through informed

heat-treatment selection. A follow-up research project is suggested for the devel-

opment of a mechanical properties’ optimization tool for AM engineers in industry,

research centres and academia working with maraging steel 300. This tool, which

would require the development of a mathematical model, computer code and soft-

ware application, would draw from a database of experimentally determined material

properties and characteristics, and be used to tailor the output of the AM process.

Using this predictive tool in conjunction with the data collected from studies such as

this, and from investigations performed by the wider AM community (e.g. test data

gathered by other investigators using EOS AM technology globally), would allow AM

engineers to tailor the alloy’s mechanical properties and performance outputs (e.g.

strength, ductility, and anisotropy etc.) based on known and experimentally verified

input variables (e.g. process parameters, scan-strategies, and heat-treatments etc.).

Furthermore, the tool could be extended later to include other aspects influencing

mechanical performance - such as the scan strategy influences (i.e. residual stress,

texture) - as this data becomes available. A generalised methodology, applicable to

other AM metals, is expected as an additional outcome of this research.
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Abstract
The tensile mechanical properties and anisotropy levels of identical test-coupons, fabri-
cated from maraging steel 300 (MS300) using two alternative EOS EOSINTM280 Additive
Manufacturing (AM) systems, have been examined. The mechanical performance varia-
tions resulting from process differences between the two suppliers and the part’s build
volume orientation (0◦, 45◦, 90◦) are investigated. Significant microstructural discrepan-
cies, affecting mechanical performance, plasticity and anisotropy levels, have been observed
in the as-built samples obtained from the two suppliers. A difference in the angle of the
laser scan strategy, in conjunction with unfavourable powder feedstock characteristics, are
understood to have had a profound influence on the plasticity and anisotropy divergences
observed in the AM MS300 alloy. Plastic anisotropy levels can be largely reduced through
application of aging heat-treatments, however, a degree of transverse strain anisotropy is
likely to remain due to the AM alloy’s fabrication history.

Keywords: additive manufacturing, 3D printing, maraging steel, anisotropy, heat treat-
ment, strength, ductility.
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Introduction

Maraging steel 300 (MS300) is a high-strength Fe-Ni based alloy which, in powder

form, is used widely as a feedstock for laser additive manufacturing (AM). MS1 is one

such powder developed by EOS for their Direct Metal Laser Sintering (DMLS) sys-
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tems. The alloy’s high-strength, combined with its agreeableness to laser-synthesis,

facilitates the rapid production of geometrically complex structures which have load-

bearing capabilities and can easily achieve high-density and chemically homogeneous

microstructures [8, 9, 13]. As AM technology matures, it is progressively becoming

a viable option for serial production of structure-critical engineering components

[32, 33]. Key to this successful advancement is a clear understanding of the factors

which influence the metallurgical soundness of the produced parts. An important

aspect for the serial production of AM parts is the ability to achieve consistent and

repeatable mechanical properties outputs for identical parts produced on alterna-

tive machines, however, very limited published research exists on the repeatability of

mechanical behaviour in AM-produced metals [24, 34–36]. Indeed, there is variation

in the EOS-reported as-built MS1 mechanical properties for identical test-coupons

fabricated on EOS DMLS equipment [12, 14], but also among MS300 properties

reported in the open literature for contrasting test-coupon geometries which have

been fabricated on EOS and other metal AM systems [3, 19, 26][9, 18, 21, 23, 24, 27,

29, 37]. The spread of the as-built tensile properties reported across these studies

(i.e. elasticity modulus (E): 150-194 GPa [12, 27]; yield strength (Rp0.2): 768-1214

MPa [23, 29]; tensile strength (Rm): 1010-1325 MPa [27, 29]; and elongation to

fracture (At): 6.1-14.3 % [9, 26]) is a measure of the variability observed. This

highlights the need for a deeper understanding of the factors that affect the repro-

ducibility of AM parts, since engineers seeking to use this advantageous technology

for structure-critical designs require a greater control of the achievable mechanical

properties.

In this paper, we examine the material characteristics, microstructures, tensile prop-

erties, and anisotropy variation of identical MS300 test-coupons which have been

fabricated in three build orientations (0◦, 45◦, and 90◦), on two EOS EOSINT M280

AM machines belonging and operated by different users. For this purpose, the rela-

tionship between the AM process phenomena and the resulting mechanical proper-

ties, including plastic anisotropy, has been investigated.
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Material and methods

Fabrication of samples

Test coupons were fabricated from MS1 powder feedstock on two EOS EOSINT

M280 AM systems belonging and operated by different users, denoted as Supplier

1 and Supplier 2. Both AM systems were controlled using the EOS-predefined set

of parameters MS1 Performance 2.0, which administers 40µm layer-thickness and

has been optimized by EOS for the fabrication of MS1 components. The chemical

composition of the MS1 material is presented in Table A.1, along with the results of

the energy dispersive X-ray (EDX) analysis, which were obtained with a Hitachi SU

70 scanning electron microscope (SEM), fitted with an Oxford Instruments EDX

attachment. A close agreement between the Supplier 1 and 2 SEM-EDX values and

the EOS published values [12] for MS1 is observed, which also confirms that the

powder material used is in line with the manufacturer’s (EOS) specifications.

Table A.1: Chemical composition (%wt) of MS1, the 18Ni (300) grade maraging steel powder
supplied by EOS (GmbH) [12] with SEM-EDX analysis results for the main comprising elements.

Ni Mo Co Ti Al Cr Si Mn C Fe
MS1 [12] 17-19 4.5-5.2 8.5-9.5 0.6-0.8 0.05-0.15 0-0.5 0-0.1 0-0.1 0-0.03 Bal.
Supplier 1-EDX 18.14 5.67 8.94 0.87 - - - - - Bal.
Supplier 2-EDX 17.96 5.65 9.08 1.05 - - - - - Bal.

Four sets of test specimens, orientated at three angles [0◦ (horizontal), 45◦ (inclined),

and 90◦ (vertical)] between their longitudinal axis and the build platform, were pro-

duced on each machine. This facilitated an investigation of the influence of build

orientation on property anisotropy. For this purpose, a rectangular-shaped tensile

test specimen having uniform cross-section at gage and meeting the requirements of

the ASTM-E8M standard [100] was selected. The finished specimen geometry, di-

mensions and tolerances are shown in Figure A.1a. This specimen design allowed for

the measurement of both lateral and axial elastic and plastic strains whilst under ten-

sile loading. A machining allowance of 0.5mm was included to ensure that a uniform

and high-quality surface finish, appropriate for the tensile testing of high-strength
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specimens [100], could be achieved. After the AM build, the DMLS parts were pro-

cessed through a single-cycle precision computer numerically controlled (CNC) wire

electrical discharge machining (EDM) profiling and surface-grinding operations.

(a) (b)

Figure A.1: (a) Showing the finish-machined specimen geometry, and (b) the AM build volume
coordinate system and test-specimen build orientations.

Heat-treatment

High strength is achieved in MS300 through a second phase precipitation of inter-

metallic compounds (Ni3Ti, Ni3Mo, Fe2Mo and Fe7Mo6) for which a disperse con-

centration of fully dissolved hardening elements in solid solution is necessary [4,

28, 42]. In contrast to conventionally produced MS300, and by reason of the rapid

cooling rates (circa 103 to 108 K.s−1), the DMLS process provides a solid solution

with full potential for precipitation strengthening [28]. EOS therefore recommend

a straightforward isothermal aging heat-treatment of 6 hours at 490◦C [12] which

allows a populous dispersion of dislocation hindering precipitates to form, and leads

to the alloy’s characteristic high strength (circa 2,000 MPa) and hardness.

In this study, three sets of specimens obtained from each M280 machine, were aged

at 490◦C for durations 4, 6 and 8 hours (h), while the remaining two sets were

kept in the as-built condition. The aging parameters were chosen to investigate the

influence of heat-treatment on mechanical properties and anisotropy levels, and to

validate the EOS recommendation.
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Characterization

Archimedes’ Principle density measurements were performed on as-built samples

obtained from each DMLS machine, and for each build-orientation, using a Sar-

torius Quintix analytical balance which was fitted with accessory YDK03 density

determination kit. The measurement procedure followed the guidelines present in

the ASTM B962-17 [102] standard.

Metallographic samples were obtained from arbitrary sections of the fractured coupon’s

grip-ends, then mounted with phenolic compound, and polished using standard fin-

ishing steps. The sectioned plane was taken perpendicular to the materials tensile

loading axis in each case, and the etched microstructure (150mL H2O; 50mL HCl;

25mL HNO3; 1g CuCl2) was then inspected using an Olympus BX60 Optical mi-

croscope.

Porosity was examined via X-ray Computed Tomography (CT) scans, performed us-

ing a General Electric VTOMEX L300, Nanotom S instrument operating at 180kV,

80µA, 250µs and with a resolution of 13.4µm. Digital inspection of the porosity

network, and a quantitative evaluation of the size and distribution of pores was

completed using Thermo Fisher Scientific’s Avizo software [103].

Vickers hardness indents were applied perpendicular to the metallographic sample’s

sectioned plane using a Zwick ZHV hardness tester which had been calibrated with

a standard test block to the requirements of ASTM E92-17 [104]. Twenty (20)

measurements were performed on each of the mounted and polished samples, and

the results and test statistics were computed using the R statistical software package

[105].

Tensile testing was conducted at room-temperature in a Zwick/Roell (Dartec) M1000/RK

servo-hydraulic testing machine equipped with 100kN capacity load cell and fitted

with ±100kN fatigue rated hydraulic wedge grips. The test procedure was fully

compliant with the ASTM E8M standard [100]. Among other test requirements,

this standard prescribes stressing/ straining/ displacement rates for deriving reli-

able and consistent mechanical properties data. The test was initially controlled
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(via a 9600 series controller) to the elastic stressing rate of 10.34 MPa/s, using

strain control from the extension feedback channel (Epsilon model 3542-025M-050-

ST). Upon detection of yield, the test-rate maintained a constant plastic strain rate

of 6.25 × 10−4/s controlled via the stroke feedback channel. At the end of the yield

(detected from either reaching a 5% increase in stress, or an absolute strain limit

of 2%), the test-velocity was commanded by a third rate, the tensile strength (Rm)

rate: 0.0068/s. This strain rate was maintained to peak force through failure.

Concurrently, a non-contact full-field displacement measurement was performed us-

ing LaVision’s portable 3D Digital Image Correlation (DIC) apparatus complete

with StrainMaster software [106]. This involved the application of a non-repeating

isotropic acrylic speckle pattern (dark black speckles on a bright white background)

onto the gage surface of the specimen and capturing a sequence of images through-

out each tensile test at a periodic rate of 5Hz (i.e. from zero applied load until

fracture). The purpose of the speckle pattern is to provide a unique signature pixel

arrangement from which the specimen’s displacement field can be digitally tracked

throughout the tensile test. Poisson (ν) and plastic strain ratios (R-values) were

calculated from the DIC determined strain data in accordance with ASTM test

methods E132-04 [108] and E517-18 [109]. R-value is the ratio of true width strain

(εw) to true thickness strain (εt), given by Eq. A.1, with both strains calculated

after tensile plastic flow was induced.

R value = εw
εt

(A.1)

The R-value was employed to quantify the strain plastic anisotropy (non-uniform

transverse straining), which typically is anticipated in AM-fabricated parts. The

complete experimental configuration is illustrated in Figure A.2 (each feature dis-

cussed in this section is indicated on this figure).
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Figure A.2: Configuration of tensile test set-up including the 3D Digital Image Correlation (DIC)
apparatus which allowed concurrent determination of test-specimen width and axial strains.

Results and discussion

Microstructures and density

Representative micrographs are presented for the individual build orientations of

parts obtained from each supplier in Figure A.3. A distinct dissimilarity was ob-

served in the microstructures of the sectioned vertically orientated (90◦) parts. As

shown in Figures A.3c and A.3f, different laser scan strategies were administered

by each M280 system during the fabrication process, despite the fact that the MS1

Performance 2.0 set of parameters was used by both suppliers. Supplier 1 specimens

were fabricated with a 67◦ line scan rotation between successive build layers, whereas

Supplier 2 specimens display a 90◦ scan rotation. Other researchers [13, 30] have

reported a layer-wise scan rotation angle of 67◦ when employing MS1 optimized pa-

rameters on similar EOS machines. Nevertheless, these limited literature-reported

findings do not exclude the existence of strategies with other scan rotation angles
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(as found in this study).

(a) (b) (c)

(d) (e) (f)

Figure A.3: Representative optical micrographs of samples fabricated in three build-orientations
on two EOSINT M280 systems (Supplier 1 and Supplier 2): (a) and (d) horizontal (0◦); (b) and
(e) inclined (45◦); and (c) and (f) vertical (90◦).

Comparable melt-pool proportions, which are reflective of the applied laser energy

input (< 200W), can be observed in the horizontal cross-sections shown in Figures

A.3a and A.3d. In particular, melt-pool depths 35-55µm corresponding to the ap-

plied 40µm layer thickness, and widths 45-70µm suggesting a laser focus diameter

of ≈ 60µm, were observed. Supplier 2 micrographs revealed persistent defects in

the form of pores and un-melted powder particles as indicated in Figures A.3d and

A.3e by dotted lines. In connection, inferior density was recorded for Supplier 2

specimens as reported in Table A.2. Nonetheless, all the reported density values

fall within the EOS quoted density range of 8.0 - 8.1 g/cm3 [12]. The determined

density values (Table A.2) do not provide sufficient evidence to suggest that part

density is influenced by the AM build orientation, however, it is worth noting for

the proceeding sections that the Supplier 2 horizontal samples, which exhibited a

relatively high degree of porosity in their microstructures, also obtained the lowest

overall density values.

It is believed that the observed microstructural defects may be caused by the pow-

98



APPENDIX A. ARTICLE 1

Table A.2: Comparing the density values of MS300 samples obtained from two EOS M280 DMLS
systems for the as-built Horizontal (0◦), Inclined (45◦), and Vertical (90◦) build orientations.

Density, ρ (g/cm3)
0◦ 45◦ 90◦

Supplier 1 8.051 8.050 8.049
Supplier 2 8.028 8.031 8.034

der feedstock characteristics, which is consistent with the findings recently reported

by Quinn et al. [84]. In particular, smaller spherical granules permit high pack-

ing efficiencies and are readily consumed during recoating. Contrastingly, larger

granules are more likely to get pushed cross-platform into the system’s collection

chamber. Therefore, successive recycling and collection of powder granules follow-

ing completed AM builds increases the percentile volume of larger and agglomerated

powder particles in the feedstock [84]. When used in subsequent AM builds, the af-

fected powder will impede flow behaviour due to inter-particle friction during the

recoating process, lead to reduced packing efficiencies, and interact differently with

the laser-beam [80]. These factors may have contributed to the porosities and un-

melted particles which were observed in the Supplier 2 micrographs. Accordingly,

the importance of appropriate powder sieving and quality control techniques is evi-

dent, since these will influence the feedstock characteristics, and ultimately induce

microstructural defects in AM fabricated alloys. It is, however, noted that the feed-

stock quality may not be the sole responsible for the development of microstructural

defects, as the role of the wider (90◦) scan rotation angle has to be examined as well

(both separately and in conjunction with the powder quality). To that end, further

work is planned, to fully characterise the effect of alternative scan-strategies on the

microstructural integrity and anisotropy of MS300 parts fabricated with the EOS

machines.

X-ray CT-scans

The porosity level observed in the Supplier 2 samples mandated a more comprehen-

sive evaluation using X-ray CT-scans. The re-constructed scans are presented in
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Figure A.4, while Figure A.5 presents histograms of the pore size distribution for all

three build orientations examined in this study. The scans were performed on as-

built material surrounding the fractured surface to help identify if a coalescence of

pores led to crack initiation. While no evidence of this was found, there appears to

be independent porosity variation due to part orientation within the build volume.

The horizontal (0◦) sample displayed a lower relative density, and a much greater

proportion of larger pores when compared to the inclined (45◦) and vertically ori-

entated (90◦) samples. The results suggest that the achievable relative density is a

function of the powder’s quality, and the part’s build-platform projected area (i.e.

layer-wise cross-sectional area), since the horizontal layers had a significantly larger

build-platform projection and were therefore more likely to be affected by powder

packing deficiencies during recoating.

Although the horizontal (0◦) sample exhibited a comparatively large degree of poros-

ity, the relative density of the analysed volume of MS300 material remained higher

than 99.96% which verifies the alloy’s suitability for AM fabrication and welding [8–

10]. It is also of note that each of the samples displayed a populous dispersion of sub

‰40µm sized defects which is an anticipated finding for this, previously stressed,

material.

Mechanical properties

Tensile stress (σ) versus strain (ε) curves, Vickers hardness aging curves, and their

associated mechanical property values are presented in Figures A.6, A.7a, and Table

B.4 respectively. Significant anisotropy, and an appreciable supplier related variation

has been confirmed in both the as-built and aged MS300 stress-strain curves. In

particular, the largest and most obvious strength and ductility divergence can be

seen in the as-built inclined (45◦) specimens’ σ − ε curves. Although achieving

a 218MPa (22%) superior yield strength (Rp0.2), the sample fabricated with 67◦

laser scan rotation (Supplier 1) displayed an unusual σ versus ε trajectory. As

shown by the solid green curve in Figure A.6a, an uneven material response during
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(a) (b)

(c)

Figure A.4: Transparent X-ray CT reconstructions showing micro-pores in a volume of DMLS
as-built MS300 for build-orientations: (a) Horizontal (0◦); (b) Inclined (45◦); and (c) Vertical
(90◦).
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Figure A.5: Histograms of the pore size distribution in the as-built MS300 alloy which has been
fabricated in three AM build-orientations: Horizontal (0◦); Inclined (45◦); and Vertical (90◦).

plastic deformation culminated in failure at ≈ 57% less elongation (i.e. a reduction

of 9.1%) when compared to the Supplier 2 specimen (dashed green curve), which

had been fabricated with the 90◦ laser scan rotation. Remarkably, these samples

have comparable hardness values, which indicates that hardness measurements alone

can provide insufficient information for the assessment of the mechanical properties.

This also explains why similar observations have not been reported in the AMMS300

research literature to-date.

Both sets of as-built samples exhibited a reduction in modulus of elasticity (E) with

increasing build-orientation angle. This may be associated with the microstructural

pattern developed during build-up of AM layers, since higher E is achieved when the

loading direction is parallel to the build layers. AM’s distinct three-dimensional (3D)

microstructural pattern, visible in Figure A.3’s micrographs, is brought about by

the layer-wise deposition of powder and continuous re-melting/heating of material

beneath the melt-pool during build-up.

Overall, Supplier 1 specimens having been fabricated with a 67◦ layer-wise scan

rotation showed higher stiffness and greater strength consistency between build ori-

entations. However, as indicated by the aging and σ−ε curves, greater strength and
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(a) (b)

(c) (d)

Figure A.6: Stress (σ) versus strain (ε) curves comparing as-built and aged MS300 test-specimens
which have been fabricated on two EOS EOSINT M280 AM machines belonging and operated by
different users.

(a) (b)

Figure A.7: (a) Precipitation strengthening curves; and (b) Ratio of Hardness (H) to Yield
Strength for the as-built and heat-treated MS300 examined.
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Table A.3: Mechanical properties data retrieved from tensile and Vickers hardness testing of
MS300 produced by DMLS (Elasticity modulus (E); Poisson ratio (ν); Yield strength (Rp0.2);
Tensile strength (Rm); Elongation to fracture (At); Reduction in area (Z); and Vickers hardness
(HV)). EOS reference data [12] are shown with italics fonts.

Data
Heat- Orien- E ν Rp0.2 Rm At Z HV30kgf

Treatment tation [GPa] [MPa] [MPa] [%] [%] [kg/mm2]

E
O
S

EOS As-Built[12]
0◦ 160±25 - 1050±100 1100±100 10±4 - (310-360)
90◦ 150±20 - 1000±100 1100±100 10±4 - (310-360)a

EOS Aged[12] 0◦

180±20
-

1990±100 2050±100 4±2
-

(>513)6h @ 490◦C 90◦ - -

Su
pp

lie
r
1

As-Built
0◦ 161 0.24 1069 1174 15.7 56 382
45◦ 140 0.29 991 1144 6.8 56 327
90◦ 122 0.35 892 1057 13.8 62 375

4h @ 490◦C
0◦ 182 0.33 1961 2004 8.6 33 603
45◦ 185 0.31 1895 1963 8.0 28 595
90◦ 180 0.32 1875 1928 5.9 24 599

6h @ 490◦C
0◦ 178 0.40 1901 1958 5.9 19 602
45◦ 183 0.28 1925 1984 4.4 10 603
90◦ 178 0.28 1893 1958 6.1 22 599

8h @ 490◦C
0◦ 183 0.34 1969 2020 8.3 32 608
45◦ 184 0.29 1930 1993 7.8 29 606
90◦ 180 0.32 1912 1978 4.2 21 615

Su
pp

lie
r
2

As-Built
0◦ 150 0.34 1028 1172 12.9 43 369
45◦ 136 0.33 773 1053 15.9 60 329
90◦ 120 0.38 853 1035 15.1 60 328

4h @ 490◦C
0◦ 170 0.29 2006 2050 2.3 6 610
45◦ 175 0.27 1977 2047 4.4 12 620
90◦ 171 0.31 1929 1996 6.1 14 616

6h @ 490◦C
0◦ 174 0.30 2004 2070 2.9 7 626
45◦ 179 0.31 2004 2080 3.9 5 633
90◦ 172 0.34 1981 2047 6.2 21 631

8h @ 490◦C
0◦ 179 0.38 1998 2047 NAb 6 636
45◦ 178 0.31 2013 2069 3.4 12 635
90◦ 170 0.34 2005 2067 5.5 22 640

a Brackets indicate approximate hardness conversion numbers per Table 3,[110];
b Fracture occurred before end of yield was reached.
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hardness was achieved in the aged Supplier 2 specimens. The strength and hardness

of samples from each supplier continued to rise when the material was aged past the

EOS recommended 6h treatment duration. This strength and hardness ascension

was accompanied by a reduction in ductility. While in this brittle condition, Supplier

2 samples displayed comparatively erratic and reduced ductility behaviour to those

of Supplier 1. Correspondingly, this inferior ductility performance is attributed to

the combined consequences of matrix embrittlement due to coarsened precipitates,

and the presence of microstructural pores/un-melted particles, which jointly act as

sites for crack nucleation [9, 13, 21, 28, 31, 68, 111].

When comparing the experimental mechanical properties against the EOS published

data (Table B.4), both as-built vertical (90◦) parts underperformed in terms of elas-

ticity modulus (≈19% lower), and yield strength (≈13% lower). Upon aging, the al-

loy gained remarkable strength (>87% increase) and hardness (>75% increase), and

most mechanical property values fell within the EOS published confidence bands.

This MS300 reflection demonstrates the outstanding effectiveness of the precipitate

development towards obstructing and retarding the movement of dislocations in the

lattice, but also towards suppressing anisotropic material behaviour.

To compare the mechanical and anisotropic characteristics of samples from either

supplier, a relationship between hardness (H) and yield strength (Rp0.2), which is

based on similar empirical relationships used for other metals, was devised from the

available test data. In particular, the typical linear rule-of-thumb for a broad range

of metallic alloys given by Eq. A.2 [113] has been used.

H ≈ 3 ×Rp0.2 (A.2)

Where hardness (H), described as the indenter force divided by the projected area

of the indent (in MPa) is determined by Eq.3.

H = HV30 × 9.81m/s2 (A.3)
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Where HV30 represents the Vickers hardness value. The experimental relationships,

presented in Figure A.7b, demonstrate the extent of as-built stress anisotropy in the

DMLS alloy due to supplier variation and part orientation. The most prominent

discrepancies take place between as-built samples obtained from either supplier.

This supplier related anisotropy variation may be attributed to the alternative scan

strategies employed on either AM machine, and suggests that the scan rotation angle

has a significant effect on mechanical anisotropy. Following the application of the

aging heat-treatments, the degree of stress anisotropy is dramatically reduced by

the presence of hard second phase precipitate particles [114], and Equation A.2 is

satisfied. Nevertheless, the anisotropy developed during the fabrication process is

not fully abolished following aging.

Figure A.8: Plot of R-values versus build orientation angle, evaluated at 1.5% axial strain. The
trend patterns for individual specimens are displayed using local polynomial regression fitting.

Further evaluation of plastic anisotropy has been performed via the DIC obtained R-

value measurements, for which the obtained results are presented in Figure A.8. The

plot confirms (i) the existence of non-uniform transverse straining since Risotropic = 1;

and (ii) the variation of R-value between AM build orientation angles. Greater R-

value variation is observed in Supplier 1 as-built and aged specimens (solid lines)

which have been fabricated with the 67◦ laser-scan strategy. The harmonious and

significantly flatter trends observed in Supplier 2 specimens (dashed lines) indicate

a uniformity of plastic strain behaviour between build angles and suggests that a
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90◦ scan strategy provides a more homogeneous microstructure. Regardless of the

scan strategy, build orientation or heat treatment, all AM fabricated specimens

displayed R-values < 1 signifying greater thinning in specimen’s thickness direc-

tion whilst under tensile loading. This suggests the dominance of a systemic process

anisotropy which cannot be abolished simply by aging the AM fabricated alloy. This

inherent anisotropy stems from (i) the layer-wise deposition of powder; (ii) planar

movement of the heat-source; and (iii) uni-axial movement of the build platform

during fabrication. To abolish any fabrication manifested microstructural pattern-

ing it may therefore be necessary to perform a solubilization treatment step prior

to aging. This re-crystallisation step has been shown to homogenise the AM MS300

microstructure by replacing laser scan tracks and melt-pool solidification patterns

with slender packets of parallel lath martensite through moderation of the alloy’s

solidification cooling rates [9, 18, 27, 31]. However, such circumstances incur addi-

tional processing cost, complexity, and time, which subtracts from the overall AM

MS300 appeal.

Conclusions

The deficit of process knowledge concerning the factors which influence the mechan-

ical performance of AM metals is forestalling the technology’s widespread advance-

ment into the engineering arena, since components destined for use in demanding

engineering applications have rigid requirements and specifications, and a strict

precision is necessary for their manufacture. Accordingly, this research article inves-

tigates inconsistencies in the mechanical characteristics and plastic anisotropy levels

in identical EOSINT M280 fabricated MS300 test-coupons that have been supplied

by two AM facilities. Three build orientations (0◦,45◦, and 90◦) are investigated,

and the alloy’s performance has been monitored in the as-built and aged conditions

(4h, 6h and 8h at 490◦C). The important conclusions are summarized as follows:

1. Considerable microstructural dissimilarities affecting mechanical performance
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and anisotropy have been observed in as-built MS300 samples obtained from

alternative suppliers;

2. The AM laser scan strategy, and in particular the scan rotation angle be-

tween AM build layers, had a profound effect on the strength, ductility and

anisotropy (transverse strain behaviour) developed in the as-built alloy;

3. Microstructural porosities and un-fused powder particles observed in one group

of samples led to reduced plasticity and erratic fracture behaviours in aged

MS300 samples;

4. The AM component’s relative density is affected by unfavourable powder feed-

stock characteristics (size and morphology), and the part’s cross-sectional pro-

jection onto the build-platform;

5. Plastic anisotropy can be reduced significantly through application of a dislo-

cation hindering precipitation heat-treatment, however, a degree of transverse

strain anisotropy is likely to remain due to the AM material’s fabrication his-

tory.

108



Appendix B. Article 2

Plastic Anisotropy of Additively Manufactured Maraging
Steel: Influence of the Build Orientation and Heat

Treatments
Barry Mooneya, Kyriakos I. Kourousisa, Ramesh Raghavendrab

aSchool of Engineering, University of Limerick, Ireland, V94 T9PX
bSouth Eastern Applied Materials Research Centre (SEAM), Waterford Institute of Technology,

Ireland, X91 TX03

Abstract
This experimental study investigates the combined effect of the three primary Additive
Manufacturing (AM) build orientations (0◦, 45◦, and 90◦) and an extensive array of heat
treatment plans on the plastic anisotropy of maraging steel 300 (MS1) fabricated on the
EOSINT M280 Direct Metal Laser Sintering (DMLS) system. The alloy’s microstructure,
hardness, tensile properties and plastic strain behaviour have been examined for various
strengthening heat-treatment plans to assess the influence of the time and temperature
combinations on plastic anisotropy and mechanical properties (e.g. strength, ductility). A
comprehensive visual representation of the material’s overall mechanical properties, for all
three AM build orientations, against the various heat treatment plans is offered through
time - temperature contour maps. Considerable plastic anisotropy has been confirmed
in the as-built condition, which can be reduced by aging heat-treatment, as verified in
this study. However, it has identified that a degree of transverse strain anisotropy is
likely to remain due to the AM alloy’s fabrication history, a finding that has not been
previously reported in the literature. Moreover, the heat treatment plan (6h at 490◦C)
recommended by the DMLS system manufacturer has been found not to be the optimal in
terms of achieving high strength, hardness, ductility and low anisotropy for the MS1 ma-
terial. With the use of the comprehensive experimental data collected and analysed in this
study, and presented in the constructed contour maps, the alloy’s heat treatment parame-
ters (time, temperature) can be tailored to meet the desired strength/ductility/anisotropy
design requirements, either for research or part production purposes.

Keywords: additive manufacturing, 3D printing, maraging steel, anisotropy, heat
treatment, strength, ductility.
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Introduction

Structure-critical metallic components, produced by additive manufacturing (AM),

are expected to display a high degree of isotropy. The dependence of mechani-

cal properties on orientation, known as anisotropy, is a consequence of the metal’s

fabrication history which places limitations on the design of the part. Maraging

steels possess the mechanical properties which give them engineering significance

in applications where high-strength, toughness and ductility (at high-hardness),

and dimensional stability are required [1–3]. Based on the binary Fe-Ni primary

phase system, the highly-alloyed steel is strengthened by finely dispersed precipi-

tates, which block movement of dislocations/defects within the crystal lattice. The

dispersion of secondary phase alloying elements (Mo, Co, Ti and Al), mobilized

through a straightforward and relatively expeditious aging heat-treatment, leads to

an exceptional combination of strength and toughness [2, 6–8]. Maraging steel’s

low-carbon soft martensitic matrix is mostly free from interstitial alloying elements,

which rank it as an excellent candidate for synthesis by AM and welding [1, 8–10].

The 18Ni (300) grade1, or slight modifications thereof, has been used in AM, and

is retailed commercially in powder form under several aliases. The quality assured

MS1 is one such powder supplied by EOS [11]. This powder has been suitably

refined for EOS’s powder-bed AM systems and processing techniques, which have

retained the historical proprietary name Direct Metal Laser Sintering (DMLS). An-

other, commonly used, term for this process is Selective Laser Melting (SLM), since

the technique employs a high-powered laser-beam energy source to fully melt pow-

der particles into a high density, and chemically homogeneous composition. Driven

by computer aided design (CAD) data, the laser’s scanning strategies can be used

to achieve layer-wise growth of imaginative, and relatively unconstrained geometries

[11, 12].

1One of the four commercial maraging steel grades developed by Inco, where each grade was
optimised in terms of strength and toughness. The 300 designation represents the grade’s yield
strength in ksi units [39]
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It is the alloy’s outstanding properties and heat-treatment expediency in conjunction

with the AM process’s shaping efficiency that give DMLS produced maraging steel

300 such appeal. These factors allow for a much-accelerated fabrication route than

conventionally manufactured (CM) parts, and thus offsets the high acquisition cost

of the alloy, as well as the process costs. DMLS built maraging steel 300, however,

has a major drawback amongst its CM counterpart. The mechanical properties

are known to be anisotropic due to an inherent sensitivity with regards to how a

part is orientated within the AM build volume [12, 14, 15]. This anisotropy is

manifested through the fabrication process where large thermal gradients during

melt-pool solidification, combined with the layer-wise deposition of the powder,

planar movement of the heat source, and uniaxial movement of the build-plate,

make it difficult to homogenize the microstructure and mechanical properties of the

as-built metal. A mesostructure of fine solidification cells, unique to the powder

processing method and consequent to the powder granule melt dynamics, is coupled

with continuous re-melting/heating of material beneath the melt-pool during build-

up causes a distinct three-dimensional (3D) microstructural pattern to form. This

results in mechanical properties which vary with direction and causes the material to

exhibit anisotropic mechanical properties. Furthermore, the state of anisotropy can

be exacerbated by ancillary process defects, such as residual stresses, and porosity,

and a number researchers have investigated the effect of AM processing parameters

to improve the build quality of maraging steel 300 [16–18].

As indicated by EOS in the MS1 material data sheet (MDS) [12], the material

becomes isotropic following application of a specified aging heat-treatment (6h at

490◦C), however, the MDS is not sufficient to characterize the material performance

for engineering designs and products, since it covers only the primary build orienta-

tions (0◦, 90◦), and comes from a single source (EOS). The effectiveness of both the

AM fabrication and heat-treatment procedure can only be measured by the extent

to which the as-built and treated component behaves under mechanical loading,

yet very limited published research [19, 20] exists concerning the build orientation
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influence on mechanical behaviour of AM-produced maraging steel 300. Croccolo

et al. [20], who investigated the dependence of build orientation relative to the build

plane (0◦, 45◦, and 90◦) on the high-cycle fatigue life of EOS M280 produced MS1

specimens in the aged (6h at 490◦C) condition only, found no substantial differ-

ence on the fatigue properties. Recently, Monkova et al. [19] examined the tensile

properties of EOS MS1 fabricated at 0◦, 45◦, and 90◦, and contrary to the EOS

published MDS [12] they observed no significant orientation dependence in the ten-

sile stress-strain behaviour for as-built, solution heat-treated (1h at 820◦C), and

aged (6h at 490◦C) material. Other available test-data is mainly limited to static

testing (tensile, and/or hardness) of maraging steel 300 fabricated in one [3, 8, 9,

16, 21–26], or two [14, 18, 27–29] of the primary AM build orientations. The most

comprehensive of these studies in terms of the reported mechanical properties is [9],

which monitors the effect of an array of aging heat-treatments on the static proper-

ties of AM fabricated maraging steel 300. While the study presents a broad range

of hardness results, only very limited tensile properties are reported (i.e. for the as-

built and five other peak-aged heat-treatment conditions). Furthermore, only the

horizontal (0◦) build-orientation is considered. Authors Yin et al. [30] and Bai et al.

[31] and Mutua et al. [18] also present hardness and tensile data for horizontal spec-

imens tested under a narrow array of aging treatments. In these studies, however,

non-characteristic fluctuations/variations in the AM alloy’s elasticity and plasticity

behaviour can be observed. While explanations for these abnormalities are not as-

serted, they may indeed be introduced during the fabrication process and/or during

the material characterization process (e.g. due to the tensile test rates employed).

Nevertheless, these irregularities mandate a more comprehensive and detailed exper-

imental analysis of AM maraging steel 300 monotonic behaviour. So far, the effect of

aging heat-treatment on stress and strain anisotropy for this particular material has

not been previously addressed, and there have been no reported findings on strain

anisotropy for parts fabricated at various build orientations (i.e. 0◦, 45◦, and 90◦).

Moreover, the availability of tensile properties for AM fabricated maraging steel 300
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for the primary build orientations (0◦, and 90◦) is limited. Other significant work

has been performed to-date in characterizing the microstructure [25, 29, 31, 37,

117, 118], precipitation reactions [8, 42], and austenite reversion behaviours [9, 23,

37, 86] with several of these studies reporting similar microstructures in maraging

steel 300 having been produced on a range of AM machines under varying process

parameters.

Since it is necessary to consider the material’s multiaxial mechanical properties

during the process of mechanical component design, the lack of orientation depen-

dence data presents challenges for engineers when it comes to utilising the highly

advantageous AM technology for their engineering designs and products. In order

to address the aforementioned research literature gaps, in this work, we report a

comprehensive experimental analysis of maraging steel 300 mechanical properties

and plastic anisotropy behaviour. In doing so, we take into account both the effect

of three AM build-orientations (0◦, 45◦, and 90◦), as well as a large array of heat-

treatment plans (combinations of time, and temperature) to allow for a wide-scale

investigation of anisotropic variation, not previously conducted in the past for this

AM material. Plastic anisotropy describes an uneven response of the alloy’s plastic

properties (or flow-strain relationships) with respect to the AM build orientations,

and has been quantified in this investigation by the R-value parameter. R-value

is the ratio of true width-to-thickness plastic strains, and this parameters allows

an examination of the alloy’s tendency to strain non-uniformly by consequence of

the test-coupon’s build-orientation. The full mapping of AM fabricated maraging

steel 300 mechanical properties for all three build orientations, in conjunction with

their respective R-values has not previously been reported in the literature, and can

serve as a very practical tool for AM engineers and researchers wishing to tailor the

output of the EOS MS1. This novel experimental work is particularly focused on

providing a means of AM maraging steel 300 heat-treatment selection to meet indi-

vidual strength/ ductility/ anisotropy engineering design requirements, and intends

to act as a guide project for other AM manufactured metals exhibiting anisotropy.

113



APPENDIX B. ARTICLE 2

Material and methods

Material and AM process

Gas-atomized MS1 powder feedstock supplied by EOS was used. The chemical com-

position of the raw-material is shown in Table B.1, which corresponds to US clas-

sification 18 Maraging (300), German X3NiCoMoTi 18-9-5, and European 1.2709

[99]. In the same table, the results of the energy dispersive x-ray (EDX) analysis,

conducted with a Hitachi SU 70 Scanning Electron Microscope (SEM), for the main

comprising elements are also presented. The powder presented spherical particles

typically measuring under 50µm. The SEM morphology and particle size distribu-

tion, analysed using a Malvern Morphologi G3 particle analyser, are shown in Fig-

ures B.1a and B.1b respectfully. The observed median particle size was 36.69µm,

and had a standard deviation (SD) of 10.74µm. The median particle circularity

(deviation from a perfect circle, where perfect circularity = 1) was 0.956.

Table B.1: Chemical composition (%wt) of MS1, the 18Ni (300) grade maraging steel powder
supplied by EOS [12] with SEM-EDX analysis results for the main comprising elements (EDX
sampling area: ≈ 10µm2).

Ni Mo Co Ti Al Cr Si Mn C Fe
MS1 [12] 17-19 4.5-5.2 8.5-9.5 0.6-0.8 0.05-0.15 0-0.5 0-0.1 0-0.1 0-0.03 Bal.
SEM-EDX 18.14 5.67 8.94 0.87 - - - - - Bal.

(a) (b)

Figure B.1: (a) SEM morphology of the MS1 powder, and (b) powder particle size distribution
(circular equivalent diameter) with statistical details inset.
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A rectangular-shaped tensile test specimen, meeting the requirements of the ASTM

E8M standard [100], was selected to allow for both lateral and axial elastic and

plastic strain measurements whilst under tensile loading. The test specimen geom-

etry, dimensions and tolerances are shown in Figure B.2a. Test-specimens having a

uniform cross-section at gage, were fabricated at SEAM, IE using the EOS EOSINT

M280 system within an atmosphere of inert Nitrogen over the course of three consec-

utive AM builds. The M280 was equipped with 200W Ytterbium-fibre laser and was

fitted with the manufacturers recommended (for MS1) ceramic re-coater blade. To

investigate the influence of build orientation on property anisotropy, test-specimens

were fabricated in the Y-Z build plane at three angles (0◦ (horizontal), 45◦ (inclined),

and 90◦ (vertical)) between their longitudinal axis and the build platform, as shown

in Figure B.2b. A total of forty-eight (48) samples were fabricated (i.e. sixteen (16)

test-pieces for each AM orientation) from a virgin batch of MS1 feedstock over three

consecutive AM builds.

(a) (b)

Figure B.2: (a) Showing the finish-machined specimen geometry, and (b) the AM build volume
coordinate system and test-specimen build orientations.

As shown in Figure B.3, the AM build leaves visible ridges upon parts’ build surfaces

and a stair-stepped effect on 45◦ sloping surfaces which are indicative of the layered

fabrication process. High roughness at the surface can augment crack initiation thus

leading to pre-mature failure. Furthermore, these ridges hinder the accurate eval-

uation of gage width and thickness dimensions. Ductility calculations are sensitive

to the measurement of gage cross-sectional area, while the ASTM E8M standard
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exhorts that particular attention be given to the uniformity and quality of surface-

finish with regards high-strength specimens [100]. For these reasons, an additional

0.5mm of machinable material was added to each face prior to the AM-build. This

surplus material, which was later machined by single-cycle precision computer nu-

merically controlled (CNC) wire electrical discharge machining (EDM) profiling and

surface-grinding operations, had the extra benefit of safeguarding against potential

thermally induced distortion.

Figure B.3: DMLS fabricated samples of the 45◦ build orientation before detachment of the
support scaffold from the parts/build-platform. Detail A highlights the presence of distinct surface
ridges which are consequent to the layer-wise fabrication process.

The EOS M280 machine’s hardware was driven by the factory default, undisclosed,

and pre-optimized set of parameters ’MS1 Performance 2.0’ which has been de-

veloped by the manufacturer for this specific material and machine combination

[99]. EOS claims that their set of parameters (MS1 Performance 2.0 ) ensures re-

liable mechanical properties. This offers a defined part property profile bolstering

industry-level repeatability and quality [101]. A vertical support-scaffold connected

the under-side of each specimen to the manufacturer’s recommended building plat-

form (Steel 1.2083 36mm thick DirectBase TS36P) [99]. This structure played two

important roles during the elevated temperature production cycle - (a) it functioned

as a passive heat-sink during manufacturing; and (b) it reinforced the 45◦ inclined

116



APPENDIX B. ARTICLE 2

specimens against cross-platform re-coater forces and earthward gravitational forces.

As verified by the post-build inspection, the process had achieved sound metallur-

gical bonding between layers, with a uniform and characteristic ridged surface. The

parts were dimensionally accurate, however it is worth noting that a longitudinal

shrinkage distortion (bowing) in the AM build direction (Z), to the extent of ≤

0.1mm, was observed in several horizontal (0◦) specimens after their removal from

the build-plate. This shrinkage, which was rectified in the downstream machin-

ing operation, is understood to have been brought about by a build-up of thermal

stresses developed between the raw-material and base-plate metal during the heating

and cooling cycles over the opening number of layers.

The heat treatment (aging) was performed in a pre-heated Elite Thermal Systems

120 litre 6kW heavy duty-fan oven (air atmosphere) controlled by dual Eurotherm

3216 PID temperature controllers and cooled slowly in still air at ambient tempera-

ture (23◦C). The experimental heat-treatment plan is shown in Table B.2, where T

denotes tensile tests and H the Vickers hardness measurements performed for a set

of 0◦, 45◦, 90◦ specimens.

Table B.2: Showing the experimental heat-treatments applied to full-sets of test-specimens (i.e.
0◦, 45◦, 90◦), where the characters ’T’ and ’H’ symbolize a tensile, and/or Vickers Hardness
test-campaign.

Temperature Aging time [hours,h]
[◦C] 1h 2h 3h 4h 5h 6h 8h 10h 12h 15h 16h
460◦C - - - - H T,H T,H H T,H - H
490◦C - - H T,H H T,H T,H - H - -
525◦C - - H T,H H T,H T,H H - H -
540◦C - H - T,H H T,H T,H H - - -
600◦C T,H T,H H T,H H T,H H - - - -

The treatment temperature dictates the kinetics of phase separation in the alloy’s

matrix, and ultimately determines the population and size of precipitates which

form, thus, aging temperature has the most significant effect on precipitate size and

dispersion in maraging steels [4]. The EOS recommended heat-treatment temper-

ature of 490◦C allows a populous dispersion of hindering precipitates to form over

the stated 6h aging period. It is the interaction between dislocations and precipi-
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tates which determines the material’s strength and ductility. Prolonged holding at

temperatures below austenite start (As ≈ 560◦C) not only reduces the effectiveness

of dislocation hindrance but will eventually lead to a decomposition of martensite

by diffusion-controlled reactions to a stable blend of austenite and ferrite. Aging

at temperatures approaching As reduces the population of developing precipitate

particles and heightens the propensity for austenite reversion where its formation

can even precede precipitation. Higher aging temperatures are employed when good

toughness/ductility is sought, and to that end - the EOS M280 parameter sheet [97]

outlines an aging treatment of 6 hours at 525◦C(-600◦C). The experimental heat-

treatments (Table B.2) were therefore selected to confirm EOS recommendations; to

formulate a comprehensive evaluation of static mechanical properties; and to allow

for wide-scale investigation of the anisotropy variation.

Characterization

A Taylor Hobson Hommel Tester T500 surface profiler was used to measure the

roughness variation due to surface orientation within the build volume. For each

build orientation, the profiler’s stylus was traced along specimens’ loading axis using

an assessment length of 4.8mm. Two roughness parameters were utilised:

• Rz representing the mean roughness depth by calculating the average value of

the five highest peaks and five deepest valleys over the assessment length;

• Ra corresponding to the arithmetical mean surface roughness value of all pro-

file deviations over the assessment length.

Archimedes’ Principle density measurements, in compliance with ASTM B962-17

[102], were performed using a Sartorius Quintix laboratory balance (model 65-1S)

equipped with accessory YDK03 density determination kit.

Uniaxial tensile tests were conducted at ambient temperature in a calibrated Zwick/

Roell (Dartec) M1000/RK servo-hydraulic closed-loop testing machine equipped

with 100kN capacity load cell and fitted with ±100kN fatigue rated hydraulic wedge

118



APPENDIX B. ARTICLE 2

Figure B.4: Configuration of tensile test set-up including the 3D Digital Image Correlation (DIC)
apparatus which allowed concurrent determination of test-specimen width and axial strains (εw
and εl).

grips. The test routine followed strict adherence to the guidelines present in ASTM

E8M [100]. The test was initially controlled (via 9600 series controller) to the elas-

tic stressing rate of 10.34 MPa/s, using strain control from the extension feedback

channel (Epsilon model 3542-025M-050-ST). Upon detection of yield, the test-rate

maintained a constant plastic strain rate of 6.25 × 10−4/s controlled via the stroke

feedback channel. At the end of the yield (detected from either reaching a 5% in-

crease in stress, or an absolute strain limit of 2%), the test-velocity was commanded

by a third rate, the tensile strength (Rm) rate: 0.0068/s. This strain rate was

maintained to peak force, and through to failure.

Non-contact full-field strain and deformation was measured and analysed using La

Vision’s portable 3D Digital Image Correlation (DIC) apparatus. The apparatus

comprised of (i) two 12-bit Imager E-lite CCD-chipped cameras fitted with 35mm

lenses, (ii) two gated white light sources each containing twelve linear-configured

LEDs, (iii) a StrainMaster Controller and data-acquisition unit with integrated
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analogue-to-digital converter (A/D), and (iv) a dedicated PC complete with Strain

Master R© processing software. The experimental arrangement is shown in Figure

B.4. Each camera was focussed onto the measurement plane providing an overlap

region upon the specimen gage surface. The enclosed angle between cameras and

the working distance between each camera and the test-specimen was ≈20◦ and

≈350mm respectively. Using the stereoscopic camera system’s in-situ position, a

global 3D-coordinate system was derived by means of a precursory calibration step

involving a 3D two-level calibration target/plate. This included the generation of

a fit mapping function with the calibration plate from which the average deviation

of the dewarped calibration target positions to the ideal positions was lower than

0.3 pixel. This corresponds to an excellent fit, and an appropriate basis for the pro-

ceeding full-field 3D strain-measurement evaluations [107]. A high-contrast acrylic

paint dark ’speckle’ pattern (dark black speckles on a bright white background) was

applied to the area of interest (i.e. the specimens’ gage surface). Special attention

was given to achieving a relatively fine pattern scale (for higher spatial resolution)

with a non-repeating isotropic distribution. In this study, each subset (or "window")

had an area of 37 pixels2, which translated to approx. 1.75mm2. The goal of the

speckle is to provide each subset with a unique signature pixel arrangement from

which the displacement pattern can be tracked in 3D space with micron accuracy by

the StrainMaster software’s pattern matching algorithm [106]. A sequence of images

was captured during each tensile test (i.e. from zero applied load to fracture) at

a periodic rate of 5Hz. A displacement vector corresponding to each subset was

calculated by the StrainMaster least squares matching algorithm from a reference

(un-deformed) image. The basic result of the DIC analysis was a full-field 3D dis-

placement measurement evaluation containing thousands of measurement points. In

accordance with ASTM test methods E132-04 and E517-18 [108, 109], Poisson (ν)

and plastic strain ratios (R-values) have been evaluated using DIC data. In turn, the

individual test-specimen R-values (R0, R45, and R90), are unified by the parameter

∆R which is used to quantify planar anisotropy (i.e. in the AM Y-Z plane) by Eq.
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B.1.

∆R = 1
2(R0 − 2R45 +R90) (B.1)

Metallographic samples were sectioned and mounted with Buehler Ltd. PhenoCure

compression mounting compound, and standard finishing steps applied - includ-

ing polishing with oil based monocrystalline diamond suspension (6µm and 1 µm),

MetaDi from Buehler Ltd.. Modified Fry’s reagent was used to reveal the microstruc-

ture which was observed via an Olympus BX60 Optical light microscope, and Hitachi

SU 70 Scanning Electron Microscope equipped with an Oxford Instruments EDX

attachment for analysis of the comprising chemical elements.

The progress of the aging heat-treatment was evaluated using a calibrated Zwick

ZHV Vickers macro-hardness tester and verified with a standard test block to the

requirements of ASTM E92-92 [104]. Samples were sectioned, mounted, and pol-

ished, then subjected to a 30kg test force which was applied parallel to the AM

material’s tensile loading axis (i.e. perpendicular to the sectioned plane). At least

20 hardness measurements were performed on each test specimen, and the results

and test statistics were computed using the R statistical software package [105].

The material’s crystal structures were qualitatively analysed (for selective heat-

treatments) via a PANalytical Empyrean Pro multipurpose X-ray diffractometer

(XRD) using Cu Kα radiation. Crystallographic phase identification was achieved

using HighScore Plus software.

Results and discussion

Surface roughness and density analysis

The as-built and machined surface roughness, along with density (ρ) measurements,

are presented in Table B.3. The EOS quoted density of 8.0-8.1 g/cm3, and roughness

parameters for as-built horizontal up-facing or vertical (90◦) surfaces produced with

40µm layer-thickness (Rz = 28µm and Ra = 5µm) are in general agreement with
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the presented results. The measurements imply that part density is not influenced by

AM build orientation. Regarding chemical composition - there was close agreement

between SEM-EDX and the published values [12] for MS1 as shown in Table B.1.

Table B.3: Axial surface roughness and density measurements (ASTM B962) for the as-built
Horizontal (0◦), Inclined (45◦), and Vertical (90◦) MS1 specimens.

Build Orientation
0◦ 45◦ 90◦ Machined

Rz (µm) 29.21 16.17 21.69 0.47
Ra (µm) 6.63 3.04 4.2 0.09
ρ (g/cm3) 8.051 8.050 8.049 NA

As-built microstructure

A schematic representation of the laser scan strategy pertaining to the manufac-

turer’s recommended set of parameters (MS1 Performance 2.0 ) is shown in Figure

B.5. This set of parameters prescribed uni-direction line-scans with a laser hatch-

spacing of 110µm. The hatch-spacing and line-scan direction remained constant

within each AM layer where each line-scan was segmented into stripe divisions of

approximately 0.3mm - 0.6mm, presumably to prevent excessive localized heat build-

up during fabrication. The scan-direction was rotated by 67◦ for each consecutive

40µm-thick layer in an effort to homogenize the microstructure. The outcome is a

practically fully dense part, with strong inter-layer and intra-layer metallic bonding.

No significant process defects in the form of porosity or un-melted powder particles

were observed in the microstructures. It is understood that the absence of defects

is largely due to the powder characteristics, since an abundance of small spherical

granules in the virgin feedstock augmented flow-ability and allowed maximum space

occupancy during re-coating upon previously distributed layers.

Figure B.6 presents optical macrographs, and as-built SEM micrographs for each

build-orientation. The AM characteristic laser melt tracks are apparent at low mag-

nification in Figures B.6a, B.6b, and B.6c. The typical as-built horizontal maraging

steel 300 macrostructure (Figure B.6a) has a complect appearance, with bundled
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Figure B.5: Schematic representation of the DMLS laser scan strategy which has been inferred
from microstructural observations. Each layer’s uni-directional line-scan was divided into short
stripes of length 0.3-0.6mm to prevent excessive localized heating.

interconnections of fan-shaped solidification cells between molten lines. The moder-

ately sized melt-pool widths (45 - 70µm), and depths (35 - 55µm) are reflective of the

applied laser energy input (< 200W ). The observed melt-pool width is indicative

of a laser focus diameter of ≈ 60µm, while the measured melt-pool depth is typical

for this powder layer-thickness (40µm). Larger laser focus-diameters (100µm) have

been used with higher capacity AM platforms (laser power: 285W) administering

equivalent layer-thickness [37]. By contrast to the horizontal cross-section, the 67◦

rotation of laser scan angle (between the sectioned and preceding layers) is clear on

the vertical cross-section (Figure B.6c).

As observed in the high-magnification SEM images (Figures B.6d, B.6e, and B.6f),

the AM laser scanning algorithm gives rise to various cellular morphologies including

fine, coarse, and dendrite cell formations (highlighted on the images by dotted lines).

The evolution mechanisms of these growth formations relate to the melt-region ther-

mal flux direction which changes for successive layers and is theoretically explained

in a recent study by Tan et al [37]. Assisted by rapid cooling rates (circa 103 to 108

K.s−1), these very fine cellular formations orientate themselves concurrent with the

direction of heat flow/removal [25, 28, 29, 31, 42, 86]. Interestingly, other research

[29, 67] has failed to identify any dominant crystallographic or fibre texture with a

preferred grain growth orientation from the AM processed alloy. This suggests that
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(a) (b) (c)

(d) (e) (f)

Figure B.6: Representative low magnification (optical) and high magnification as-built (SEM)
cross-section images of the MS1 macrostructure/microstructure for three-build orientations: (a)
and (d) horizontal (0◦); (b) and (e) inclined (45◦); and (c) and (f) vertical (90◦). The optical
images reveal melt-pool solidification patterns, whilst SEM reveals a mesostructure of circular and
dendrite cells exhibiting retained austenite at cellular boundaries.

maraging steel 300 may be less susceptible to texture-generated anisotropy than

other AM fabricated materials (see [58, 60, 62, 119]) which exhibit strong crystal-

lographic preferred orientation. The SEM observed cellular morphology is believed

to be a major contributor to the strength difference between AM as-built versus the

solution-annealed conventionally produced alloy, which in-contrast does not display

retained austenite in its microstructure, and exhibits random parent grains, each

containing coarse and disordered packets of parallel lath-martensite [3, 8, 18, 86,

87]. Retained austenite is easily distinguishable in the high magnification images

(Figures B.6d, B.6e, and B.6f) as the bright-colour phase which aggregates at cell

boundaries. It occurs when the material cools rapidly from austenite finish (Af ) to

ambient temperature, essentially freezing in place solute-rich austenite leaving it un-

transformed, whereas solute depleted austenite transforms into martensite. Accord-

ingly, the importance of appropriate processing variables is evident since these will

govern the volume of retained austenite in microstructure, and ultimately the part

performance. To-date, however, no studies have quantified the effect of as-built (re-
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tained) austenite on the post-heat-treated mechanical properties of AM-fabricated

maraging steel 300.

Aged microstructure

Micrographs of the aged alloy, and their corresponding XRD spectra are presented

in Figures B.7, and B.8, to demonstrate the effect of aging temperature on the

reversion of metastable bcc martensite phase (Fe-α) to fcc austenite (Fe-γ). The re-

version occurs during extended isothermal aging at temperatures which support the

dissolution of first-stage metastable Ni3Mo and Ni3Ti precipitates (T > 450◦C).

These phases are later replaced with Fe2Mo and/or Fe7Mo6 during a second stage

development [28, 42][4]. As these new phases nucleate and grow they deplete the

matrix of iron, further enhancing the Ni concentration, thus augmenting austenite

reversion [5][4]. At higher temperatures these nucleation sites quickly saturate by

diffusion of solute elements from the surrounding lattice. This effect combined with

early onset of precipitate coarsening (overaging), causes a reduction in the alloys

strength capabilities, i.e. a softening behaviour. Lower temperatures control/extend

precipitate nucleation and growth, suppress austenite reversion, and allow a popu-

lous dispersion of small precipitates [4]. However, it takes considerably longer aging

times for these precipitates to reach a stage where dislocation bowing is optimized,

corresponding to a given temperature’s peak-strength. The milder aging cycle of 6h

at 460◦C presents a microstructure (Figure B.7a) comparable in appearance to that

of the as-built metal (Figures B.6d, B.6e and B.6f). Moreover, there is no noticeable

phase change observed in the XRD spectra of as-built and 6h at 460◦C treatments.

As observed in Figure B.7, the austenite phase develops markedly at temperatures

upwards of 490◦C, where the bright cellular boundaries loose definition, and the

volume fraction of the austenite phase readily increases. This is also reflected in the

X-ray diffraction data (Figure B.8) where the intensities of Fe-α peaks reduce, and

Fe-γ peaks increase with greater aging temperatures.
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(a) (b) (c) (d) (e)

Figure B.7: SEM micrographs of AM maraging steel 300 aged for 6 hours at various temperatures
(460, 490, 525, 540, 600◦C) showing a reversion of austenite at solute rich cell boundaries with
increased temperature.

Figure B.8: XRD spectra for DMLS MS1 as a function of aging temperature. The Fe-α and
Fe-γ diffraction positions are highlighted on the plot.

Mechanical Properties

Vickers hardness aging curves, and a selection of uni-axial Stress (σ) versus Strain

(ε) curves are presented in Figures B.9, and B.10 respectively. Their associated

mechanical property values are listed in Table B.4. The data convey the extent

of mechanical property variation across the as-built build-orientations, and the ex-

amined heat-treatments. Despite the seeming closeness among the as-built strength

and hardness values, an unusual ductility behaviour occurred in the 45◦ inclined ori-

entation’s stress versus strain curve (Figure B.10). In particular, a faster reduction

in strength is observed, leading to failure at ≈ 50% less elongation when compared

to the other build-orientations. Furthermore, the as-built elastic properties of Elas-
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ticity Modulus (E) and Poisson ratio (ν) display an inverse relationship with respect

to build-orientation. This may be attributed to the alloy’s fabrication route.

When analysing the effect of heat-treatment on mechanical anisotropy, Table B.4

data indicate that hardness measurements alone are the least effective method to

reveal and quantify mechanical anisotropy and helps to explain why similar obser-

vations have not been presented in the research literature to-date. A relationship

between hardness (H) and yield strength (Rp0.2) was devised from the available data,

based on similar empirical relationships used for other metals. In particular, the typ-

ical linear rule-of-thumb for a broad range of metallic alloys given by Eq. B.2 [113]

has been used.

H ≈ 3 ×Rp0.2 (B.2)

Eq. B.2 holds true except in the cases of the as-built and severely overaged material

(e.g. samples aged at 600◦C). Moreover, the hardness (H), described as the indenter

force divided by the projected area of the indent (in MPa) is given by Eq.3.

H = HV30 × 9.81m/s2 (B.3)

Where HV30 is the Vickers hardness value. The bar-chart (Figure B.11) reinforces

prior anisotropy observations for the as-built and aged alloy across the range of

experimental treatments and suggests that a certain anisotropy remains following

aging.

As shown for the hardness measurements in Figure B.9, even for the low aging

temperature (460◦C) the greatest percentage of the treatment’s peak hardness is

obtained within the early stages of aging (during underaging). The rate of early-

stage hardening is due the populous development of small and coherent first-stage

precipitates which shear the passing dislocations [4]. This lower temperature some-

what regulates early-precipitation diffusion kinetics allowing particles to grow by

a greater extent before overaging dominates. For this reason, the greater popula-

tion of particles at lower treatment temperatures provides an enhanced strength-
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Table B.4: Mechanical properties data retrieved from tensile and Vickers hardness testing of
MS1 produced by DMLS (Elasticity modulus (E); Poisson ratio (ν); Yield strength (Rp0.2); Tensile
strength (Rm); Elongation to fracture (At); Reduction in area (Z); and Vickers hardness (HV)).
EOS reference data [12] are shown with italics fonts.

Heat- Orien- E ν Rp0.2 Rm At Z HV30kgf

Treatment tation [Gpa] [MPa] [MPa] [%] [%] [kg/mm2]

EOS As-Built[12]
0◦ 160±25 - 1050±100 1100±100 10±4 - (310-360)
90◦ 150±20 - 1000±100 1100±100 10±4 - (310-360)

EOS Aged[12] 0◦

180±20
-

1990±100 2050±100 4±2
-

(>513)6h @ 490◦C 90◦ - -

As-Built
0◦ 161 0.24 1069 1174 15.7 56 382
45◦ 140 0.29 991 1144 6.8 56 327
90◦ 122 0.35 892 1057 13.8 62 375

6h @ 460◦C
0◦ 182 0.31 1908 1971 6.5 22 594
45◦ 183 0.30 1850 1939 6.2 18 593
90◦ 170 0.33 1803 1907 7.0 19 591

8h @ 460◦C
0◦ 178 0.33 1951 2006 7.4 24 602
45◦ 178 0.29 1907 1987 7.4 20 590
90◦ 171 0.30 1849 1939 6.9 23 603

12h @ 460◦C
0◦ 177 0.34 1979 2032 6.6 22 610
45◦ 180 0.31 1941 2022 6.0 21 607
90◦ 171 0.32 1888 1965 5.6 19 610

4h @ 490◦C
0◦ 182 0.33 1961 2004 8.6 33 603
45◦ 185 0.31 1895 1963 8.0 28 595
90◦ 180 0.32 1875 1928 5.9 24 599

6h @ 490◦C
0◦ 178 0.40 1901 1958 5.9 19 602
45◦ 183 0.28 1925 1984 4.4 10 603
90◦ 178 0.28 1893 1958 6.1 22 599

8h @ 490◦C
0◦ 183 0.34 1969 2020 8.3 32 608
45◦ 184 0.29 1930 1993 7.8 29 606
90◦ 180 0.32 1912 1978 4.2 21 615

4h @ 525◦C
0◦ 189 0.33 1811 1882 5.82 35 570
45◦ 185 0.29 1811 1878 5.38 30 568
90◦ 180 0.3 1797 1885 7.97 23 578

6h @ 525◦C
0◦ 181 0.34 1768 1844 10.4 32 560
45◦ 175 0.32 1747 1818 6.9 29 560
90◦ 176 0.31 1741 1816 8.5 31 554

8h @ 525◦C
0◦ 179 0.34 1729 1811 10.5 36 552
45◦ 181 0.31 1714 1802 9.9 33 558
90◦ 181 0.32 1723 1816 10.1 30 557

4h @ 540◦C
0◦ 181 0.34 1700 1769 10.4 37 543
45◦ 183 0.32 1697 1778 10.2 38 550
90◦ 169 0.30 1656 1744 9.3 33 554

6h @ 540◦C
0◦ 182 0.26 1661 1736 12.4 38 536
45◦ 177 0.29 1666 1746 6.7 19 542
90◦ 182 0.31 1640 1724 10.5 31 536

8h @ 540◦C
0◦ 182 0.31 1625 1701 11.2 41 525
45◦ 177 0.29 1620 1705 11.5 37 534
90◦ 174 0.31 1579 1666 10.8 33 531

2h @ 600◦C
0◦ 173 0.32 1326 1440 17.1 49 458
45◦ 174 0.29 1312 1425 16.5 53 457
90◦ 166 0.29 1290 1405 15.5 51 457

4h @ 600◦C
0◦ 169 0.31 1267 1387 17.2 49 447
45◦ 167 0.27 1263 1382 16.7 49 447
90◦ 164 0.30 1253 1368 16.0 49 442

6h @ 600◦C
0◦ 166 0.33 1214 1338 17.6 50 430
45◦ 173 0.26 1211 1335 17.7 50 432
90◦ 157 0.33 1172 1303 14.5 54 432
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Figure B.9: Precipitation strengthening curves demonstrating the effect of heat-treatment time
and temperature parameters on the attainable hardness and anisotropy of AM MS1.

ening effect, however, as previously mentioned, the time taken to achieve peak

strength/hardness increases alongside. Despite the narrow temperature window,

and harmonious strengthening-relationship between 460◦C and 490◦C, it takes 4h

longer for the former to reach its peak-hardness condition.

As indicated in Table B.4, the obtained as-built and aged (6h at 490◦C) mechan-

ical properties agree with EOS published figures with exceptions for the as-built

90◦ elasticity modulus and yield-strength experimental values which under-perform

slightly. As-built test-specimens displayed the largest hardness variation. The mean

and standard deviation (SD) with respect to the build orientations was 362HV

and 25HV in that order. This relatively large variation was reflected across the

full range of as-built mechanical properties, for example: the mean and SD yield

strength (Rp0.2), and total elongation (At), were 984MPa (with SD = 89MPa)

and 12% (with SD = 4.7%) respectfully. Higher recorded hardness values were ob-

served jointly in specimens aged at 460◦C for 12h; and 490◦C for 8h which measured

609HV (with SD = 4HV), and 609HV (with SD = 5HV) respectively. Highest yield

strength was 1936MPa (with SD = 46MPa) and tensile strength was 2006MPa (with

SD = 36MPa) for the specimens aged at 460◦C for 12h, but there was little mechan-
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Figure B.10: Excerpt of σ-ε curves obtained from the as-built and aged (at 6h) test-specimens.

ical property difference between the 12h at 460◦C and 8h at 490◦C heat-treatments.

These optimal strength values were accompanied by a sharp reduction in ductility,

evaluated at 5-6% on average.

The aging and stress (σ) - strain (ε) curves show clear evidence of overaging when

temperatures exceed 490◦C, most noticeably at 600◦C where the alloy is heated into

the austenite phase transformation zone. This observed loss of hardness/strength is

based on Orowan’s mechanism of dispersion hardening, where passing dislocations

loop around larger and more dispersed stage-two Fe2Mo and/or Fe7Mo6 precipi-

tates [63, 112]. The effectiveness of dislocation hindrance in the overaged specimens

is much reduced due to the combined loss of precipitate-lattice coherency, and the

increasing sparsity of these blocking particles. Overaged specimens also display in-

creased strain-hardening, corresponding to the wider dispersion of particles whereby

the build-up of subsequent gliding dislocation loops heighten the degree of back-
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Figure B.11: Ratio of Hardness (H) to Yield Strength for the as-built and heat-treated MS1
examined.

stress in the lattice. These overaged AM MS1 properties, not previously reported,

may be useful to AM practitioners when good toughness is sought, as indicated by

the area under the σ versus ε curves.

Further evaluation of plastic anisotropy has been performed via the DIC obtained

R-value measurements. The R-value is defined as the true width-to-thickness strain,

given by Eq. B.4.

R value = εw
εt

(B.4)

The obtained results are shown in Figure B.12, which highlight (i) non-uniform

transverse straining since Risotropic = 1; and (ii) R-value variation between AM

build orientation angles. As with the mechanical properties, a significant reduc-

tion in plastic strain anisotropy was observed following the application of aging

heat-treatments. The precipitation of nanometric dislocation hindering precipitate

particles is exclusively responsible hence. The test-specimens, regardless of their

build orientation and heat treatment, consistently displayed a ratio of true width-

to-thickness strains (R-values) below unity (< 1) within the alloy’s elastic-plastic

regime. While these harmonious trends indicate that the plastic-strain behaviour

is more-or-less uniform in the Y-Z build plane, they signify greater thinning in

specimens’ thickness direction, and suggest that the 67◦ laser scan rotation be-
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tween layers, and subsequent aging heat-treatment, are not sufficient to suppress

anisotropic transverse strain behaviour. Depending on the engineering application,

it may therefore be necessary to perform a solubilization treatment step prior to

aging which could abolish any fabrication manifested microstructural patterning,

achieve a derivative stress relaxation, ensure the dissolution of detrimental phases,

and ultimately homogenise the microstructure. However, such circumstances incur

additional processing cost, complexity and time, which subtracts from the overall

AM maraging steel 300 appeal.

Figure B.12: Plot of R-values versus build orientation angle, evaluated at 1.5% axial strain.
The trend patterns for this selection of representative heat-treatments are displayed using local
polynomial regression fitting.

The experimental findings indicate that the AM induced anisotropy cannot be elim-

inated through application of the 6h at 490◦C heat-treatment. Furthermore, this

heat-treatment plan is not optimal for the alloy’s strength, ductility, hardness, or

anisotropy. To address this issue, mean mechanical property values (with respect

to the build orientations) from the complete set of experimental results (as out-

lined in Table B.2) have been used to construct contour surface plots. In particular,

bi-variate interpolation of x (aging time), y (aging temperature), and z (response

variables: Rp0.2, Rm, At, HV, and ∆R-values (Eq. B.1) components has been ap-

plied to represent a smooth surface of z values at selected points distributed in the

x-y plane using the R statistical software package [105, 115]. These plots (shown
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in Figure B.13), may act as a guide for selection of tailored heat-treatments, when

specific mechanical properties and anisotropy limits are required for an AM part.

(a) (b)

(c) (d)

(e)

Figure B.13: Interpolated smooth surface contour plots of experimentally determined (marked)
AM MS1 properties (a) Yield strength (Rp0.2); (b) Tensile strength (Rm); (c) Total % Elongation
(At); (d) Vickers hardness (HV); and (e) Planar anisotropy (∆R) evaluated at 1.5% axial strain.

Figure B.13 clearly communicates that the chosen aging parameters correspond to

significantly different achievable mechanical properties in DMLS MS1. Remark-

able strength and hardness can be installed by underaging the alloy between 460-

525◦C (see Figures B.13a, B.13b, and B.13d), however, ductility (and toughness)
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are markedly reduced in this condition (see Figure B.13c). When increased ductil-

ity is sought, the alloy can be aged at temperatures above 525◦C, though a loss of

strength and hardness can be expected as overaging and austenite reversion rapidly

take hold. The ∆R contour plot for R-values evaluated at 1.5% axial strain is shown

in Figure B.13e. ∆R, calculated using Equation B.1, represents an overall measure

of the variation of R-value in the Y-Z build plane (planar anisotropy) where for an

isotropic material: ∆R = 0. For AM materials, non-zero values of ∆R could be an

indicator of preferred texture / alignment of the micro-structure due to the laser

scanning pattern (especially in the distribution of second phases such as inclusions)

/ the presence of residual stresses [114]. The contour plot highlights that the range

of ∆R variation is low across all treatments (<0.25 at 1.5% axial strain). Planar

anisotropy is minimised in the underaged to peak-aged condition. The hypothesis

is that the populous presence of small precipitates effectively conceals non-uniform

transverse straining by blocking gliding dislocations in this stiff and brittle condi-

tion. Comparatively, a greater degree of planar anisotropy can be observed in the

overaged and austenitized material, where a lattice with fewer blocking obstacles,

and a higher volume fraction of ductile Fe-γ, sees ∆R deviate from zero.

Conclusions

As AM technology continues to mature, more is expected of the functional parts pro-

duced, with special attention towards achieving metallurgical soundness by tackling

the factors which influence mechanical performance. This study has investigated

the effect of three AM build-orientations (0◦,45◦, and 90◦) on the as-built plastic

anisotropy of maraging steel 300 (MS1) parts, fabricated on the commercially avail-

able EOS EOSINT M280 machine. This high-strength alloy’s performance has been

monitored through an array of strengthening heat-treatment plans to identify the

combinations of time and temperature which can diminish anisotropy. In doing

so, a broad collection of mechanical properties, material characteristics, and plas-

tic anisotropy levels for additively manufactured standard test-specimens have been
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evaluated and discussed in this novel experimental investigation. The important

conclusions are summarized as follows:

1. Considerable anisotropy has been confirmed in as-built MS1;

2. Plastic anisotropy can be diminished significantly through aging heat-treatment,

however, a degree of transverse strain anisotropy is likely to remain due to the

AM material’s fabrication history;

3. The 6h at 490◦C heat treatment plan is not optimal in terms of strength, hard-

ness, ductility and anisotropy properties for the DMLS MS1. A proposition

of 8h at 490◦C is offered where optimal design strength (Rp0.2 >1900 MPa) is

sought, whereas the 8h at 525◦C aging plan offers a good isotropic compromise

between design strength (Rp0.2 >1700 MPa), and ductility (At ≈ 10%);

4. Heat-treatment parameters can be tailored to meet strength/ ductility/ anisotropy

design requirements by using the obtained mechanical properties contour maps;

5. The as-built and overaged specimens showed higher levels of planar anisotropy

compared to that of the underaged and peak-aged condition;

6. Hardness measurements alone are not effective towards quantifying anisotropy

in DMLS maraging steel 300.
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