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1 Preface

This report is a DIVALIITO project document for Performance and quality assurance of digital
spare parts work package focusing on AM materials and post-processing steps needed, the
properties of additively manufactured spare parts and the development of quality assurance
procedures. In this report, the traditional heat treatment procedures and specifications for
typical AM alloys are documented and the literature for heat treatment of AM alloys is briefly
reviewed.

Espoo, July 2020

Tuomas Riipinen

2 General information

In order to better understand materials and material selection in the context of Additive
Manufacturing (AM) and especially Laser Powder Bed Fusion (L-PBF), several essential
process, material and quality related topics are explained briefly below. In L-PBF process the
quality of the printed part is affected by the process parameters, powder properties, building
process and the post processing steps. The process parameters include laser parameters,
energy input and scanning strategy. The building process related properties include the
consistency of the recoated powder layer, build chamber atmosphere, gas flow properties and
platform heating. Powder properties comprise of chemical composition, particle size
distribution, morphology, flowability, optical and thermal properties. The post-processing steps
typically related to printed parts are heat treatment, part removal, machining and surface
treatments.

In general, it is advisable to use feedstock powders that are tailored for AM and have
undergone a quality control procedure to ensure the critical powder properties are within
acceptable limits. Every L-PBF machine is unique and will produce a slightly different result
compared even to other machines of similar model. Each machine manufacturer typically has
a set of recommended process parameters for each material they support. The process
parameters are designed to be robust enough to ensure good quality (low porosity and good
geometric accuracy) despite the inevitable variability caused by the feedstock and building
process. The layer-by-layer powder melting process creates microstructures unique to the L-
PBF process that are hard to predict and the formed microstructure ultimately determines the
mechanical properties of the material. The high temperature gradients during the
manufacturing process create high internal stresses in the printed parts, the severity of which
depends on parts size, material and process parameters. Due to this reason, L-PBF parts are
typically stress relieved while still attached to the platform to avoid plastic deformation and
cracking when the parts are removed. The microstructure of L-PBF parts is anisotropic, which
should be considered when designing the part nesting and orientation. No matter how well all
the different parameters are fine tuned there will always be some amount of defects in the
printed parts. For non-critical parts that do not need to withstand high static or cyclic loads,
higher defect density can be tolerated. However if the part is used in an application where
fatigue properties are critical, very small amount of defects with specific size limitations can be
accepted in the finished product. Surface roughness also influences the mechanical properties,
which should be considered during the design phase.

Physical properties such as thermal, electrical and optical properties are similar between
traditionally and additively manufactured as long the chemical compositions do not differ
significantly. Direct comparison between AM and other manufacturing methods is not



RESEARCH REPORT VTT-R-00899-20
4 (33)

straightforward in case of post processing. The purpose of heat treatments is to produce a
microstructure in a manufactured part that provides certain material properties required for a
given application. Therefore, the heat treatment parameters such as temperature, hold time
and cooling rate are modified to tailor the mechanical properties of an alloy to suit specific
needs.

This report is structured in a way that provides a general overview of the L-PBF alloys, the
typical heat treatment practices used in industry for wrought / cast parts and the heat treatment
specifications for L-PBF parts found in published AM standards. The effect of different heat
treatment procedures on the microstructure and mechanical properties of each alloy based on
published research articles are briefly reviewed. In addition, the mechanical properties of L-
PBF manufactured alloys are reported based on information found in machine manufacturer’s
material data sheets.

3 Steels

3.1 316L

316L is an austenitic molybdenum alloyed stainless steel grade that has a lower carbon content
(max. 0.030 %) compared to 316 to prevent grain boundary carbide precipitation
(sensitization). 316L is the alloy designation given by SAE International and the comparable
material designations based on European and American standards are EN 1.4404, EN 1.4432
and EN 1.4435 and UNS S31603 respectively. The face-centered cubic (FCC) austenitic
structure is obtained by addition of austenitizing elements such as nickel, manganese and
nitrogen. The austenitic structure provides stability at low and at relatively high temperatures
and is non-magnetic. Austenitic stainless steel grades form a passive film in the presence of
oxygen at low temperatures that protects it in corrosive environments. The stability of this
passive layer depends on the environment, and it is important to choose the material correctly.

The nominal material composition for the 316L is shown in Table 1 (UNS S31603), where
single values indicate maximum values. Chromium is an essential element in forming a passive
film that protects steel in corrosive environments. Chromium content between 17 and 20 %
improves the stability of the passive film and although increased chromium content would
increase the corrosion resistance, it may adversely affect the mechanical properties of the
alloy. Molybdenum combined with chromium is effective in stabilizing the passive film in the
presence of chlorides. [1] It also helps prevent the initiation of pitting and crevice corrosion.
Nickel stabilizes the austenitic structure and greatly enhances the mechanical properties.
Nickel additions of above 10 % improves the resistance to stress-corrosion cracking. Nickel
also improves the corrosion resistance in mineral acids. Manganese has similar attributes as
nickel in moderate quantities. Manganese forms sulfides that are beneficial for improving
pitting corrosion resistance. [1]

316L is resistant to intergranular corrosion at a wide temperature range but prolonged
exposures to high temperatures (650 to 870°C) is not recommended due to formation of σ-
phase [2]. Tensile and yield strength of 316L can be improved by adding Nitrogen as alloying
element and this grade is designated as 316LN.
Table 1. Nominal chemical composition for the low carbon grade 316L austenitic stainless
steel. [1]

Element C Mn Si Cr Ni P S Mo
wt% 0.03 2.00 1.00 16-18 10-14 0.045 0.03 2-3
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Austenitic stainless steels cannot be hardened by heat treatment and are typically delivered in
annealed or cold-worked state, but also stress relieving is sometimes used. The material strain
hardens upon cold work and increasing the amount of cold work (% reduction) results in higher
yield- and tensile strengths while the ductility decreases. After severe plastic deformation the
material should be annealed to restore ductility. Other function of annealing is to dissolve the
chromium carbides that promote intergranular corrosion. Normalization is not recommended.
[3]

Annealing is typically done at temperatures ranging from 1040°C to 1105°C, where suitable
hold time depends on the thickness of the material. [3] Parts can be air cooled from the
annealing temperatures, as the material is not susceptible to carbide formation during air cool
[2]. Water quenching is however recommended for large section sizes [3]. In aerospace
practice, parts are annealed at 1095°C and water quenched except for thin parts (<2.5 mm)
that can be air cooled to prevent distortions. [3]

The main purpose of stress relieving for austenitic stainless steels is to prevent stress corrosion
or intergranular corrosion failures. A temperature of 900°C is required for sufficient stress relief
and the material can also be stress relieved at annealing temperatures followed by slow cool.
[2] Parts can be water quenched from 900°C as is done in aerospace practice [3]. The effect
of the stress relieve (% of stresses removed) depends on temperature and hold time, where
hold times exceeding 2 h do not provide notable improvement in stress removal. At
temperatures below 900°C only partial stress removal can be obtained, but stress relief
temperatures as low as 370°C are still used to remove peak stresses. [2]

Additive manufacturing

316L is a widely available material for L-PBF technology as it is easy to process and provides
material properties (ductility, corrosion resistance) that make it suitable for many applications
and use environments. Heat treatment guidance for 316L parts produced with powder-bed
fusion is provided in the ASTM F3184-16 standard [4]. The standard specifies delivery
conditions based on the thermal post-processing. The parts are either delivered in stress-
relieved, solution annealed or Hot Isostatically Pressed (HIP) condition, but there is also option
where all thermal post-processing is optional. Stress relief and solution annealing guidance is
found in the SAE AMS 2759 and solution annealing in ASTM A484/484M standard.
Parameters for HIP processing are provided in the F3184-16 standard and should at minimum
conform to ASTM A1080 standard. For stress relief the temperature of 900°C provides
maximum stress relief while the lower stress relief temperature below 400°C removes the peak
stresses only. An intermediate temperature can be applied to achieve a compromise between
stress removal while largely preserving the as-built microstructure. The current heat-treatment
guidance for L-PBF parts largely follows the aerospace practices. The choice of thermal post
processing method should be selected based on the end use application, which dictates the
required properties, e.g. mechanical properties and corrosion resistance.

The as-built microstructure of L-PBF processed 316L is characterized by fine cellular
solidification sub-structure and elongated grains that can extend through multiple layers due
the thermal history induced by the manufacturing process [5]. Printed parts typically have high
density (≥ 99.9 %) in as-built condition, but can decrease when suboptimal process parameters
are used. The LBPF process parameters (laser power, scanning speed, hatching, scanning
strategy, layer thickness) affect the forming microstructure and homogeneity of material after
solidification [6], [7] and thus the mechanical properties of the material. Therefore using
different machines with different process parameters results in multiple sources of variability
that affect the material properties of L-PBF manufactured 316L.
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The strength of the alloy is highest in the as-built condition due to the very fine cellular sub-
structure with high dislocation density. The structure is highly anisotropic which differs greatly
from wrought microstructure with homogenous grain structure and equiaxed grains. While the
anisotropy and high strength might be useful in some applications, the homogenous
microstructure and isotropic properties are still usually preferred. Heat treatment is therefore
necessary to obtain a more isotropic structure while retaining good mechanical properties. HIP
processing is often performed on AM parts to increase the material density and consequently
the mechanical performance.

The results of a study on the effect of different heat treatments on the material properties of
L-PBF manufactured 316L were published in a GE research report [8] focusing on nuclear
applications. The same data was used in the publication by Lou, X. et al [9]. They employed
the following heat treatments for as-built samples: Stress relief (650°C / 2 h in argon), HIP +
solution anneal (HIP: 1150°C / 4 h, 1000 bar (argon) + SA: 1066°C / 1 h, water quench), partial
recrystallization (955°C / 4 h, argon) and Solution anneal (1150°C / 2 h, argon). The purpose
of solution annealing was to remove carbides that might precipitate during slow cooling after
HIP processing.

The as-built structure with directionally solidified columnar (elongated) grains did not change
after stress relieving and the stresses were only partially removed according to Electron
Backscatter Diffraction (EBSD) measurements. The as-built and stress relieved
microstructures had high dislocation density and dislocation entanglement (dislocation cell
structure), small angle grain boundaries and nanoscale inclusions along columnar boundaries
and in the material matrix (Mn and Si rich oxides) as identified by Transmission Electron
Microscope (TEM) analysis. The oxides were larger (300 nm) after high temperature annealing
and the HIP + SA processing. HIP + SA resulted in almost fully recrystallized structure
consisting of equiaxed grains with annealing twins having average grain size of 70-100 µm.
However, parts produced using different L-PBF system and same powder had a significantly
different outcome after HIP + SA as a large fraction of unrecrystallized grains were observed
in samples built using a different machine. [8] Similar observation was made by Puichaud, A.
et al. [10] as L-PBF 316L samples after HIP (1100°C / 3 h, 1800 bar, argon, cooling 800°C/h)
had a grain structure with approximately half of the grains remaining columnar and the rest
recrystallized. HIP is shown to be effective in reducing porosity in AM samples [11].

Based on tensile test results reported in the GE report [8], the yield and tensile strengths were
highest in the stress relieved condition and decreased after HIP + SA, whereas the ductility
was improved. Considering all processing conditions, the AM material had a higher strength
compared to wrought material and a reasonable elongation at break (minimum 40 % for stress-
relieved parts in horizontal orientation) at room temperature [8].

After solution annealing at 1066°C for 1 h the yield, and tensile strengths were similar to HIP
+ SA condition but the ductility was slightly lower (higher porosity). The Charpy-V impact
toughness tests showed that the impact energies are similar in stress relieved, HIP + SA and
SA conditions (130-150 J). For wrought alloys the impact energies are typically 200 J or even
higher. Scanning Electron Microscope (SEM) analysis revealed fracture surface typical for
ductile fracture and oxide inclusions were observed in most of the dimples suggesting that the
inclusions acted as initiation sites for microvoid formation reducing impact toughness. Oxygen
contents of 326 ppm and 383 ppm were measured in the feedstock powder and printed parts,
respectively, which is higher than what is typically measured in conventionally manufactured
wrought and powder metallurgy (PM) 316L (100-200 ppm). [8] Oxygen content has been
shown to decrease the impact toughness of PM-HIP 316L alloys [12].

The mechanical properties of conventionally manufactured and L-PBF fabricated 316L are
compared in Table 2. The AM mechanical properties (SLM Solutions, EOS) are obtained from
material data sheets.
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Table 2. Mechanical properties of 316L.

S31603,
Forging,
annealed1

316L,
cold
drawn
bar

SLM Solutions,
vertical, 30 µm
(as-built)3

SLM Solutions,
vertical, 30 µm
(annealed)4

EOS, vertical,
40 µm (as-
built)5

Young’s
modulus
[GPa]

- 193 188 ± 17 188 ± 31 -

Yield
strength
[MPa]

170 380 491 ± 6 345 ± 4 500

Tensile
strength
[MPa]

450 585 582 ± 15 539 ± 15 590

Elongation
[%]

40 45 49 ± 5 58 ± 5 46.7

Reduction in
area [%]

- - 72 ± 1 67 ± 4 -

Hardness - 199 HV 204 ± 3 HV10 169 ± 3 HV10 -
Impact
toughness [J]

- 103 - - -

1 Forging, Annealed. ASTM A 473 specification. [1]
2 AISI Type 316L Stainless Steel, annealed and cold drawn bar. [13]
3 Vertical orientation. Layer thickness 30 µm. Tensile tests: ISO 6892-1:2017 B. Hardness measurements: DIN EN ISO 6507-
1:2018. [14]
4 Vertical orientation. Layer thickness 30 µm. Heat treatment: anneal at 1095 °C for 2 h, water quench. Tensile tests: ISO 6892-
1:2017 B. Hardness measurements: DIN EN ISO 6507-1:2018. [14]
5 EOS M290 system. Vertical orientation. Layer thickness 40 µm. [15]

3.2 Maraging (18Ni(300) / EN 1.2709)

Maraging steels, i.e. martensite aged hardening steels, are strengthened by precipitation of
intermetallic compounds that do not contain carbon, at temperatures of about 480°C. Maraging
steels have high yield strength and the martensitic structure formed after annealing is relatively
soft (30-35 HRC) and dimensionally very stable during age hardening. The fracture toughness
is considerably better than with conventional high-strength steels. Maraging steel have
excellent weldability and are well suited for machining in the age hardened and solution
annealed conditions. [1] Maraging steels (premium grades) are used extensively in aircraft and
aerospace applications where excellent mechanical properties and weldability are key criteria.
The usefulness of maraging steels in tooling applications comes from their excellent
mechanical properties combined with lack of distortion during age hardening. Other
applications include springs, bearings, transmission shafts, bolts, hydraulic hoses, punches,
dies, couplings and fan shafts. [1]

Maraging steels have very high nickel, cobalt and molybdenum contents and very little carbon,
which is considered as an impurity as it can form Titanium carbide that degrades mechanical
properties. These materials have an iron-nickel lath martensite structure containing high
dislocation density and are typically fully martensitic at room temperature. Some austenite is
present in the heat-affected zone (HAZ) of welds that is sometimes used to improve the
performance of the material in service, but austenite in the matrix degrades strength of the
alloy. The main contribution of Cobalt is to lower the solubility of molybdenum in the martensitic
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matrix increasing the amount of Ni3Mo precipitate formed during age hardening. Molybdenum
is the major precipitate former/hardener in maraging steels, which upon aging forms the Ni3Mo
phase. Addition of titanium promotes age hardening as it forms Ni3Ti precipitates. [1]

The 18Ni(300) is among the most widely used maraging steel grades and the nominal chemical
composition is shown in Table 3. In addition, other maraging varieties have been developed
for specific purposes such as cast grades, stainless grades and cobalt free alloy for nuclear
industry. Maraging steels are typically manufactured by air melting followed by vacuum arc
melting or vacuum induction melting. Special low impurity grades used in e.g. aerospace
applications require multiple melting steps. [1]

Table 3. Nominal chemical composition of Maraging steel 18Ni(300). [1]

Element Ni Mo Co Ti Al
wt% 18 5 9 0.65 0.1

Prior to age hardening the maraging steels are solution annealed by heating and holding
material austenite region for the amount of time it takes to dissolve the alloying elements into
solid solution followed by cooling to room temperature. A typical solution anneal for 18Ni300
grade is to heat to 850°C for 1 h followed by air cool. The solution treatment temperature
however has only a small effect on the strength of the alloy after age-hardening process.
Maraging steels should be cooled to room temperature prior to age hardening, but the cooling
rate does not have much effect on the microstructure and mechanical properties. For age
hardening the alloy is heated to 455 to 510°C for 3-12 h followed by air cool. Hardening is very
rapid and long hold times at aging temperature result in coarsening of the precipitates, i.e.
overaging, which degrades the mechanical properties. [2]

Additive manufacturing

Maraging alloy 1.2709 is supported by most of the L-PBF machine providers and is mainly
offered as a suitable material solution for tooling applications due to its high hardness and
strength, decent ductility and the possibility to add cooling channels via the AM route. The
strength of the material comes from the intermetallic precipitations formed during the age
hardening heat treatment as explained above. Heat treatment guidance is not available in AM
standards but some of the system manufacturers / powder suppliers have recommended
certain heat treatment practices for their alloys. According to machine manufacturer’s material
data sheets the typical reported ageing process is to heat parts to 490-500°C, hold for 6 h and
air cool. In some instances a furnace cool to 300°C followed by air cool to room temperature
is mentioned, but also solution anneal at 940°C + ageing at 490°C has been reported (EOS)
[16]. The mechanical properties for conventional and L-PBF fabricated maraging alloys are
shown in Table 4.

Oter, Z.C. et al. [17] studied the microstructure of as-built maraging steel (EOS M290 system,
EOS M1 powder) reporting a cellular grain structure with both equiaxed and columnar grains
(epitaxial growth). Similar as-built microstructure was observed in L-PFB manufactured
maraging steel by Mutua, J. et al. [18] who observed that the phase structure consisted of
martensite as well as retained austenite. After solution anneal at 820°C the austenite
transformed completely to martensite. After ageing at 460-600°C for 0.5-5 h no austenite was
observed. The authors stated that after longer ageing treatment the decomposition of
martensite into austenite could occur. Samples solution treated and aged at 460°C for 5 h had
an average grain size of 1.27 ± 1.3 µm compared to 0.982 ± 0.961 μm of the as-built material.
The hardness values after solution treatment and ageing at 480°C for 5 h / 460°C for 5 h were
593 HV and 610 HV, respectively, which is comparable to conventional age-hardened
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maraging. Solution treatment and ageing increased the strength significantly compared to as-
built material. The tensile strength after solution treatment and ageing at 460°C / 5h was 2033
MPa and elongation at break was 5.6 %. [18]

The influence of aging parameters and part orientation on mechanical properties of AM
18Ni300 maraging steel were reported by Mooney, et al. [19], to quantify the plastic anisotropy
behavior of the alloy. They printed rectangular tensile test specimens in horizontal, 45° and
vertical orientations (EOS M280 machine, EOS MS1 powder) and machined the samples prior
to testing. They applied aging temperatures from 460° up to 600°C with different hold times.
The authors reported that a notable increase of austenite formation was observed at cell
boundaries due to austenite reversion process at aging temperatures of ≥ 490°C. Notable
plastic anisotropy was present in the samples where the powder supplier’s recommended heat
treatment practice was followed. The mechanical properties can be tailored for specific needs
by underaging or overaging the structure to increase strength or toughness. As an optimal
aging practice providing high strength and isotropy, the authors recommended aging at 490°C
for 8h and for isotropy, higher ductility and lower strength requirement aging at 525° for 8h was
suggested.

Table 4. Mechanical properties of 18Ni 300 maraging steel.

18Ni300
(solution
treated +
aged)1

SLM
Solutions,
vertical, 30
µm (As-built)2

SLM
Solutions,
vertical, 30
µm (Heat
treated)3

EOS, vertical,
40 µm (Heat
treated)4

EOS,
horizontal,
40 µm (Heat
treated)4

Young’s
modulus [GPa]

- 181 ± 2 204 ± 4 - -

Yield strength
[MPa]

2000 1076 ± 15 1937 ± 17 2180 2170

Tensile strength
[MPa]

2050 1213 ± 20 2111 ± 20 2260 2250

Elongation [%] 7 10 ± 2 4 ± 2 3.3 4.2

Reduction in
area [%]

49 49 ± 3 19 ± 5 - -

Hardness - 354  ± 8 HV10 608 ± 5 HV10 57 HRC
Impact
toughness [J]

- - - 10

Fracture
toughness
[MPa*m½]

80 - - - -

Fatigue
strength [MPa]

- - - 732

1 Solution heat treated at 815°C for 1 h + aged at 480 °C for 3 h. [2]
2 Vertical orientation. Layer thickness 30 µm. Tensile tests: ISO 6892-1:2017 B, hardness measurements: DIN EN ISO 6507-
1:2018. [20]
3 Vertical orientation. Layer thickness 30 µm. Heat treatment: Heat treatment: aging 500 °C, 6 h; air-cooling. Tensile tests: ISO
6892-1:2017 B, hardness measurements: DIN EN ISO 6507-1:2018. [20]
4 EOS ToolSteel 1.2709, M 290 system. Vertical and horizontal orientations. Heat treatment: solution anneal at 940 °C (±10
°C) for 2 h (cooling rate 10-60 °C/min) + ageing at 510 °C (±10 °C) for 3-6 h, air cool. Tensile tests:  ISO6892-1. Hardness
measurements: ISO6508. Impact toughness tested according to ISO 148-1, V-notch at room temperature.  Fatigue tests: ASTM
E466 (Fatigue strength at 1 x 107 cycles in heat treated state). [21]
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3.3 17-4 PH

Precipitation hardening (PH) stainless steels are divided into martensitic (17-4 PH, 15-5 PH),
semi-austenitic (PH 15-7, 17-7 PH, AM 350, AM 355) and austenitic grades (E630, ER630)
[1]. In the martensitic grades such as the 17-4PH, austenite transforms to martensite upon
cooling to room temperature. The structure is strengthened by aging process where second
phase precipitates are formed from the supersaturated martensitic matrix giving the material
high strength and ductility. Chromium gives corrosion resistance and also decreases the rates
of certain transformations [22]. Nickel is added to stabilize austenite and to improve corrosion
resistance. Copper, molybdenum, titanium, niobium and aluminum form precipitates from solid
solution during ageing. Controlling the composition is essential to avoid formation of δ-ferrite
during solution annealing and retained austenite after cooling. [1] 17-4 PH is cast in plastic-
bonded shell molds [2] or forged to form from ingot. The material properties of finished product
can be altered by changing the heat treatment parameters, but typically the alloy is solution
treated at temperatures ranging from 1025°C to 1050°C and oil quenched to room
temperature, followed by aging at 480°C for 1 h and air cooled (H900) resulting in hardness of
42-44 HRC [3]. The material can be homogenized before solution annealing by holding at
1149°C for at least 90 min [2].

Table 5. Nominal chemical composition of 17-4 PH alloy (UNS S17400). [2]

Element C Mn P S Si Cr Ni Cu Nb

wt% max.
0.07

max.
1.00

max.
0.04

max.
0.03

max.
1.00

15-17.5 3.0-5.0 3.0-5.0 0.15-
0.45

Additive manufacturing

The combination of strength and ductility together with corrosion resistance makes 17-4 PH
steel an attractive choice for demanding applications and is an integral part of the material
portfolio for L-PBF. The rapid solidification during L-PBF creates an as-built structure with very
fine dendrites and columnar grains while the phase structure is mostly martensitic with some
retained austenite [23].

Studies have shown that the L-PBF processed 17-4 PH is not fully martensitic and consists of
varying fractions of retained austenite, where parts processed under nitrogen atmosphere
have more retained austenite compared to using argon as protective gas. [7, 8] In a more
recent publication, Mereditch, S.D. et al. [25] studied the effect of feedstock composition on
the properties of L-PBF manufactured 17-4 PH. Two powder lots atomized in N2 and argon
gas were used to manufacture test samples in build chambers with N2 and argon atmospheres.
The powders atomized in argon had low levels of retained austenite, which remained low in
the as-built samples. The N2 atomized powders had considerably higher amounts of retained
austenite, which decreased in the printing process. The argon atomized powder that contained
low amounts of nitrogen (0.01 %) and retained austenite (> 1 %) responded to heat treatment
similarly to wrought material. Higher amounts of retained austenite in the feedstock powder
and hence is printed parts was attributed to higher nitrogen concentration of the feedstock
powders whereas the effect of N2 shielding gas in the printing process was not considered
significant.

The effect of heat treatments on the microstructure of 17-4 PH was studied by Sun, Y. et al.
[26]. The as-built structure consisted of columnar ferrite grains with fine grains of austenite and
martensite around the melt pool boundaries. The material contained approximately 4 %
retained austenite based on EBSD analysis. The printed microstructure differed greatly from
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wrought microstructure comprising of lath martensite. After solution annealing and ageing heat
treatment (H900) the printed parts obtained relatively homogenous fine martensitic grain
structure where the fraction of the austenite phase was 2.5%. The microstructure of heat-
treated AM part resembled that of wrought and heat-treated alloy except the grain structure
being more refined. The AM part also contained more oxide inclusions and larger precipitates
that were also observed at the grain boundaries.

Research by Elwany, A. et al. [27] on the effect of process conditions on the mechanical
properties of 17-4PH showed that the L-PBF manufactured (3D systems ProX 100 machine,
powder by 3D Systems) and heat treated (H900 = solution anneal at 1038°C / 0.5 h + AC,
aging at 482°C / 0.5 h + AC) samples had lower ductility, tensile and yield strengths compared
to wrought alloy (H900). Horizontally oriented test samples had higher strength (Rm(horizontal) ≈
1250 MPa, Rm(vertical) ≈ 950 MPa, Rm(wrought) ≈ 1300 MPa) and ductility (Ahorizontal ≈ 8 %, Avertical ≈
4 %, Awrought = 10 %)) compared to vertically oriented samples after heat treatment which the
authors attributed to weaker interfacial layers (microstructural defects) in the vertically oriented
samples. The amount of retained austenite for both samples was measured as 16.3 %. The
authors also observed that individually built samples had higher amount of retained austenite
compared to samples built as part of a batch. Shorter waiting times between scans of the
individually manufactured parts produced a more coarse austenitic structure due to higher part
temperature during the manufacturing process. Heat treating improves the strength of the alloy
but reduces ductility, and process parameters that reduce the defect density are important in
improving the mechanical properties. [27]

Mechanical properties of cast and printed 17-4 PH alloy are shown in Table 6. The mechanical
properties of AM alloys are obtained from the material data sheets.

Table 6. Mechanical properties of 17-4 PH alloy.

17-4
PH,
wrought
(H900)1

17-4 PH,
cast
(H900)2

SLM
Solutions,
30 µm,
vertical
(As-built)3

SLM
Solutions,
30µm,
vertical
(H900)4

SLM
Solutions,
50µm,
vertical
(H900)5

EOS,
vertical,
40µm
(Vacuum
H900)6

EOS,
horizontal
40µm
(Vacuum
460°C)7

Young’s
modulus
[GPa]

- - 154 ± 19 182 ± 4 151 ± 5 - -

Yield
strength
[MPa]

1170 1055 506 ± 25 1091 ± 27 866 ± 41 1251 ±
14

1262 ±
13

Tensile
strength
[MPa]

1310 1380 931 ± 45 1308 ± 88 1189 ± 16 1343  ±
8

1358 ±  7

Elongation
[%]

10 15 28 ± 2 14 ± 6 22 ± 1 14 ±  1 14 ± 1

Reduction
of area [%]

40 56 ± 8 26 ± 17 53 ± 5 - -

Hardness 40 HRC 44 HRC 226 ± 2
HV10

352 ± 22
HV10

367 ± 24
HV10

42 ±  1
HRC

43 ±  1
HRC

1 17-4 PH (UNS S17400) Bar, Forgings. H900 heat treatment. [1]
2 Alloy with 0.40 % Niobium. Heat treatment: homogenization 1150°C/1.5h air cool + solution anneal 1040°C/0.5h oil quench +
aging 480°C/1h air cool. [2]
3 Vertical orientation. Layer thickness 50 µm. Tensile test: ISO 6892-1:201. Hardness: DIN EN ISO 6507-1:2018. [28]
4 Vertical orientation. Layer thickness 30 µm. Heat treatment: Solution annealing at 1040 °C for 30 min 2. Ageing at 480 °C for 60
min (H900). Tensile test: ISO 6892-1:201. Hardness: DIN EN ISO 6507-1:2018. [28]
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5 Vertical orientation. Layer thickness 50 µm. Heat treatment: Solution annealing at 1040 °C for 30 min 2. Ageing at 480 °C for 60
min (H900). [28]
6 EOS M290. Vertical orientation. Layer thickness 40 µm. Heat treatment (vacuum, H900): Solution anneal: 1040°C / 0,5 h,  Air
cool + Ageing: 480°C / 1 h, Air cool. Tensile testing according to ISO 6892 & ASTM E8M. Rockwell Hardness, HRC, according to
ISO 6508. [29]
7 EOS M290. Horizontal orientation. Heat treatment (vacuum): Solution anneal: 1040°C / 0,5 h,  Air cool + Ageing: 460°C / 1 h,
Air cool. Tensile testing according to ISO 6892 & ASTM E8M. Rockwell Hardness, HRC, according to ISO 6508. [29]

3.4 H13

H13 is a hot-work tool steel having very high strength, toughness and decent wear resistance
and the material retains its high strength and hardness at elevated temperatures. The alloy
obtains its strength from vanadium carbides that precipitate in the martensitic matrix during
tempering heat treatment (secondary hardening). Tensile strengths exceeding 2070 MPa are
achievable by heat treatments. The alloy is used mainly in dies and other hot-work applications
for its resistance to thermal fatigue and wear but it is also used in structural parts. At elevated
temperatures the parts should be protected from corrosion by applying a protective coating.
The material is delivered as bar, billet, rod and forgings. H13 parts can also be manufactured
via powder metallurgy (PM) processing with the advantages of near net shape manufacturing
and segregation free structure. [1]

H13 can be annealed for fully spheroidized structure by heating uniformly to 860-900°C in a
controlled atmosphere to avoid decarburization and cooling slowly to 480°C (cooling rate not
exceeding 30°C/h) [3] and then cooling more rapidly to room temperature. In order to obtain
high strength the material is hardened and tempered. For hardening the alloy is preheated
slowly (max. 110°C / h) to 790-815°C and the furnace temperature is then raised to 995-
1025°C for 20-40 min depending on the material thickness followed by air cool. For tempering
the material is heated to 510°C for 2 h for maximum hardness and air cooled. The tempering
process is repeated for optimal mechanical properties. Higher tempering temperatures can be
used (up to 650°C) for higher ductility and lower strength and hardness. For stress relieving it
is recommended to heat to 650-675°C and hold for 1 h followed by slow cool to room
temperature. Stress relieving is typically done after rough machining and prior to finishing
machining after which the material is hardened and tempered. [2]

Table 7. Nominal chemical composition of H13 alloy. [1]

Element C Mn Si Cr Ni Mo V
wt% 0.32-0.45 0.20-0.50 0.80-1.20 4.75-5.50 0.30 max 1.10-1.75 0.80-1.20

Additive manufacturing

H13 is an attractive material for AM as it is can be manufactured relatively well and is a good
material for dies and other applications where high strength and good high temperature fatigue
resistance are important. The microstructure of H13 in as-built condition was reported by
Deirmina, F. et al. [30] to consist of alternating layers of quenched and tempered martensite,
where certain layers underneath the solidifying layer may get tempered by the conducted heat.
The solidification structure of H13 is reported to be cellular/dendritic [30, 31] with segregation
of heavy elements at melt pool boundaries and micro-segregation of elements around cell
boundaries [30]. According to Deirmina et al. [30] the printed material consists of martensite
and retained austenite (19 vol.%) based on XRD analysis. Retained austenite was observed
at the cellular boundaries where stabilization of austenite occurred due to segregation of solute
elements. Samples quenched form austenite region (1020°C / 15 min) had a homogenous
structure consisting almost entirely of martensite. Quenched and double tempered (500°C and
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600°C), samples had a homogenous structure of tempered martensite and fine carbide
precipitates, although some carbide network was observed around prior austenite grain
boundaries. Retained austenite was observed in the material directly double tempered after
printing at 500°C, but not after tempering at 600°C. In both cases, the cellular/dendritic
structure was retained but less so after tempering at 600°C, which resulted in more
homogenous structure. The hardness of printed and tempered material was higher compared
to quenched and tempered (~460 HV1 vs. ~390 HV1). Fracture toughness was lower for
samples with the notch plane normal to the build plane for both heat treatments. Fracture
toughness for quenched and tempered samples with notch plane parallel and normal to the
build plane were 71.3 ± 3.2 MPam1/2 and 80.3 ± 1.3 MPam1/2. [30]

Resercj by Narvan, M. et al. [31] point out the importance of using platform preheating when
manufacturing tool steels using L-PBF. Printed parts showed large cracks when platform
preheating was not applied and preheating the platform to 200°C resulted in crack free parts
and increased the relative density of printed parts. Åsberg, M. et al. [32] reported on the effect
of heat treatments on the mechanical properties of L-PBF manufactured H13. Stress relieved
(650°C / 8 h), quenched (1020°C / 70-75 min) and double tempered (585 °C / 2.25–3 h)
material had high strength (Yield strength = 1447 MPa, Tensile strength = 1640 MPa, Hardness
= 511 HV20) and relatively low elongation at fracture (3.3 %). Performing HIP (1130°C / 6 h,
100 MPa) before quench and tempering resulted in higher strength (Yield strength = 1502
MPa, Tensile strength = 1743 MPa, Hardness = 562 HV20) and higher ductility (6.6 %). Higher
strength and ductility after HIPping was attributed to significantly lower porosity compared to
the other heat treatment conditions, which was confirmed by porosity analysis and
fractography on the tested samples. The mechanical properties of conventionally and
additively manufactured H13 are shown in Table 8. Some of the data from the machine
manufacturer’s material data sheet is missing possibly due to the low ductility of the material.
In general printed H13 has comparable or higher strength compared to wrought / PM alloy, but
is also slightly less ductile. Some inhomogeneities such as porosity and segregation of alloying
elements often remain even after austenitizing and tempering affecting the material properties
of printed material. [32]

Table 8. Mechanical properties on conventional and AM H13.

H13,
Wrought1

H13,
P/M2

SLM Solutions,
30µm,
horizontal (As-
built)2

SLM Solutions,
30µm, vertical
(As-built)2

SLM Solutions,
30µm, horizontal
(Heat-treated)3

SLM Solutions,
30µm, vertical
(Heat-treated)3

Young’s
modulus
[GPa]

203 ± 23 - - -

Yield
strength
[MPa]

1413 1407 987 ± 39 - 1528 ± 32 -

Tensile
strength
[MPa]

1696 1682 1244 ± 106 1360 ± 86 1719 ± 239 1720 ± 99

Elongation
[%]

12 11 2 ± 2 1 ± 2 4 ± 2 9 ± 2

Reduction of
area [%]

43 42 - - 14 ± 5 16 ± 5

Impact
toughness
[J]

13.6 13.6 - - - -

Hardness 46.0-47.7
HRC

47.5-
48.1
HRC

- - - -
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1 Longitudinal. Test temperature 21°C. Preheated at 816 °C, austenitized at 1010 °C / 1 h, air cooled.  Tempered at 593°C for 2+
2 h. [1]
2 Vertical and horizontal orientations. Layer thickness 30 µm. Tensile tests according to DIN EN ISO 6892-1:2017 B.
3 Vertical and horizontal orientations  Layer thickness 30 µm. Tensile test according to DIN EN ISO 6892-1:2017 B. Heat treatment:
preheating to 750 °C for 2 h, followed by austenitizing at 1050 °C for 15 min. and quenching in warm oil (about 60 °C). Immediate
double tempering at 300 °C for 2.5 h with interstage cooling down to room temperature.

4 Aluminum alloys

4.1 AlSi10Mg

AlSi10Mg is a casting aluminum alloy group comprising of different alloys, which according to
SFS-EN 1706 standard, are designated by the number EN AC-43xxx based on chemical
composition. The chemical composition for EN AC-43000 and EN AC-43100 alloys, also
referred by the chemical symbols EN AC-Al Si10Mg(a) and EN AC-Al Si10Mg(b)
consecutively, are shown in Table 9, where single values indicate maximum composition
values and values in brackets are ingot compositions. American alloy with similar composition
to the European alloy designations according to ASTM B179 standard is UNS A03602 [33].
Due to its low density and good mechanical and thermal properties the alloy is often used in
aerospace and automotive components with thin and complex features.

Casting aluminum alloys contain considerably more Silicon (typically < 12 wt%) compared to
wrought alloys as, in addition to increasing strength, makes casting possible by increasing
fluidity, improving feeding characteristics and reducing cracking [34]. Magnesium is the main
contributor to increasing the strength and hardness of Al-Si alloys through the formation of the
Mg2Si hardening phase. Magnesium additions above to solubility limit of ~0.7 % does not
provide further strengthening. Copper also increases the strength, hardness and improves hot
tear resistance of Al-Si alloys but also reduces the corrosion resistance and castability. Iron
improves hot tear resistance and strength by the formation of insoluble intermetallic phases.
Aluminum alloys have good corrosion resistance due to the formation of oxide film on the
surface, which reforms automatically when broken in most environments. [35]

Generally only precipitation hardenable aluminum alloys are heat treated by solution heat
treatment, which is done by first dissolving the elements into solid solution followed by
quenching to supersaturate the matrix and finally hardening by ageing to precipitate the
hardening phases. [36] For AlSi10Mg the temper T6 is typically used, which is the designation
for solution heat treatment and artificial ageing commonly at a temperature range of 150 to
200°C. Solution anneal temperatures and soak times depend on the alloy composition and for
casting alloys longer soak times are used compared to wrought alloys due to the relatively
large size of the microconstituents after casting [36]. Solution annealing temperature must be
sufficient (above the solvus temperature) to achieve a nearly homogenous solid solution
without exceeding the eutectic melting temperature. Soaking the parts at 530-540°C for 10 to
14 h should be sufficient for solution anneal as the solubility of Mg at 540°C is approximately
0.6 %. Quenching of aluminum castings is often done to hot water (60-80°C) in order to
minimize quenching stresses. The choice of ageing parameters affect the size and distribution
of precipitates and is therefore a compromise between different material properties such as
tensile strength, yield strength and corrosion resistance. If the precipitates grow too large, i.e.
the material is overaged, the mechanical properties begin to decrease. [2]

Stress relieving can be done after quenching to remove the quenching stresses as age
hardening temperature is typically not sufficient to remove the stresses. Higher temperatures
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results in more effective stress relief and in lower mechanical properties. Annealing at 315-
345°C for 2-4 h relieves residual stresses of cast alloys effectively. [2]

Table 9. Nominal chemical composition of EN AC-43000 alloys. [37]

Si Fe Cu Mn Mg Ni Zn Pb Sn Ti Others Al
EN AC-
430001

9.0-
11.0

0.55
(0.40)

0.05
(0.03)

0.45 0.20-
0.45
(0.25-
0.45)

0.05 0.10 0.05 0.05 0.15 0.15 remainder

EN AC-
431001

9.0-
11.0

0.55
(0.45)

0.10
(0.08)

0.45 0.20-
0.45
(0.25-
0.45)

0.05 0.10 0.05 0.05 0.15 0.15 remainder

UNS
A036022

9.0-
10.0

0.70-
1.10

0.10 0.10 0.45-
0.60

0.10 0.10 - 0.10 - 0.20 remainder

1 SFS-EN 1706. [37]
2 ASTM B179(96). [33]

Additive manufacturing

AlSi10Mg alloy is the most commonly available and used aluminum alloy in L-PBF
manufacturing. The AM standards ASTM F3318-18 [38] and F3301−18 [39] provide thermal
post treatment parameters for L-PFB manufactured AlSi10Mg alloy. According to the
standards, parts shall be delivered either in as-built, stress relieved, solution annealed and
aged (T6) or HIP + T6 condition.

The as-built microstructure of AM AlSi10Mg alloy differs from as cast microstructure
considerably. Casting results in the formation of large dendrites (α - Al) in an eutectic Al-Si
matrix with Mg-rich intermetallic phases whereas the printing results in the formation of a meta-
stable microstructure consisting of very fine grains inside the solidified melt pools and more
coarse grains at the melt pool HAZ. After T6 heat treatment, the cast alloy has an even
distribution of precipitates formed in the aluminum matrix. [40] In the case of L-PBF processed
alloy, the formation of very fine grain structure is promoted by the high cooling rates of
solidifying melt pools and the high thermal conductivity. Melting the top layer also heats the
already solidified layers below providing aging effect, which promotes growth of Mg-rich
precipitates [41]. Li, Z. et al. [42] reported that the cellular as-built structure of AlSi10Mg begins
to break up after 4 min at stress relieving temperature (300°C) and that after 40 min the cellular
structure was removed even further along with coarsening of Si precipitates. The fully cellular
as-built structure exhibited significantly higher work hardening capacity compared to the more
ductile heat-treated samples.

Pola, A. et al. [43] investigated the effect of different solution annealing and aging parameters
on the microstructure and mechanical properties of L-PBF manufactured AlSi10Mg (EOS
AlSi10Mg powder, EOS M290 system, layer thickness 30µm). The as-built structure with fine
Al-rich cellular grains surrounded by Si particles coarsened after solution heat treatment.
Increased solution heat treatment temperature and hold time reduced the amount of Si
particles per unit area but also coarsened the particles. The average area of Si particles after
1 h at 480, 510 and 540°C was approximately 3 µm2.

The as-built material is significantly harder than cast alloy and the hardness drops to
comparable hardness values after solution heat treatment. According to research by Girelli, L.
et al. [43] solution treatment at 480°C is not effective at dissolving elements into solid solution,
thus resulting in lower hardness after quenching compared to higher temperatures, whereas
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solution treatment at 510°C and 540°C resulted in similar strength after quench. The authors
reported that soaking times between 1-3 h resulted in slightly higher hardness (~70 HBW) than
with longer soaking times. After ageing at 160°C for 4 h the samples solution treated at 510°C
and 540°C had higher hardness values compared to sample heat treated at 480°C,
approximately 100 HBW regardless of solution treatment soaking time (1-9 h). For cast alloy,
the hardness after the same ageing process varied from ~80 HBW (480°C) to around 100
HBW (540°C). According to the authors the material density decreased after solution
treatment, where the effect was most notable after solution treatment at 540°C, where the
porosity increased from 1 % to 4 % when soaking time increased from 1 to 9 h [43]. Similar
observation of decreasing density was made by [44] concluding that the porosity increase
resulted from growth of hydrogen porosities at temperatures exceeding 525°C. The solution
treatments 480°C / 6 h, 510°C / 3 h and 540°C / 1 h were considered optimal by Girelli, L. et
al. [43] in terms of hardness and material density. The following heat treatment process
produced a good combination of hardness (>100 HBW) and density (2.641 g/cm3): Solution
anneal at 510°C for 3 h, water quench and ageing at 160°C for 8 h. Also ageing at 180°C for
1 h produces a similar result. The authors performed tensile test on samples solution annealed
at 540°C for 1 h and aged at 180°C for 2 h (Hardness = 111 ± 7 HBW) obtaining the following
properties for horizontally (H) and vertically (V) oriented samples: Tensile strength (MPa) =
332 ± 1 (H) / 299 ± 24 (V), Yield strength (MPa) = 277 ± 1 (H) / 248 ± 14 (V), Elongation (%) =
5.8 ± 0.2 (H) / 5.1 ± 1.1 (V).

Garmendia, X. et al. [45] conducted tensile tests on L-PBF manufactured (Renishaw AM400
system, powder from LPW Technology Ltd., layer thickness = 30 µm) and subsequently
machined AlSi10Mg samples. The samples were heat treated in accordance to the ASTM
F3318-18 standard, i.e. solution treated at 530°C for 6 h followed by water quench and artificial
ageing at 160°C for 6 h. The mechanical properties were the following: Tensile strength = 310
± 4.4 MPa, Yield strength = 244 ± 3.1 MPa, Elongation at break = 9.2 ± 0.5 %. The authors
demonstrated that coating the feedstock powder particles with 1% copper using a copper
formate – methanol solution, resulted in notably better mechanical properties. Tensile
specimens fabricated using the powder had 51 MPa higher ultimate tensile strength after the
same heat treatment compared to the uncoated powder as a result of microstructural changes,
such as smaller grain size.
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Table 10. Mechanical properties of cast and AM AlSi10Mg alloys.

EN AC-
43000,
As-cast1

 EN AC-
43000,
T61

SLM
Solutions,
30µm, vertical
(As-built)2

SLM Solutions,
30µm, vertical
(Heat-treated)3

EOS,
30µm,
vertical
(as-built)4

EOS, 30µm,
vertical
(Stress
relieved)5

Young’s
modulus
[GPa]

- - 75 ± 3 52 ± 4 - -

Yield
strength
[MPa]

80 (min) 180
(min)

276 ± 5 150 ± 6 225 230 ± 20

Tensile
strength
[MPa]

150
(min)

220
(min)

482 ± 15 264 ± 10 350 470 ± 20

Elongation
[%]

2 (min) 1 (min) 5 ± 2 11 ± 5 9 6 ± 2

Reduction
of area [%]

- - - - - -

Impact
toughness
[J]

- - - - - -

Hardness 50 HBW
(min)

50 HBW
(min)

- - - -

1 Values are the minimum mechanical properties as stated in SFS-EN 1706 for sand cast test pieces. [37]
2 Vertical orientation. Layer thickness 30µm. Tensile test: ISO 6892-1:2018. Hardness: DIN EN ISO 6507-1:2018. [46]
3 Vertical orientation. Layer thickness 30µm. Tensile test: ISO 6892-1:2018. Hardness: DIN EN ISO 6507-1:2018. Heat treatment:
anneal for 90 min at 270 °C. [46]
4 Vertical orientation. Layer thickness 30µm. EOS M290. Tensile testing according to ISO 6892-1 B10, proportional test pieces.
[47]
5 Vertical orientation. Layer thickness 30µm. EOS M290. Heat treatment: anneal for 90 minutes at 270 °C. Tensile testing
according to ISO 6892-1 B10, proportional test pieces.  [47]

5 Titanium alloys

5.1 Ti6Al4V

Ti6Al4V is the most commonly used alpha-beta alloy in the world. The alloy has low density
compared to steels, high strength, biocompatibility and good corrosion properties and is
therefore extensively used in aerospace (gas turbine disks and blades, airframe structural
components) and medical applications. Pure titanium has a hexagonal close-packed (HCP)
crystal structure (alpha (α) phase) at room temperature, which at 883°C transform into body-
centered cubic (BCC) structure (beta (β) phase). By adding alloying elements, the α-β
transformation temperature broadens to a temperature range where both phases are in
equilibrium. The final properties of α-β alloys are achieved after heat treatment where the alloy
is cooled rapidly from the α-β phase region (solution treatment) and subsequently aged to
produce mixture of α and transformed β phase. The microstructure and the final material
properties can be altered by changing the solution anneal temperature (amount of β-phase)
and cooling rate. The alloying elements are divided into alpha and beta stabilizers based on
their effect on the alpha-to-beta transformation temperature. Aluminum is the primary α-
stabilizer (raises the alpha-to-beta temperature), increasing the tensile strength, creep strength
and elastic modulus. Aluminum content is typically limited to 6 wt% as a larger amount
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promotes the formation of brittle Ti3Al phase. Other alpha stabilizers are carbon, gallium,
germanium, oxygen and nitrogen, where nitrogen and oxygen are considered impurities.
Vanadium is a beta stabilizer along with iron, chromium, molybdenum and manganese.
Nominal chemical compositions for Ti6Al4V and Ti6Al4V ELI (Extra low interstitial = lower
levels of oxygen, nitrogen, carbon, iron) alloys are shown in Table 11. Formation of
nonequilibrium phases such as the alpha-prime and metastable beta have a considerable
strengthening effect on the alloy after heat treatment. Titanium’s high affinity to oxygen makes
it very reactive material but it also provides corrosion resistance due to formation of thin oxide
film when exposed to air or other oxidizing environments. [35]

Suitable Ti6Al4V heat treatment is chosen based on the desired microstructure and material
properties. Ti6Al4V is most often delivered in fully annealed condition (mill annealed).
Annealing in the α+β range creates a lamellar microstructure that has good fracture toughness
and resistance to stress corrosion, crack growth and creep. [36] Solution treatment above β-
transus and subsequent quench results in the formation of an acicular α´ martensitic structure
or in mixed α + α´ when quenched from 900-1000°C (below β-transus temperature). The β-
transus temperature for Ti6Al4V is approximately 1000°C ± 20°C. Typical solution treatment
temperature range and hold time for the Ti6Al4V for maximum tensile properties are 955-
970°C and 1 h (water quench). [2] The solution treated alloy is further strengthened by aging
at 480-595°C for 4-8 h, which decomposes the metastable β phase into α [2]. Aging at higher
temperatures produces an overaged microstructure which provides a modest increase in
strength while maintaining decent toughness. Slow cooling from the β-phase to α+β region
results in a lamellar structure due to nucleation and growth of α in the β grain boundaries. The
microstructure can be tailored by changing the cooling rate. Equiaxed grain structure can be
obtained by extensive deformation in the α+β range followed by annealing at 700°C for 2 h
and air cool (mill annealing) [36]. Ti6Al4V can be stress relieved by holding at 480-650°C for
1 to 4 h. Full stress relief is achieved after 50 h at 595°C, and 50 % of stresses are removed
after about 1 h at 595°C [36].  Furnace cooling or air cooling from the stress relieving
temperature are preferred [2]. Titanium alloys should be heat treated in atmospheres free of
reducing gases and contaminants that can cause hydrogen pick up. Vacuum furnaces and
protective gas furnaces are used to minimize contamination. [36]

Table 11. Nominal chemical composition of Ti6Al4V alloys. The values for N, C, H, Fe and
O are impurity limits (max allowed). Values in wt%. [35]

Al V N C H Fe O

Ti-6Al-4V 6 4 0.05 0.10 0.010-0.015 0.3 0.2

Ti-6Al-4V ELI
(AMS 4907 and
4930)

5.5-6.75 3.5-4.5 0.05 0.08 0.0125 0.25 0.13

Additive manufacturing

During the L-PBF manufacturing process the material is first brought to liquid state and when
cooled below solidus temperature the β-phase begins to form and upon further cooling below
β transus temperature α/α´ phases form within the prior β grains. The thermal history during
the process dictates the phase composition of the material and due to rapid cooling in the L-
PBF process the as-built structure consist mostly of needle shaped α´ martensite  formed
within the prior β grains. [48] However it is possible to produce a α + β dual phase structure
using L-PBF by using low scanning speed and low laser power to lower the cooling rate
allowing diffusion to take place [49]. The layered construction results in a columnar grain
structure where the β grains extend over several layers due to epitaxial growth. For this reason,
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the material is highly anisotropic in the as-built condition. The subsequent heating of already
solidified layers during processing coarsens the grains. For tall builds, the top layers cool more
slowly compared to the bottom layers because of the low thermal conductivity of Ti6Al4V, thus
influencing the evolving microstructure. Ti-alloys are easily contaminated by oxygen, which
adversely affects the mechanical properties, making careful handling of feedstock powder and
build atmosphere to avoid oxygen contamination critical.

Thermal post processing guidance is provided in ASTM F2924-14 [50] for L-PBF manufactured
Ti6Al4V and in ASTM F3001-14 [51] for Ti6Al4V ELI. Same guidance is also found in ASTM
F3301-18 [39] for both alloys. The delivery conditions (heat treatments) specified in the
standards are: 1) Stress relieved (SAE AMS2801 or SAE AMSH81200), 2) Annealed (SAE
AMS2801 or SAE AMSH81200), 3) Solution annealing + ageing (AMS2801), 4) HIP and 5) All
thermal post processing is optional.

L-PBF fabricated material typically has higher tensile, and yield strength compared to wrought
alloy, but the ductility is lower. Stress relieving at temperatures ≤ 800°C, which is the typical
practice, does not change the microstructure significantly and results in a slight increase in
ductility. The yield and tensile strengths are highest in the as-built condition while the
elongation is the lowest. [48] Since defects have a detrimental effect on fatigue properties, the
HIP processing is commonly performed to reduce the porosity after printing. Yan X. et al. [52]
investigated the effect of different thermal post processes on microstructure, tensile properties
and fatigue performance of L-PBF manufactured Ti6Al4V ELI (EOS M290, EOS powder, layer
thickness 50 µm). They conducted a HIP treatment in a vacuum furnace at 900°C for 2 h in
120 MPa, cooled the samples in furnace below 200°C and subsequently air cooled to room
temperature (conforming to ASTM 2924-14), which transformed the α´ martensitic structure
into a structure consisting of decomposed α grains embedded in β grain boundaries. The HIP
effectively removed the porosity, which was measured as <0.03 % in as-built condition. Based
on EBSD analysis the amount of β phase before and after HIP was low, 5 % and 4 %
respectively, while the rest consisted of α-phase. The mechanical properties after HIP were;
Tensile strength = 941 MPa, Yield strength = 839 MPa, Elongation at break = 19 %, Young’s
modulus = 115 GPa. The tensile properties after HIP treatment exceeded the minimum
requirements in ASTM F2924-14. The authors observed that stress relief at 900°C produced
a α+β lamellar microstructure and had good mechanical properties with much higher ductility
compared samples stress relieved at 800°C. The fatigue strength (axial test in build direction,
f = 130 Hz) improved after HIP compared to as-built samples, where fatigue strength after HIP
at 105 cycles was approximately 500 MPa and the apparent endurance limit at 107 cycles was
370 MPa. According to Liang Z. et al. [53] the as-built structure consisting of α´ begins to
transform into α and β above 760°C. Water quenching from the solution anneal temperature
of 950°C transforms the β-phase to α´ resulting in phase structure consisting of α and α´.
Solution anneal at 950°C for 2 h (water quenched) followed by aging at 540°C for 4h (air cool)
resulted in coarsened lamellar structure consisting of α and α´ where some β was formed within
the α´ during aging. The lamellar α / α´ structure had lower strength and similar ductility
compared to the fully acicular α´ structure of the as-built samples and samples heat treated at
600°C. Samples annealed at temperatures ranging from 800°C to 900°C had a α + β structure
consisting of α lamella and irregular β resulting in higher elongation and lower strength
compared to as-built samples. [53]

It is worth noting that the equiaxed (mill annealed) microstructure common for traditionally
manufactured Ti6Al4V is not achievable using L-PBF technology, which produces a
metastable anisotropic microstructure.
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Table 12. Mechanical properties of Ti6Al4V.

Ti6Al4V
(Annelaed)1

Ti6Al4V
(Solution
treated
+
Aged)1

Ti6Al4V
(low
oxygen,
Annealed)1

SLM
Solutions,
30µm,
vertical
(As-built)2

SLM
Solutions,
30µm,
vertical
(Heat
treated)3

SLM
Solutions,
30µm,
vertical
(HIP)4

EOS,
vertical
(As-
built)5

EOS,
vertical
(Heat
treated)6

Young’s
modulus
[GPa]

113,8 - 113,8 117 ± 2 126 ± 1 124 ± 6 110 ±
15

110 ± 15

Yield
strength
[MPa]

830-924 1103 760-827 1170 ± 26 887 ± 12 935 ± 12 1120 ±
80

1000 ±
60

Tensile
strength
[MPa]

900-993 1172 830-896 1289 ± 17 960 ± 4 1002 ± 7 1240 ±
50

1100 ±
40

Elongation
[%]

14 10 15 9 ± 1 14 ± 1 14 ± 1 10 ± 3 14,5 ± 2

Reduction
of area [%]

30 25 35 29 ± 7 50 ± 2 41 ± 4

Impact
toughness
[J]

14-19 - 24 11  ± 1 29 ± 3 23 ± 3

Hardness 36 HRC 41 HRC 35 HRC 362 ± 11 307 ± 4 316 ± 10 320 ±
12
HV5

1 Minimum and average mechanical properties of wrought titanium alloys at room temperature. If a range is given, the lower value
is a minimum, all other values are averages. [35]
2 Vertical orientation. Layer thickness 30µm. Tensile test: ISO 6892-1:201. Hardness: DIN EN ISO 6507-1:2018. Charpy: DIN EN
ISO 148-1:2017-05.  [54]
3 Vertical orientation. Layer thickness 30µm. Specimens were heated up in vacuum atmosphere at a rate of < 450 °C/h up to 910
°C, then with < 300 °C/h up to 940 °C. Subsequent holding at 940 ± 10 °C for 4 h -0/+30 min. Cooling down in vacuum at a rate
of 40 ± 10 °C/h to 760 ± 15 °C, then in argon with 560 ± 100 °C/h to ≤ 480 °C, followed by gas fan quenching at any rate to ≤ 50
°C. [54]
4 Vertical orientation. Layer thickness 30µm. Specimens were HIPed with 920 ± 10 °C and 1000 bar for 2 h. [54]
5 Vertical orientation. EOS M280 / M290 (400W). Tensile testing according to ISO 6892-1:2009 (B) Annex D. Vicker hardness
measurement according to: EN ISO 6507-1.  [55]
6 Vertical orientation. EOS M280 / M290 (400W). Specimens were treated at 800 °C (1470 °F) for 4 hours in argon inert
atmosphere.  [55]

6 Nickel-based superalloys

Superalloys are complex heat-resisting alloys based on nickel, nickel-iron or cobalt. They are
used in gas turbines and other applications where heat and/or corrosion resistance are of
paramount importance. Superalloys are generally used at temperatures above 540°C. The
solubility of elements in nickel such as copper, iron, cobalt and chromium are high enabling
great versatility in nickel alloys. The face-centered cubic (FCC) crystal structure of nickel (γ-
phase) can be strengthened by solid-solution strengthening (Inconel 625), carbide precipitation
and precipitation hardening (Inconel 718).

6.1 Inconel 625

Alloy 625 is a solid solution strengthened Ni-Cr-Mo alloy, which has excellent heat and
corrosion resistance containing approximately 60 % Ni, 20 % Cr, 9 % Mo and small amounts
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of other elements such as iron and niobium (Table 13). Alloy 625 has low amounts of
precipitate forming elements such as aluminum and titanium. [35] The main strengthening
comes from molybdenum and niobium additions, but some strength improvement may come
from precipitation of carbides and/or intermetallic compounds although the alloy generally
consists of austenitic γ-phase only. [56] The alloy is resistant to pitting and crevice corrosion,
has high corrosion-fatigue strength, high tensile, creep and rupture strength and excellent
fatigue strength including thermal fatigue. These properties make it suitable for marine
applications where exposure to sea water is expected. Alloy 625 is typically used in chemical
processing equipment, aircraft engine and airframe components, ship and submarine parts
and nuclear reactors [56].

Alloy 625 is typically delivered in mill annealed condition for the purpose of restoring material
properties after forming processes. Mill annealing results in fine grain size (recrystallization),
which is beneficial for low-cycle fatigue strength. The alloy can be mill annealed by holding at
925°C for 5 - 20 min (thin sections) followed by rapid cooling. For hot worked material, the
solution annealing procedure is more commonly applied. [2] Solution annealing provides
maximum ductility, and typical solution anneal procedure for alloy 625 is to soak at 1150°C for
2 h and cool rapidly (rapid air cooled or water quenched) below 540°C to avoid precipitations
[36]. The applicable solution annealing temperature range is 1095 - 1205°C [2].

Stress relieving can be performed below 650°C to avoid carbide precipitation, but the stress
relieving effect diminishes at low temperatures. For full stress relief the mill anneal or solution
anneal treatment is recommended. [56]

Table 13. Nominal chemical composition of Inconel 625 alloy. [56]

Element Ni Cr Co Mo Nb Al Ti Fe Mn Si C
wt% 58.0

min
20.0-
23.0

1.0 8.0-
10.0

3.15-
4.15

0.40 0.40 5.0 0.50 0.50 0.10

Additive manufacturing

Alloy 625 is versatile alloy designed for use in demanding corrosive high temperature
environments and as such is important part of the L-PBF powder material portfolio. The rapid
cooling rates during L-PBF create a fine cellular dendritic structure with segregation of alloying
elements and a strong texture due to growth of grains along the build direction [57]. Also small
equiaxed grains are typically observed, especially at the melt pool boundaries [57]. The
solidification structure consists mainly of γ-phase but also contains precipitates such as γ´, γ’’,
Laves and carbides. The choice of process parameters affect the forming microstructure, as
laser parameters and scanning pattern can be tailored to increase texture and influence the
phase structure of as-built material. [57]

Formation of non-equilibrium phases such as Laves phase are detrimental to the mechanical
properties of superalloys and thermal post processing is therefore necessary to obtain
desirable phase structure and good material properties. The thermal post processes (delivery
conditions) specified in the AM standard ASTM F3056-14 [58] for Inconel 625 are stress
relieved (AMS 2774), annealed (AMS 2774), and stress relieved (AMS 2774) + HIP (ASTM
F3056-14) + annealed (AMS 2774). Marchese, G. et al. [59] studied the effect of different heat
treatments (direct aging, solution anneal and solution anneal + aging) on the microstructure
on mechanical properties of L-PBF manufactured Inconel 625 (EOS M270 machine, EOS
powder, layer thickness = 20 µm). The as-built samples consisted of columnar grains with very
fine dendritic / cellular structures, with the interdendritic regions containing nano-sized Nb-rich
MC carbides and Nb, Mo rich areas. The authors did not observe Laves phase in the as-built
microstructure. Direct aging at 700°C / 24 h did not alter the dendritic structure, but resulted in
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precipitation of MC carbides at the grain boundaries as well as in inhomogeneous precipitation
of γ´´ phase. Solution annealing at 1150°C for 2 h (water quenched) resulted in a recrystallized
microstructure with equiaxed grain structure with twin boundaries, eliminating the prior
dendritic structure. Growth of the primary MC carbides was observed along with precipitation
of secondary carbides. Samples that were solution annealed and further aged at 700°C for 24
h had similar grain structure (shape/size) as the solution annealed samples, but with M23C6
carbides at the grain boundaries and homogenous γ´´ intergranular precipitation. All samples
except the ones directly aged after printing had tensile properties that exceeded the minimum
values in ASTM F3056-14 standard. The directly aged samples had lower ductility than
specified in the standard (23 % vs 30 %). Solution annealed and aged samples had the highest
tensile strength (1116 ± 6 MPa) and elongation at break was 35 ± 5 %, whereas the solution
annealed samples had the lowest tensile strength (883 ± 15 MPa) and highest ductility
(elongation at break = 55 ± 1 %). The dendritic structure and high dislocation density of the as-
built samples resulted in relatively good mechanical performance exhibiting mainly ductile
fracture. The directly aged samples had the highest number of brittle fractures on the fracture
surfaces, which the authors attributed to the presence of Nb-rich MC carbides, M23C6 carbides
and γ″ phases. The fracture mechanism for the solution annealed samples was ductile while
the solution annealed and aged samples had a mixture of ductile and brittle fracture due to the
presence of M23C6 carbides and γ″ phase. [59]

The mechanical properties of L-PBF manufactured and stress relieved alloy 625 (EOS 270
machine, EOS IncodALLOY 625 powder) was investigated by Hack, H. et al. [60]. Stress
relieving was performed in accordance with AMS 2774 (ASTM F3056-14) by heat treating
tensile, Charpy-V, small/large compact tension (CT) specimens among other test samples at
1038°C followed by air cool. The samples were machined prior to testing. The tensile
properties of the stress relieved samples exceeded the minimum values in ASTM F3056-14
except for two vertically built samples that had elongation values slightly below 30 %. Samples
built horizontally had much higher ductility compared to vertically built tensile test specimens.
The impact energies ranged from 94 to 149 J for horizontally oriented samples and from 131
to 150 J for vertically oriented samples, exceeding the minimum values for wrought plate. The
fracture toughness for samples with crack propagation direction parallel and perpendicular to
build direction were reported as 410.1 kJ/m2 and 408.6 kJ/m2, respectively, which were
considered as excellent values by the authors. The effect of HIP processing on the
microstructure and mechanical properties on LBPF manufactured (SLM Solutions 125 HL
system, SLM Solutions power, layer thickness = 30µm, in-house parameters) Inconel 625 was
reported by Gonzalez, J. A., et al [61]. Tensile test specimen were HIP’d at 1163°C ± 3.5 °C
for 3 h in 102 MPa ± 1.72 MPa atmosphere and subsequently machined. Both the as-built and
HIP’d samples had an apparent density of 99.9 %. After HIP the parts had an equiaxed grain
structure with average grain size of 27 µm. The mechanical properties of HIP processed
samples well exceeded the minimum values specified in ASTM F3056-14. The vertically
oriented samples had higher tensile strength, yield strength and elongation at break than the
horizontally oriented samples. Fracture surface analysis revealed dimples on the fracture
surface indicating a ductile fracture. The mechanical properties of wrought and L-PBF
manufactured Inconel 625 are presented in Table 14.
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Table 14. Mechanical properties of wrought and AM Inconel 625 alloy.

625 (wrought
and annealed)1

SLM Solutions,
30µm, vertical
(As-built)2

SLM Solutions,
30µm, vertical
(Annealed)3

EOS, 40µm,
vertical (As-
built)4

EOS, 40µm,
vertical
(Annealed)5

Young’s
modulus
[GPa]

207 153 ± 18 190 ± 9 -

Yield strength
[MPa]

517 686 ± 11 646 ± 4 630 ± 5 640 ± 5

Tensile
strength
[MPa]

930 945 ± 10 938 ± 7 870 ± 10 890 ± 10

Elongation
(%)

42.5 42 ± 5 45 ± 1 48 ± 2 49 ± 2

Reduction of
area [%]

- 44 ± 8 49 ± 3 - -

Impact
toughness [J]

- - - - -

Hardness 190 HB 303  ± 7 HV10 297 ± 4 HV10 - -
1 Properties are for annealed sheet unless otherwise indicated. [56]
2 Vertical orientation. Layer thickness 30µm. Tensile test: ISO 6892-1:201. Hardness: DIN EN ISO 6507-1:2018. [62]
3 Vertical orientation. Layer thickness 30µm. Specimens were heated up to 870 °C with subsequent holding for 1 h, followed by
air-cooling. According to AMS 5599. Tensile test: ISO 6892-1:201. Hardness: DIN EN ISO 6507-1:2018. [62]
4 Vertical orientation. Layer thickness 40µm. Tensile testing according to ISO 6892-1 B10, proportional test pieces. [55]
5 Vertical orientation. Layer thickness 40µm. Heat treatment procedure: anneal at 870 °C (1600 °F) for 1 hour, rapid cooling.
Tensile testing according to ISO 6892-1 B10, proportional test pieces. [55]

6.2 Inconel 718

Inconel 718 is a precipitation-hardening alloy and as such, more complex alloy in terms of post
processing compared to solution-strengthened alloys. High strength and corrosion resistance
at high temperatures have made Inconel 718 the most popular nickel-base superalloy used in
industrial applications [56]. The alloy has high strength and corrosion resistance at
temperatures reaching 700°C and is widely used in aircraft turbine engines, airframe parts,
bolts and fasteners, oil & gas industry as well as in nuclear industry [56].  Inconel 718 contains
large amounts of iron, niobium and molybdenum and lesser amounts of aluminum and titanium
(Table 15). [35]

Table 15. Nominal chemical composition of wrought Inconel 718. [35]

Element Ni Cr Co Mo Nb Al Ti Fe Mn Si C B Other
wt% 50-

55
17.0-
21.0

1.0 2.80-
2.30

4.75-
5.50

0.20-
0.80

0.65-
1.15

balance 0.35 0.35 0.08 0.006 0.3
Cu

Aside from the solution strengthening effect the alloy obtains its excellent mechanical
properties mainly from the FCC γ´ (Ni3Al,Ti)) and especially the BCT γ’’ (Ni3Nb)  precipitates
as well as from carbides [56]. The γ´ precipitates uniformly in the γ matrix providing high-
temperature strength and creep resistance. The γ’’ is the primary strengthening phase in
Inconel 718 with much higher volume fraction than γ´ providing high strength at low to
intermediate temperatures. [1] However, the metastable γ´´ begins to transform into
detrimental phases at sufficient exposure times to temperatures exceeding 650°C resulting in
sharp reduction in strength, which is why the maximum service temperature in practice is ≤
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650°C [56]. At sufficiently high temperatures phases such as Laves, δ and σ can form that are
detrimental to the material properties.

The alloy is typically used in solution annealed and aged condition and the mechanical
properties can be tailored by altering the heat treatment temperatures, hold times and cooling
rates [2]. Wrought Inconel 718 can be directly aged by quenching the alloy after forging and
performing a two-step aging treatment. For solution treatment, temperature range of 925 -
1010°C and hold times of 1 - 2 h are typically used followed by cooling at rates higher or equal
to air cool. Aging is done in two steps by first ageing at 720°C for 8 h, then cooling in the
furnace to 620°C and holding for 18 h and subsequently air cooled. Higher solution treatment
temperatures (1040°C to 1065°C) and longer ageing hold times can be used to increase
ductility, impact properties and low temperature toughness with the risk of notch brittleness in
stress rupture [2]. Cast Inconel 718 parts are produced by investment casting [2], which tends
to create porosity in the as-cast structure. HIP processing is often employed to remove the
porosity, which is critical especially for aerospace components. The HIP process is typically
done near the solution temperatures under inert gas atmosphere. Rapid cooling is preferred
but in some cases a separate high temperature anneal followed by rapid cool is required. Large
sections can be homogenized prior to HIP processing to increase local melting temperature.
[2] After HIP the parts are subject to solution anneal / homogenization and aging treatments
[63].

Additive manufacturing

Inconel 718 is challenging to process into complex forms and machine, making it an attractive
material for AM technologies. Similarly to Inconel 625, the L-PBF processed Inconel 718
typically has a cellular γ sub-structure with micro-segregation and elongated grains typically
oriented parallel to the build direction <001>, thus having strong texture. [63] The presence of
Laves phase in as-built alloy has also been reported [64]. The cooling rates decrease as the
built height increases resulting in coarsening of the grains. Generally, lower linear densities
(laser power divided by scanning speed) lead to lesser micro-segregation and changes in the
precipitation kinetics during ageing. However, too low linear densities lead to increased
porosity. [64]

The inhomogeneous microstructure and the insufficient precipitation of the strengthening
phases in as-built Inconel 718 necessitate the use of post heat treatments to achieve desirable
mechanical properties. Thermal post treatments for LBPF manufactured Inconel 718 are
specified in the ASTM F3055-14a standard [65], including the following heat treatment
procedures: 1) Stress relieving, 2) Solution treatment + ageing in accordance with AMS 2774
and 3) HIP. The recommended solution treatment temperatures in AMS 2774 depend on
product types ranging from 954°C to 1066°C [30]. The purpose of solution treatment is to
dissolve the unwanted phases into solution and to homogenize the material for uniform
precipitation of the γ´ and γ´´ phases during the ageing process. [63]

According to Tucho, W.M et al. [66] the temperature of 980°C is not sufficiently high for solution
annealing of L-BPF built Inconel 718 as Laves and micro-segregates are not completely
dissolved. Solution annealing at 1100°C for 1 h resulted in partial recrystallization but did not
fully dissolve the precipitates whereas longer hold time (7 h) resulted in complete
recrystallization, grain coarsening and the dissolving of Laves and other unwanted phases. At
1250°C the microstructure was fully recrystallized (coarse grained) and homogenous. [66]

Xu et al. [67] studied the microstructure and creep performance of L-PBF manufactured
Inconel 718 after different post heat treatments. Heat treatment that is specified in AMS 5383
standard for cast Inconel 718 (homogenization at 1093°C + solution treatment at 954–982 °C
+ ageing at 718 °C and 620 °C) transformed the anisotropic as-built structure into equiaxed
grain structure. Similar microstructure was observed for samples HIP’d at 1200°C for 4 h in
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103 MPa, expect for the amount of precipitates that was significantly higher for the HIP’d
specimen. The HIP’d specimens had pronounced intergranular cracking under creep
conditions which the authors attributed to the intergranular precipitations. [67] Aydinöz, M.E.
et al. [64] reported similar findings regarding the microstructure of HIP’d Inconel 718, as δ
precipitates were observed at grain boundaries resulting in lower strength compared to solution
aged and aged samples. The HIP parameters used in literature range from 100 to 200 MPa
for gas pressure and 1150 to 1280°C for temperature, where temperatures below 1200°C are
most common to prevent excessive grain growth [63].

Gallmayer, T.G. et al. [68] investigated the effect of various heat treatments on the
microstructure and mechanical properties of Inconel 718. The different heat treatments they
performed included solution anneal (980°C / 1 h / air cool) + aging (720°C / 8 h + 620°C / 8 h
+ air cool), direct aging at different temperatures and solution annealing (1020°C / 0.25 h /
water quench) + aging (720°C / 24 h / air cool). The standard practice, i.e. solution treatment
at 980°C and aging (AMS 5662), produces mechanical properties on par with wrought Inconel
718 but not optimal in terms of composition and size of precipitates. The detrimental Laves
and δ phases were reportedly not found in the sample solution annealed at 1020°C. The
authors stated that the AM process induces dislocation cells and nano-sized precipitates in the
microstructure providing strength, elongation and creep performance that are retained if
solution temperatures below 1100°C are used. However, solution annealing above 1010°C is
sufficient to eliminate δ and Laves phase. Therefore the solution anneal step was seen
essential and rapid cooling from solution annealing temperatures below 720°C was
recommended, but the two-step aging procedure was not, as optimal precipitate structure (γ´,
γ’’) was observed after single aging step at 720°C. [68]

According to published research, the fatigue performance of L-PBF manufactured Inconel 718
is inferior to wrought or even cast counterparts, which is more evident in the long-life regime.
Comparable fatigue properties to wrought material have been obtained after HIP as long as
the effect of surface roughness is eliminated [63]. The mechanical properties of wrought, cast
and AM Inconel 718 are shown in Table 16.

Table 16. Mechanical properties of Inconel 718.

Wrought
718
(Solution
anneal +
aging)1

Wrought
718
(Solution
anneal +
aging)2

SLM
Solutions,
30µm,
vertical (As-
built)3

SLM Solutions,
30µm, vertical
(Solution
anneal +
aging)4

EOS,
40µm,
vertical
(As-built)5

EOS, 40µm,
vertical
(Solution
anneal +
aging)6

Young’s
modulus [GPa]

- - 168 ± 10 186 ± 15 - -

Yield strength
[MPa]

1130 1255 684 ± 6 1225 ± 68 800 1240

Tensile
strength [MPa]

1330 1415 1027 ± 10 1412 ± 86 1090 1505

Elongation [%] 23 17 29 ± 5 11 ± 5 25 12
Reduction of
area [%]

48 41 40 ± 5 25 ± 6 - -

Impact
toughness [J]

- - 80 ± 8 28 ± 3 - -

Hardness 48 HRC 41 HRC 303 ± 7 HV10 470 ± 4 HV10 - 47 HRC / 466
HB

Fracture
toughness J1c
[MPa · m1/2]

100 84 - - - -

1 Solution anneal: 955°C for 2 h, water quench or air cool; Age: 720°C for 8 h, cool 55°C/h to 620°C, hold 8 h, air cool. [2]
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2 Solution anneal: 1050°C for 1 h, air cool; Age: 760°C for 6 h, furnace cool 55°C/h to 650 °C, hold 8 h, air cool [2]
3 Vertical orientation. Layer thickness 30µm. Tensile test: ISO 6892-1:2017. Hardness: DIN EN ISO 6507-1:2018. [69]
4 Vertical orientation. Layer thickness 30µm. Specimens were heated up to 980 °C in a furnace, held for 1 h, followed by air-
cooling +  heating up to 720 °C, hold for 8 h, then cool down to 620 °C in furnace with 50 °C/h. Hold at 620 °C for 8 h, then air-
cooling. Tensile test: ISO 6892-1:2017. Hardness: DIN EN ISO 6507-1:2018. [69]
5 Vertical orientation. Layer thickness 40µm. Number of samples = 36. [70]
6 Vertical orientation. Layer thickness 40µm. Heat treatment procedure conform to Aerospace Material Specification AMS 2774
and AMS 5662 (solution anneal at 954°C / 1h per 25mm, air cool + aging at 718°C / 8h + 621°C / 18h, air cool). Number of
samples = 26. [70]

7 Summary

Relevant observations derived from the reviewed literature regarding heat treatment of AM
alloys are summarized in Table 17.

Table 17. Summary of heat treatments for AM alloys based on the reviewed literature.

Alloy Thermal
post
processing
guidance in
ASTM
standard

Typical
heat
treatment

Microstructure
after heat
treatment
(conventional)

Heat treatment
considerations for AM
alloy

AM microstructure Mechanical
properties

316L yes (ASTM
F3184-16)

Annealing Austenitic,
equiaxed

Heat treatment above
900°C is required for
maximum stress relief.
Solution annealing
typically does not result in
homogenous
microstructure but rather
coarsening of as-built
grain structure or partial
recrystallisation. HIP as
per ASTM F3184-16
produces recrystallised
structure.

AM microstructure is
anisotropic with
elongated grains, fine
dendrites and
microsegregation.
Annealing results in
grain growth and
partial recovery. HIP
results in partial or full
recrystallisation.
Oxide inclusions tend
to grow during heat
treatments.

AM alloy has its
highest strength in
the as-built
condition (superior
to wrought alloy).
Tensile properties
are comparable/
superior to wrought
alloy in annealed/
HIP’d condition.
Impact toughness
is lower than that
of wrought alloy.

Maraging no Solution
anneal &
age
hardening

Martensite &
second phase
precipitates
(Ni3Mo,
Ni3Ti)

Conventional heat
treatment procedure is
sufficient for AM alloy:
Solution anneal at 820°C
followed by ageing at 460-
480°C. Higher aging
temperatures can be used
for improved ductility and
lower strength.

Mostly martensitic
with some retained
austenite. The texture
present in the as-built
material is reduced
after annealing.

Strength increases
with annealing and
aging heat
treatments and is
comparable to
conventional age-
hardened
maraging.

17-4 PH no Solution
treatment
& aging

Martensite
(lath) &
second phase
precipitates

Solution annealing at
~1040°C and ageing at
~480°C (H900) can be
considered an effective
heat treatment procedure
for the AM alloy.

Fine martensitic grain
structure after
solution anneal and
ageing. As-built
material has some
retained austenite.
High nitrogen
concentration in
feedstock powder can
increase the fraction
of retained austenite.

Tensile properties
comparable to
wrought alloy can
be obtained for AM
alloy by using
appropriate
solution annealing
and ageing
parameters. Some
anisotropy
between samples
built in different
orientations is
likely to remain
after heat
treatments.
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Alloy Thermal
post
processing
guidance in
ASTM
standard

Typical
heat
treatment

Microstructure
after heat
treatment
(conventional)

Heat treatment
considerations for AM
alloy

AM microstructure Mechanical
properties

H13 no Hardening
& double
tempering

Tempered
martensite,&
vanadium
carbides

Quencing (1020°C, AC)
and double tempering
(~600°C) results in high
strength but low ductility.
HIP (1130°C / 6
h,100MPa) performed
prior to quenching and
tempering improves
ductility and strength.

The microstructure
after hardening and
double tempering
consists of tempered
martensite with some
retained austenite
and relatively
homogenous
precipitation of fine
secondary carbides.
Heat treatment at
austenite temperature
removes the
cellular/dendritic
solidification
structure.

Quenched and
double tempered
alloy has
comparable/
superior strength
and lower ductility
than wrought alloy.

AlSi10Mg yes (ASTM
F3318 -
18)

T6:
Solution
treatment
& artificial
aging

α(Al) + Si
dendritic
structure,
Mg2Si
precipitates

Solution treatment
temperature above 480°C
is recommended to
produce a homogenous
solid solution. The growth
of hydrogen porosity has
been reported at
temperatures >525°C.
Ageing temperatures
between 160-180°C have
been utilised effectively,
but the hold times have to
be adjusted accordingly.

Solution annealing
leads to coarsening
of Al-rich cellular
grains and Si-
particles surrounding
the grains. Artificial
ageing leads to
precipitation of
Mg2Si.

Solution-treated
and aged AM alloy
has similar
strength as a cast-
and heat-treated
alloy (T6) but has
higher ductility.

Ti6Al4V  yes (ASTM
F2924 - 14,
ASTM
F3001 -
14)

Solution
treatment
& aging

α +
transformed β

Stress relief at 900°C was
recommended over the
lower temperatures as it
produced α + β lamellar
structure with good
mechanical properties.
The traditional solution
annealing + ageing
process does not
necessarily produce
optimal microstructure for
AM alloys but is still
applicable in terms of
tensile properties. HIP
processing in accordance
with ASTM F2924-14
produced a structure with
α grains embedded in β
grain boundaries.

Fully martensitic α´
structure within prior
β grains in the as-
built condition.
Annealing produces a
lamellar α + β
structure. Quenching
from solution anneal
temperature
transforms β into α’.
Some β forms during
ageing heat
treatment.

The as-built
material with
acicular α´
structure has the
highest strength,
which is superior to
a wrought and
annealed alloy, but
has lower ductility.
Annealing
improves ductility
due to formation of
a + β structure with
a decrease in
strength. Solution-
treated and aged
material has
slightly lower
strength than a
wrought and heat-
treated alloy. HIP
processing
improves ductility
and fatigue
strength more
effectively than the
as-built condition.

Inconel
625

yes (ASTM
F3056 -
14e1)

Solution
anneal

Austenitic
(solution
streghtened)

The typical solution
annealing at 1150°C
followed by a water
quench produced a ductile
recrystallised structure.
Ageing increases strength

Equiaxed
recrystallised grain
structure after
solution annealing
and quenching.
Primary MC carbides

As-built material
has higher strength
and ductility
comparable to
wrought and
annealed alloy.
Slight improvement
in mechanical
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Alloy Thermal
post
processing
guidance in
ASTM
standard

Typical
heat
treatment

Microstructure
after heat
treatment
(conventional)

Heat treatment
considerations for AM
alloy

AM microstructure Mechanical
properties

but reduces ductility due to
precipitations.

and secondary
carbides.

properties are
achievable via an
appropriate
solution-annealing
process.

Inconel
718

yes (ASTM
F3055 -
14a)

Solution
anneal &
aging

Austenitic
with γ’ & γ’’
precipitates (+
carbides)

The solution-annealing
temperature should be
above 980°C to dissolve
second phases. Solution
treatment temperature
1020°C has been proven
effective. A single ageing
step at 720°C is potentially
more effective than the
traditional two-step aging
treatment. HIP at 1200°C
resulted in precipitation of
δ at grain boundaries.

Solution anneal at
sufficient temperature
results in a
recrystallised
equiaxed
microstructure.
Typical ageing
procedure was found
to be suboptimal for
AM alloy in terms of
γ´/ γ’’ phase
structure. HIP can
produce intergranular
precipitations that are
detrimental to
mechanical
properties.

The tensile
properties of
solution-annealed
and aged AM alloy
are comparable to
a wrought and
heat-treated alloy.
HIP can result in
precipitation of the
δ phase,
decreasing the
strength of the
material.

8 Conclusions

The conventional processing methods for producing castings, wrought and PM products are
very different from the process conditions involved in the L-PBF process. Melting layers of
powder produces highly anisotropic microstructures characterized by high dislocation density
and microsegregation of elements among other phenomena due to the high solidification rates,
remelting / reheating of previous layers and other process characteristics related to L-PBF.

For some alloys the as-built microstructure provides superior tensile properties compared to
wrought or heat treated AM alloy, but is not necessarily ideal condition for all end use
applications as other properties may be impaired. The heat treatment specifications found in
the AM standards do not take into account the variation in process conditions, i.e. different
machines, process parameters, that can influence on the finished material properties after heat
treatment considerably. Attention should be paid to the feedstock material composition,
especially to the amount of impurity elements.

The heat treatment guidance for AM alloys is largely based on aerospace specifications that
are not designed for the L-PFB process. According to the reviewed literature the traditional
heat treatment procedures can result in satisfactory mechanical properties and even superior
performance compared to wrought / cast alloys and in some instances a modification to the
practices are found to improve the material performance. However, often the microstructure
and the material properties are different for AM parts after heat treatment compared to
conventionally manufactured parts which demonstrates a need to develop heat treatment
practices specifically for AM alloys and to adopt and modify the existing practices to better suit
the L-PBF process.
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