Archives of Civil and Mechanical Engineering (2023) 23:130

https://doi.org/10.1007/s43452-023-00674-y

ORIGINAL ARTICLE q

Check for
updates

Comparison of mechanical properties and structure of Haynes 282
consolidated via two different powder metallurgy methods: laser
powder bed fusion and hot pressing

P. Maj'® - K. Bochenek? - R. Sitek' - M. Koralnik' - K. Jonak' - M. Wieczorek' - Z. Pakietfa' - J. Mizera'

Received: 3 January 2023 / Revised: 25 March 2023 / Accepted: 13 April 2023
© The Author(s) 2023

Abstract

The development of powder metallurgy methods in recent years has caused traditional casting methods to be replaced in many
industrial applications. Using such methods, it is possible to obtain parts having the required geometry after a process that
saves both manufacturing costs and time. However, there are many material issues that decrease the functionality of these
methods, including mechanical properties anisotropy and greater susceptibility to cracking due to chemical segregation. The
main aim of the current article is to analyze these issues in depth for two powder metallurgy manufacturing processes: laser
powder bed fusion (LPBF) and hot-pressing (HP) methods—selected for the experiment because they are in widespread use.
Microstructure and mechanical tests were performed in the main manufacturing directions, X and Z. The results show that
in both powder metallurgy methods, anisotropy was an issue, although it seems that the problem was more significant for
the samples produced via LPBF SLM technique, which displayed only half the elongation in the building direction (18%)
compared with the perpendicular direction (almost 38%). However, it should be noted that the fracture toughness of LPBF
shows high values in the main directions, higher even than those of the HP and wrought samples. Additionally, the highest
level of homogeneity even in comparison with wrought sample, was observed for the HP sintered samples with equiaxed
grains with visible twin boundaries. The tensile properties, mainly strength and elongation, were the highest for HP material.
Overall, from a practical standpoint, the results showed that HP sintering is the best method in terms of homogeneity based
on microstructural and mechanical properties.

Keywords Haynes 282 nickel alloy - LPBF - HP - SEM - Static tensile test

1 Introduction

Powder metallurgy methods are commonly used in various
industries, including automotive, tooling, aerospace, and
other industries [1]. Their main advantage is that they make
it possible to form all sorts of materials (even brittle ones)
into real products with limited finishing [2]. Worthy of note
is that these methods can be used to form complex shapes
that cannot be obtained using conventional manufacturing
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methods. In general, the main steps that are necessary for
this group of methods are: (1) metal powder production, (2)
initial shaping of the powder, and (3) consolidation into a
solid component using temperature [3]. The main parameters
shared by all these techniques that affect the final product
are: the chemical composition of the metal powder, the size
and shape of particles, consolidation energy density, and the
atmosphere of the process [4].

Two different powder metallurgy manufacturing routes
were applied in this study. One was direct metal laser sinter-
ing (DMLS), which belongs to the group of laser powder bed
fusion methods (LPBF) [5]. DMLS is carried out in a cham-
ber with a non-reactive atmosphere that protects the mate-
rial from excessive oxidation. The powder is consolidated,
layer by layer, using a high-energy laser focused by a precise
optical system. The advantages of this method are the pos-
sibility of obtaining different complicated geometries not
achievable by any other conventional method, and getting
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them in a much shorter time, in a single process [6]. On the
other hand, the main disadvantages are the high porosity and
anisotropy of the final product [7]. The mechanical proper-
ties of the 3D printed material differ, depending on the ori-
entation of the sample in relation to the building platform.
An important feature of 3D printing is that the porosity of
an element and can be controlled by parameters such as the
atmosphere, additional heating, and the size of the powder
used for printing [8]. According to the available literature,
the DMLS method makes it possible to manufacture a wide
range of materials, from biomaterials [9] to aerospace engine
parts [10]. After 3D printing, post-processing of the print is
necessary. Most common post-processes require a low-tem-
perature stress relieving heat treatment and a basic surface
treatment, such as sanding, to reduce roughness and partially
sintered grains [11]. Some studies have used optional hot
isostatic pressure (HIP) to decrease the porosity and ani-
sotropy of the microstructure [12]. The final step in practi-
cal applications of LPBF processes involves machining the
element to customize it to the required geometrical param-
eters and dimensional consistency [13]. However, there is a
strong case for obtaining approximate net shapes that meet
individual requirements, since this translates into financial
savings [14].

The main differences between the HP and LPBF methods
mainly concern features such as formability and tooling. In
LPBEF, there is no need for special dedicated tooling due to
the precise movement of the laser that shapes the geometry,
layer by layer. Melting is limited to a small area; this has
benefits (a limited area of heating, which can be precisely
controlled) and drawbacks (large stress gradients, strict laser
requirements, and a time-consuming processing). It is worth
emphasizing that, using this method, it is possible to obtain
very complex geometries with a well-developed working
surface [15].

Generally, the LPBF process can be optimized by chang-
ing the laser power output and the laser pathing, which
corresponds closely with the energy density output on the
powder bed [16]. Too little energy can lead to high porosity
due to unfused laser paths or single powder particles. On
the other hand, too much energy will cause overheating and
additional thermal stresses, as well as an increase in porosity
[17]. Other parameters that may influence the overall quality
of the material are powder size and geometry [18].

An alternative method used for consolidating Haynes 282
alloys is hot pressing. In contrast to LPBF, the HP sintering
method is limited to simple geometries that can be prepared
by designing special forging dies. The HP is a long-term

process, where raw powder is compacted by applied uniaxial
pressure and temperature, where heating of mold (in most
cases made from graphite) occurs through convection. Nev-
ertheless, HP is still suitable for producing turbine blades
[19]. It has the advantage of making it possible to achieve
medium-volume production for geometrically simple prod-
ucts with repeatable homogeneous properties. This method
is more energy and time consuming, but the use of pressure
and a long processing time result in a more uniform micro-
structure, which can yield better mechanical properties. Nat-
urally, a long processing time can result in grain growth, for
example in comparison with SPS (Spark Plasma Sintering),
but there are many examples of the beneficial effects of a
long processing time on mechanical properties [20].

The main goal of present work was to obtain Haynes
282, new generation nickel-based alloy [21], by two vari-
ous powder metallurgy techniques to study their mechanical
properties and microstructure. The chemical composition of
the alloy is shown in Table 1. The alloy is mainly used in
the aerospace industry due to its high mechanical proper-
ties and creep resistance, even at temperatures exceeding
700 °C. The hardening mechanism responsible for this high
strength is associated with the gamma prime phase, which
is often encountered in Ni-based alloys having an FCC
structure [22]. According to data in the literature, the cru-
cial parameters are size and shape, which strongly influence
the properties of the material. With increase in temperature
and/or exposure time at temperatures above 700 °C, growth
in precipitates decreases coherence with the matrix and
facilitates dislocation movements that in turn decrease the
material’s overall strength. Additionally, secondary carbides
enhance the properties even further, strengthening the grain
boundaries—especially in terms of high-temperature creep
and fatigue resistance. To obtain a material having optimal
properties, it is necessary to perform heat treatment, which
affects the precipitates [23]. It is also worth noting that there
have been numerous studies concerning hot cracking, a phe-
nomenon often observed in the alloy in the case of more
aggressive sintering process parameters [24].

There have been a lot of literature data concerning the
manufacturing of Haynes 282 [25], where the most common
method is casting followed by heat treatment, which leads to
a uniform microstructure with clear grain boundaries [26].
Other less common manufacturing methods include hot iso-
static pressing (HIP) [27], LPBF [28], and electron beam
melting (EBM) [29]. In all of these studies, a solid structure
was achieved with a minimal pore content. The analyses
conducted in the abovementioned studies focused mainly

Table 1 Chemical composition
of Amperprint® 0233 [30]

Element Ni

Cr Co Mo Ti Al C B

Content (wt.%) Balance

19.5 10 8.5 2.1 1.5 0.05 0.005
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on microstructure and mechanical properties. Guidelines
for obtaining a homogeneous structure were achieved. How-
ever, in contrast, in other studies, we achieved good fracture
resistance without the need for additional heating—which
some authors stated as essential [24].

The main aim of the current work is to analyze how
the manufacturing method affects the tensile properties,
microstructure, and fracture toughness of Haynes 282 alloy
through a comparative study of bulk materials manufac-
tured via two different powder metallurgy technologies: hot
pressing and selective laser melting (with a wrought alloy
as reference). The premise of the article is to analyze as-
manufactured materials. Moreover, there is no data on the
influence of the manufacturing method on fracture toughness
analysis and high-temperature tensile tests for the materials
presented in this paper. This article tries to fill these gaps.

2 Material

The material studied in this article was powder for an AM
process of powder bed fusion made from nickel superal-
loy Amperprint® 0233, also known as Haynes® 282°.
Amperprint® 0233 is a vacuum induction melted, gas
atomized, spherical powder produced under a license from
Haynes International, Inc. The diameter of the particles is
between 15 and 45 um (max 5% over and undersize). The
nominal chemical composition of the material is presented
in Table 1.

To verify the as-received product, studies of particle size
distribution using laser scattering were performed using a
Horiba LA-950, and SEM photos were taken using a Hitachi
TM-1000 scanning electron microscope. The powder par-
ticles were spherical, and 90% of them were smaller in
diameter then 48 um. In the SEM micrographs, some shape
defects can be observed, but these had no negative effect on
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the additive manufacturing process. The melt pools were
regular in shape and size, and no inclusions were visible in
the tested samples (Fig. 1).

3 Methodology

The initial state material was a wrought ingot after heat
treatment at 1130 °C for 4 h in accordance with the guid-
ance for wrought material.

The printed samples were manufactured using an EOS M
100 3D printer operating in the LPBF method. The machine
uses an argon atmosphere to prevent oxidation and corro-
sion. It also has a unique dosing system which enables the
use of steel blades to distribute the powder. This guarantees
that each layer of powder has the same height, which gives
higher accuracy in duplicating prints than rubber or brush
solutions do.

To achieve the best mechanical properties, an initial opti-
mization was performed on small 10X 10X 10 mm samples,
from which the highest specific density was selected. The
rotation between layers was set at 67 degrees, the height of
each layer was 20 pum, the distance between each scanning
line was 50 um, and the scanning stripes had a width of
5 mm, with a 0.1 mm overlap between each stripe.

Studies were performed using different laser power set-
ups. E (energy input at the hatch) ranged from 58 to 91 J
mm™>. The best material properties were observed for the
sample printed with E=75 J mm?>. This parameter is used
in the article. The main parameter of the optimization was
the relative density of the samples which was 99.6% for the
selected samples using the Archimedes method (Fig. 2a).
The second optimization parameter was Vickers hardness.

For the hot pressing, a Thermal Technology LLC hot-
press was used as the alternative manufacturing route.
The following parameters were applied: a temperature of

50 um

x1,5k

Fig. 1 Particle size as a function of percentage of distribution (a), and SE image (b) of Amperprint® 0233 powder magnified 1.5 k times
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Fig.2 Samples used in the
experiment a LPBF and b HP
sinter

1200 °C under a pressure of 30 MPa, with a heating rate of
10 °C/min, and a dwelling time of 60 min (under a vacuum).
The dimensions of the compact were 48 mm in diameter
and ~5 mm in height. The measured relative density of
the sample was 99.8% by use of the Archimedes method
(Fig. 2b).

The hardness tests were performed using a Zwick Roell
2.5 automatic hardness tester. For each sample, ten measure-
ments were made using the Vickers method with a load of
1 kg. The distance between each measurement was longer
than 2.6 times the diagonal of indentation.

Room temperature tensile tests were performed using a
Zwick Z0005 Universal Testing Machine. Microsamples
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with a total length of 8.6 mm were used (Fig. 3a); they
had the following geometry. For each analyzed state and
orientation of the material, a minimum of three tests were
conducted. For LPBF, the number of samples was five, as
the spread of results was much broader. High-temperature
tensile tests were performed on Zwick Z050 with attached
heating chamber, the geometry of samples is presented in
Fig. 3b. The samples were cut using wire electro-discharge
machining and then ground to achieve a relatively smooth
surface without additional defects.

The tensile tests in room temperature were performed at a
constant strain rate of 107 1, and in accordance with previous
analyses by adding digital image correlation (DIC), a technique
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Fig. 3 Dimensions of the microsamples used for the static tensile tests at a room temperature and b elevated temperature
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that uses image analysis of individual points applied to a sam-
ple. This makes it possible to obtain reliable elongation results
without the influence of measurement errors from poor fitting
of the samples [31]. Additionally, in the case of the 3D printed
samples, the method is very susceptible to the defects that are
often encountered when using this technique [32].

The light microscopy observations were carried out using
a Nikon Epiphot 200. The standard procedure of grind-
ing, polishing, and etching was applied. Chemical etch-
ing on the Haynes 282 was performed using a solution of
HNO;+HCL +FeCL.

The transmission electron microscope (TEM) observations
were carried out using a JEOL JEM 1200EX microscope at
an acceleration voltage of 120 kV. The samples were prepared
using a precision ion polishing system at a beam voltage of
4V, inclined to the sample surface at an angle of 10°.

The values of fracture toughness of the obtained materi-
als were compared on a Zwick Proline Z050 universal test-
ing machine with crosshead speed of 0.5 mm/min. Rectan-
gular bars of 3x4x25mm? were cut from the manufactured
specimens using a wire cutter (Mitsubishi MV1200R). The
V-notches on the SEVNB specimens were first cut using the
wire cutter and then finished using a custom-made notching
machine with a razor blade and diamond paste (9/6/3/1 pm).
Ultimately, it was possible to obtain a low-diameter notch tip
(below 20 microns). The length of the notches was in a range
from i up to % of the specimen's thickness.

The standard Egs. (1) and (2) were used to calculate the
fracture toughness value of the specimens:

tem 221(3) oo,

where,
(1.99— j—v)(l - %)[2.15 ~3.934 +2.7(%)2]

f(W)= \/;>< 2(1+2%)(1_:_V>% .

P is the fracture load (MN), S is the support span (in case of
four-point bending mode is difference between lower sup-
port span and upper support span) (m), B is the specimen
width (m), W is the specimen thickness (m), a is the notch
depth (m)

4 Results

4.1 Microstructure of the samples (light
microscopy)

The microstructures of the Haynes 282 showed notice-
able differences for the individual manufacturing methods

(Fig. 4). The grain sizes varied. In the case of the wrought
material, they were equiaxed, but with size ranging from 30
to 90 pm. The samples produced using the LPBF technique
consisted of multilayers of melting pools, as is typical for
3D printed samples [25, 33]. It is worth noting that there
seems to have been segregation, which is also quite typical
for LPBF materials on the outskirts and in the middle of
the melt pools which is visible in the differences in etching
susceptibility (Fig. 3b). The most uniform structure with
equiaxed grains was obtained in the HP sintered sample.

4.2 Transmission electron microscope

As a supplementary analysis, TEM observations were con-
ducted for the sintered samples and those produced using
the LPBF technique (Fig. 5). There were significant differ-
ences in both samples, mainly concerning the concentration
of defects and the type of the grain boundaries. In the LPBF
samples, much higher concentrations of dislocations can be
observed. There are visible low-angle dislocation bounda-
ries and numerous dislocation tangles inside the grains in
Fig. 5d. In contrast, the HP sinter grains are devoid of dislo-
cations, and contain visible twins—which form because of
the high annealing temperature. Additionally, there are some
defects at the grain boundaries, although from the electron
diffractogram, only one phase is visible (Fig. 5c). Moreover,
in both samples, the occurrence of small precipitates was
observed in the area near the grain boundaries; these had an
average size of about 30 nm.

The hardness tests showed that the highest hardness was
observed in the HP sintered material, and the lowest in the
wrought state, whereas the LPBF material was about 40
units lower than the HP sample. Moreover, no differences
in hardness were found between the XY and XZ planes of the
printed sample. It is worth noting that the sintered sample
had the lowest spread of results and the wrought sample had
the highest. As has been shown, the sinter sample exhibited a
very uniform structure that remained unchanged throughout
the volume of the material. On the other hand, the wrought
material displayed a broader range of test results, mainly
because of unequal grain size according to the Hall Petch
strengthening equation.

The average and standard deviation in measurements are
shown it Table 2.

The tensile tests were done in the main parallel and lon-
gitudinal directions (Fig. 6). It can be clearly seen that this
had an impact on the LPBF and HP sintered samples—in
contrast to the wrought material, in which sample orientation
had almost no effect. The effect was most significant in the
LPBF manufactured material. In the building direction, the
elongation was almost two times lower than in the parallel
direction. Strength shows a reverse relation in which the
strength is 100 Mpa higher in the longitudinal direction.

@ Springer
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Fig.4 Microstructure of sam-
ples Haynes 282 nickel alloy:
from annealed bar (a), manufac-
tured by LPBF printing (b) and
from HP sintering (c¢) technique
(light microscope)

Fig.5 Microstructure of sam-
ples Haynes 282 produced: HP
(a) and LPBF (b)
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Table 2 Results of testing hardness using the Vickers method

Table 3 Summary of tensile test results

Material Hardness HV1 Standard
deviation

Wrought 231 11

LPBF XY 315 5

LPBF XZ 316 5

HP sintered 355

The slight difference between the R, and R,, values for the
LPBF sample compared with the other states is related to the
material’s lower strengthening ability, which in turn is due
to the large number of dislocations (confirmed by the TEM
observations). In the case of the HP sintered along the pres-
sure direction, the strength was lower along with elongation,
which was most probably a result of non-uniform squeeze
(probably due to the presence of twin boundaries). Overall,
the highest strength and elongation were observed for the
HP sintered material, as is a result of two factors: the small
uniform grain size without any apparent stress concentration,
and the slower cooling rate, which probably led to small
sub-micro-sized precipitation that increased the material’s
strength (Table 3).

In the tensile tests conducted at 750 °C, the HP sin-
tered sample displayed the highest UTS, although its yield
strength was slightly lower (Fig. 6). Additionally, the LPBF
displayed very fast necking and a decrease in strength,
an undesirable feature that indicates a rapid localization
of deformation. In Table 4, the samples are additionally
compared with data provided by the manufacturer for the
annealed and age-hardened states. What stands out is the HP
material, which has supreme strength and elongation com-
parable to the age-hardenable sheet, with a very low spread
of results. All the specimens for testing were cut along the
XY direction.

Fig.6 Tensile tests curves for 1400
the three materials tested in the
two main directions 1200

1000

800

600

Stress [MPa]

400

200

0
0% 10%

Sample Direction Ry, (MPa) UTS (MPa) A (%)
Wrought XY 502 905 39
X7 510 901 37
HP sintered XY 840 1206 24
X7 825 1272 31
LPBF XY 645 872 19
XZ 707 954 36

R, yield strength (MPa), UTS ultimate strength (MPa), A elongation
(%)

Table 4 Tensile results for Haynes 282 at 750 °C

Sample UTS (MPa) Ry, (MPa) A (%)
HP Sinter 962+7 668 +6 25+1
LPBF 874+15 78320 27+3
Age-hardened sheet* 856 628 22

“Specification sheet from manufacturer

4.3 Fracture toughness results

The results are presented in three- and four-point bending
mode (Table 5). The three-point bending mode was per-
formed on the wrought material due to the fact that its high
plasticity results in a compression of the specimens between
the lower and upper supports during testing in the four-point
bending mode. Also, it well known that, for this type of
material, a CT (compact tension) test will give more accu-
rate results, but due to the limited volume of material, it was
decided to perform tests in SEVNB samples. In the present
paper, we focused on comparing the properties resulting
from different manufacturing techniques. It is worth noting
that the best results were observed for the LPBF samples,

wrought_Z
......... wrought_X
—HP_Z

— - -HP_X
LPBF_Z

- — - LPBF X

20% 30% 40% 50%
Elongation [%)]

@ Springer



130 Page 8 of 11

Archives of Civil and Mechanical Engineering (2023) 23:130

Table 5 Fracture toughness of

Material

manufactured materials aterta Kic [MPa \/rZ]
Wrought 51.95+£5.0
LPBF X 82.5+15,2

HP sintered X  60.23 +10.1

which contradicts some of the results of the previous tensile
tests.

The high spread of results suggests that the key role is
played by individual microstructural features, which may
vary between samples. It is also worth noting that the ori-
entation of the samples was in the XY plane, which reduced
the impact of the layered structure typical for the LPBF tech-
nique. Additionally, the numerous grain boundaries created
good conditions for energy dissipation through the creation
of new crack surfaces and additional yielding around the
crack fronts.

4.4 Fracture analysis

Complementary to the fracture toughness analysis, fractures
(Fig. 7) were analyzed by means of macro- and micro-fea-
tures. Both the HP sintered and the LPBF samples showed
very similar features, so only one is included in this article.
The biggest changes were observed in the wrought mate-
rial, which displayed higher ductility and necking. However,
in both cases, tear ridges and plastic dimples were visible,
although in the wrought sample, they were much bigger,
most probably due to differences in grain size. Nonetheless,
in all cases, ductile fracture was dominant (Fig. 8).

5 Discussion

The results obtained show that the manufacturing method
plays a key role in determining the mechanical properties of
Hayens 282. It should be noted that, overall, the alloy dis-
plays relatively high ductility and strength. This is primarily
due to the solution and y’ strengthening [33], and is also
confirmed by the current research. Nonetheless, there are
also other factors that affected our results. The mechanical
and structural anisotropy observed in the LPBF is a sig-
nificant disadvantage compared with the other two analyzed
methods. Furthermore, the literature data clearly shows that,
even after an appropriate annealing process, there are dif-
ferences between the wrought material and the LPBF mate-
rial, especially in the building direction Z [25]. It has been
reported that this issue mainly concerns the segregation of
precipitates, structure recovery, and partial recrystallization,
which prevent the material from being fully homogenous in
the microregions [34]. The best composition of mechani-
cal properties was obtained for the HP sintered sample,

@ Springer
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Fig.7 Tensile results for Haynes 282 HP sintered and LPBF at
750 °C

which displayed the most homogeneous structure, as well
as a moderate concentration of twins—beneficial in terms
of mechanical strength [35]. Additionally, the cooling rate
parameters allowed for partial strengthening with the gamma
prime phase, which nucleates relatively fast in the intermedi-
ate temperature range of 800-900 °C [36]. Lastly, the grain
boundaries in all the cases studied were sites of intense dif-
fusion, as was visible in the form of the high dislocation
density and precipitate concentration. It seems that, in this
regard, the sample produced by the LPBF technique stands
out from the other samples; this has implications regarding
the mechanical properties [24] (Table 6).

Analyzing the fracture toughness results, it should be
noted that all the samples displayed very high values at
room temperature, which is consistent with the tensile
results. In all the manufactured specimens, a crack was
generated at the notch tip during loading, but this did not
lead to unstable crack growth. The maximum force meas-
ured during the SEVNB test was then used in the calcula-
tions. After the generation of a crack, the recorded force
dropped slightly, and the test was stopped. High values
were also observed in the sample produced by the LPBF
technique, in all directions, which shows that the material
can maintain those values throughout the volume, regard-
less of orientation. Nevertheless, it seems that the sample
cut in the building direction was most susceptible to crack-
ing, probably due to its specific grain orientation, which
facilitates the growth of cracks in certain directions [42].
In the fracture toughness measurements, the 3D printed
Haynes 282 specimens showed the highest values, but the
high deviation between the different printing directions
could be a disadvantage in industrial applications.

The mechanical tests and microstructure showed that
Haynes 282 has good formability by PM manufacturing,
although the homogeneity of the material is an issue. The
HP sintered samples seemed to be the most promising for
meeting the criteria of practical applications. This includes
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Fig. 8 Fractography of the
fracture toughness samples:

LPBF (a, ¢), and wrought mate-

rial (b, d)

Table 6 Summary and comparison of current results

Characteristics Direction Yield Ultimate yield Elongation (%) Hardness HV KQ Microstructure Reference
strength  strength (MPa)
(MPa)

Solution annealed plate 404 868 60 205 Visible annealing twins [37]
and carbide M,;Cg pre-
cipitates inside grains,
Varying grain sizes

EBM printed XY 620 1058 49 Visible carbides on GB [38]

XZ 656 1100 48

LPBF printed XZ 647 910 69 Visible Mo-rich M¢C [39]
carbides

Solution annealed bar 348 816 62 171 (86Rb) [40]

LPBF printed XY 722 1012 324 Visible melt tracks [41]

X7 608 885 385 and grain boundaries
stacked in layers
Sintered XY 840 1206 24 355 52 Uniform grain sizes This work
XZ 825 1272 31
Solution annealed bar XY 502 905 39 231 52 Varying grain size, vis-
(wrought) X7, 510 901 37 ible annealing twins
and carbide precipitate
directions
LPBF printed XY 645 872 19 315 75  Visible individual melt
X7 707 954 36 316 tracks stacked in layers

homogeneity throughout the whole volume without any
stress concentrators or visible defects. Additionally, the
narrow range of grain sizes could be beneficial in terms
of residual stress, which was also an issue for the wrought
material. On the other hand, the LBPF Haynes displayed

large differences between the X and Z directions. This
greatly reduces its potential applicability, as there would
be a need for advanced machining and treatment to obtain
a homogeneous material.
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6 Conclusion

Based on the performed studies, the following conclusions
can be drawn:

1. A key factor when designing a material’ structure and
mechanical properties is the manufacturing technology.
HP stood out because of the uniform structure achieved
throughout the volume of the material, which in certain
respect was superior to the wrought material. The sam-
ples had negligible porosity, which is also an important
feature. The LPBF material displayed very little porosity
and a very fine crystalline structure with a high concen-
tration of defects.

2. The mechanical tests showed higher strength (up to
1200 MPa) and comparable elongation in the HP sam-
ples. This was most probably related to the material’s
very uniform and fine microstructure, additionally
enhanced by the precipitation process that took place
spontaneously during cooling.

3. The high-temperature tests showed that the HP mate-
rial had superior strength, even in comparison with the
standard age-hardenable alloy. The disadvantages of
hot-pressing technique in practice are the specialized
tooling required, and that formability is limited to low-
complexity geometries. The LPBF samples displayed
higher yield strength, although a rapid localization of
deformation was observed, which should result in sig-
nificantly reduced fatigue resistance.

4. The mechanical properties of the sintered material sur-
passed the wrought material in relation to the manu-
facturer specification. This creates opportunities in
enhancing high temperature properties which are of key
importance for nickel-based superalloys. Based on the
current results, it seems that equiaxed grains are benefi-
cial compared to uneven recrystallized grains where the
distribution is uneven. The current research can be the
basis for an analysis of these phenomena, in particular
in terms of the mechanical properties of aircraft alloys.
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