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Abstract

Effects of build layout and orientation consisting of (a) height from the build plate (Z-axis), (b) distance between
samples, and (c¢) location in the build plate (X-Y plane) on porosity, NbC fraction, and hardness in electron beam melted
(EBM) Alloy 718 were studied. The as-built samples predominantly showed columnar structure with strong <001>
crystallographic orientation parallel to the build direction, as well as NbC and 6-phase in inter-dendrites and grain
boundaries. These microstructural characteristics were correlated with the thermal history, specifically cooling rate,
resulted from the build layout and orientation parameters. The hardness and NbC fraction of the samples increased
around 6% and 116%, respectively, as the height increased from 2 to 45 mm. Moreover, by increasing the height,
formation of d-phase was also enhanced associated with lower cooling rate in the samples built with a greater distance
from the build plate. However, the porosity fraction was unaffected. Increasing the sample gap from 2 to 10 mm did not
change the NbC fraction and hardness; however, the porosity fraction increased by 94%. The sample location in the
build chamber influenced the porosity fraction, particularly in interior and exterior areas of the build plate. The hardness
and NbC fraction were not dependent on the sample location in the build chamber.
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1 Introduction

Electron beam melting (EBM) is a powder-bed fusion
additive-manufacturing (AM) technique which utilizes an
electron beam as a heat source. The process is capable of
producing geometrically complex parts with significant
improvements in performance, weight and cost reduction,
and an opportunity for design optimization [1-4]. Several
studies have been performed to evaluate the microstruc-
tures and mechanical properties of EBM-manufactured
Alloy 718 parts [5-8]. Moreover, the EBM process
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parameters such as beam power [9, 10], scanning speed
[9, 11], and scanning strategy [12—14] have shown signif-
icant effects on microstructure and mechanical properties
of Alloy 718. In the EBM-manufactured parts, the desired
microstructure is affected by complex chemical and phys-
ical behavior of the melt pool as a result of non-
equilibrium electron beam processing technique [1, 15].
There are, however, still challenges in the EBM
manufacturing for high demanding industrial applications
such as aerospace in terms of securing reproducibility,
increasing build-up rate, anisotropy of mechanical proper-
ties [3, 16, 17], and controlling microstructure variations
due to conditions within the build chamber.

In general, the EBM process parameters can be categorized
into two main groups: (a) build layout and orientation which
directly affect the thermal profile within the part being built,
and (b) machine process parameters [18]. Build layout and
orientation involve parameters such as sample design [3,
19], sample size [18], and building distance from the build
plate [18], while machine process parameters include param-
eters such as scanning speed, beam current, focus offset, and
line offset.
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Fig. 1 Micrographs of the as-received Alloy 718 powder. a Secondary electron SEM image of the powder particles. b Back-scattered SEM image of
cross-section of the powder and EDS analysis. ¢ Size distribution of the powder

It can be assumed that by increasing the height from
the build plate, grain structure and element segregation
would be altered owing to the thermal mass/heat accumu-
lation and change in the solidification condition. The gap
between the samples in the build chamber can also be
presumed to affect the microstructure. A smaller sample
gap might increase the thermal mass/heat accumulation,
which can lead to lower cooling rates, changes in grain
orientation, and higher amount of element segregation.
The location of the sample in the build chamber can be
assumed to affect the microstructure. The interior of the
build space is warmer, and the temperature radially de-
creases towards the exterior of the build space. It can
therefore be expected that parts built in the exterior have
a finer microstructure and higher hardness compared to
parts built in the interior. The aim of this work was to
verify these assumptions which to the author’s knowl-
edge, seem undoubtedly interested and important but have
not been previously studied for Alloy 718 manufactured
by the EBM process. Therefore, the present study was
motivated to uncover the relationship between the build
layout and orientation parameters and microstructural
characteristics of the EBM-manufactured Alloy 718. The
specific build layout and orientation parameters were (a)
height from the build plate (Z-axis), (b) distance between
the samples, and (c) sample location on the build plate
(X-Y plane). The results of the present study provided
information for tailoring the build layout and orientation
parameters for desired microstructure and mechanical
properties.

2 Materials and experimental work
2.1 Powder feedstock characterization

Plasma-atomized Alloy 718 powder supplied by Arcam AB,
Sweden, was used as feedstock. The powder had a spherical
shape with a few small satellite particles attached to the sur-
face of big particles, as shown in Fig. 1a, b. The particle size of
the feedstock powder was 45—105 pum (Fig. 1¢). The chemical
composition of the powder is given in Table 1.

2.2 Experimental setup

The building process was conducted under a controlled
vacuum of 2x 107> mbar with a small amount of
helium in the build chamber and an acceleration voltage
of 60 kV with an Arcam A2X EBM machine. The
chamber temperature was kept at about 1025 °C mea-
sured by thermocouple beneath the build plate through-
out the process. Six groups (groups A, B, C, D, E, and
F) with different build layout and orientation parameters
fabricated 62 cubic samples for the present study, as
shown in Fig. 2. A 10-mm-thick build plate with the
dimension of 170 x 170 mm of stainless steel was used.
Groups A and B consisted of nine samples in a 3 x3
matrix which had equal sample gap of 10 mm. While
group A was built with a 2 mm height from the build
plate and group B was directly built on the build plate,
both groups were connected to the build plate using the
support structure. Groups A and B from the build plate

Table 1 Chemical composition in wt% of Alloy 718 powder
Element Ni Co Cr Mo Ti Mn Nb P Ta Al Fe Si S C
wt% 54.11 0.04 19 299 1.02 0.12 497 0.001 0.004 <0.01 0.12  Bal 0.06  <0.001 0.03
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Fig. 2 a Schematic of EBM- a) Group F b) Samole

manufactured Alloy 718 samples \ Support o

in different groups: A, B, C, D, E, i sm}clm,-e N

and F. b The sample orientation \ >

on the build plate 5 |]\|\ /(|| 45°

were repeated for groups C and D (consisting of 4 x4
matrix of samples each) which have the same height as
groups A and B, respectively, but narrower sample gap
(2 mm). In order to further analyze the effect of sample
location in the chamber, group E was produced, having
one cube in the interior areca (E1) and two in the exte-
rior area (E2 and E3). Furthermore, one additional
group of cubic samples (F) with 3 x3 matrix (sample
gap 10 mm same as groups A and B) was produced at
a 45-mm elevated position with respect to the build
plate. These samples were built on the same support
structure simply free floating on the powder bed and
not connected to the build plate. Group F was produced
using the same feedstock and same process conditions
as the other groups, except a difference in distance from
the build plate. Table 2 summarizes the layout and ori-
entation parameters which had been used for different
groups in Fig. 2. All samples had the same dimension
of 10 x10x 10 mm and were built inclined around 45°
on the build plate with the process parameters shown in
Table 3 (Arcam standard theme for Alloy 718 in hatch
and contour regions). The fabricated samples were

Table 2
in Fig. 2

Layout and orientation parameters for different groups shown

Group label Height from build Distance between Sample location

plate (mm) samples (mm)
A 2 10 -
B 0 10 -
C 2 -
D 0 -
E - - Interior and exterior
F 45 10 -

Build plate

Build plate

<\

Thermocouple

investigated directly after EBM processing, without
any subsequent post treatment.

2.3 Characterization of microstructure

The samples were cut from a normal reference plane parallel
to the build direction (Fig. 3a), then grinded from 500 to
4000 grit and polished with diamond suspension and OP-U
colloidal silica suspension. The polished samples were etched
electrolytically using oxalic acid at room temperature with 6 V
for 5 to 10 s. The microstructures of all samples were analyzed
by light optical microscopy (LOM). For each sample, 16 im-
ages were taken at x 100 magnification to examine porosity
and lack-of-fusion defects, based on point counting method
presented in ASTM 562-08 [20].

A scanning electron microscope (SEM) (Hitachi
TM3000, Tokyo, Japan) was used to characterize the mi-
crostructures. Energy dispersive spectroscopy (EDS) anal-
ysis was utilized to measure the chemical compositions of
interested phases. Electron backscatter diffraction (EBSD)
system (Oxford Instrument, Oxfordshire, UK) was
employed to detail the crystallographic features, operating

Table 3 Main EBM process parameters (Arcam standard theme) used
in manufacturing of Alloy 718

Parameter Value

Layer thickness (pm) 75

Line offset (mm) 0.125

Speed function* 63

Scan strategy Alternating ~ 60° in each layer

*Speed function index controls the scanning speed and beam current
during process, and for each speed function value, the scanning speed
and beam current adjust along the build direction
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Fig. 3 a Sample cutting direction
(Red plane) of the EBM-
manufactured samples. b LOM
image showed columnar grains. ¢,
d SEM images illustrated MC
particles and 6-phase

Table 4 Chemical composition
(Wt%) of the observed phases in
Fig. 3¢ based on the EDS analysis

Fig. 4 Back-scattered SEM
image with EDS composition
maps showing concentration of
Ni, Cr, Fe, and Nb in the 6-phase

Fig. 5 a, b SEM images from the
etched surface. ¢ SEM image
before etching the surface,
showing d-phase distribution at
grain boundaries in the samples
with 45 mm height from the build
plate (group F)
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Precipitation composition Ni Cr Fe Al Nb Ti Mo
Matrix (spectrum 1) 55.45 19.08 18.95 1.07 2.57 1.14 1.74
Carbide (spectrum 2) 6.1 34 2.3 — 78.4 9.8 -
d-phase (spectrum 3) 69.12 1.72 2.12 0.88 2391 2.25 -
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Fig. 6 EBSD orientation maps in
parallel to the build direction (YZ
plane). a Sample B4, with 0 mm
height from the build plate. b
Sample F4, sample with 45 mm
height from the build plate

001

{100}
b) {100} {110} {111} 1

Fig. 7 Representative pole figures in the YZ plane. a Columnar grains in
sample B4 built on 0 mm height from the build plate. b Well-oriented
columnar grains in sample F4 built on 45 mm height from the build plate

at 20 kV of accelerating voltage and with step size of
2 um. Vickers microhardness (HV) measurements were
performed using a hardness tester (HMV-2, Shimadzu,
Kyoto, Japan) by an applied load of 500 g and a dwell
time of 15 s. In order to get good statistics, ten hardness
indentations were performed for each sample.

Fig. 8 a LOM image of gas
porosity and lack-of-fusion defect
in sample C3. b SEM image of
lack-of-fusion defect in sample
D5. ¢ SEM image of
agglomerated shrinkage porosity
in sample C16

Build direction }

.k Ga-s porosity

Unmelted powder particle

100 pm

Sample coordinate system

Z (Build direction)

1000 pun

3 Results and discussion
3.1 Microstructures of the EBM samples in all groups

As shown in Fig. 3b, the grains were mainly columnar and
elongated along the build direction. Precipitates can be found
align inter-dendritically along the build direction and chain up
(see Fig. 3c). Within the columnar region, the primary den-
drite arm spacing (PDAS) was ~6—10 pum (Fig. 3c). Based on
the relationship between experimentally derived cooling rate
and PDAS in Eq. (1), a cooling rate of 1000-7000 K/s was
estimated [7, 21-24].

A=AT" (1)

where \ is the primary dendrite arm spacing, T is cooling
rate, and A and » are proportionality coefficients.

The EDS analysis taken from the points in Fig. 3d
(presented in Table 4) confirmed with the EDS elemental
mapping in Fig. 4, showing the presence of the y-phase
matrix (point 1), precipitation of round/square shape MC
carbides (point 2), probably NbC or TiC with less than
2 pm size, and plate-like shape 6-phase precipitation with
NizNb chemical composition (point 3). A similar
founding regarding the microstructure was also reported
in the literature [13—15].
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Contour region

a) |
Cuttingdirection b) 1

Build direction

Hatch lines Hatch fégion .

Fig. 9 a Red hatched square representative of shorter hatch lines, and
LOM images representative of overall surface of sample YZ plane in
different process conditions. b Sample AS5: 2 mm height from the build
plate. ¢ Sample B5: 0 mm height from the build plate. d Sample F5:
45 mm height from the build plate

Comparing most of the EBM groups (A, B, C, D, and E)
based on the SEM analysis of the secondary phases, there
were no significant differences with regard to amount of the
d-phase. However, the 6-phase in group F was more in content
and longer in length than the other groups, which can be due to
a quite different thermal history (group F had the height of
45 mm from the build plate). By reason of lower thermal
conductivity of powder, the samples in group F stayed a long
time within the §-phase precipitation zone, which is about
870-1010 °C, than other groups (A, B, C, D, and E), and
therefore had more 5-phase [25-28]. As shown in Fig. 5, the
platelets of 6-phase were more elongated in group F compared
to the other groups (see Fig. 3d). In Fig. 5b, c, the d-phase
precipitates were organized in clusters of elongated parallel
plates in intergranular areas, whereas intragranular d-phase
was in small size. In addition, the intergranular §-phase
was brighter than the intragranular ones due to its larger
content of Nb. Presumably, the d-phase started its precipi-
tation at the grain boundaries; however, as the temperature
or dwell time increased (lower cooling rate ~ 300 K/s), the
intragranular d-phase precipitates can appear [29], as shown
in Fig. 5b.

3.2 Effect of build layout and orientation parameters
on secondary phase constituents, porosity,
and hardness

3.2.1 Effect of height from build plate

The EBSD orientation maps (IPF-maps) and pole figures
(PFs) in Figs. 6 and 7 show the effect of height from the build
plate on the grain structure. The microstructure exhibited a
high degree of texture, namely the <001> crystallographic
orientation aligned parallel to the build direction. As discussed
previously, this result is typical for the AM processes [9, 13,
14, 30, 31]. Although the strong columnar structure was
shown in the samples built on the build plate as well as the
ones built 2 mm from the build plate in Fig. 6a, the emergence
of some stray grains demonstrated that nucleation of new
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grains ahead of the solidification front was accelerated.
Formation of the stray grain led to lower grain width for the
samples in groups A and B. The tendency for formation of the
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Fig. 10 Effect ofheight from the build plate on a porosity fraction, b NbC
fraction, and ¢ hardness of EBM-manufactured Alloy 718 samples in
groups B, 0; A, 2; and F, 45 mm
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Build direction

Fig. 11 LOM images representative of overall surface of sample YZ
plane in different process conditions. a Sample A5: 10 mm sample gap
(2 mm building height). b Sample C10: 2 mm sample gap (2 mm building
height). ¢ Sample B5: 10 mm sample gap (0 mm building height). d
Sample D10: 2 mm sample gap (0 mm building height)

new stray grains in the samples of groups A and B can be most
likely attributed to:

i. A slightly higher cooling rate in lower height from the build
plate due to faster heat conduction to the build plate [32],
ii. Un-melted powder particles in lack-of-fusion defects as
initiation sites for fragmentation of dendrites which were
coming from previous layers and stray grain nucleation
[33].

In contrast, the elevated samples from the build plate
disclosed a more predominant columnar grain structure as
shown in Fig. 6b. PFs in Fig. 7a also confirmed lower multiple
of uniform density (MUD) of maximum 15.56 in samples
built on the build plate, while PFs in Fig. 7b for samples with
45 mm height from the build plate exhibited the maximum
MUD of 34.39 as it showed a strong texture in the build
direction.

It has been shown that porosity, both gas pores and lack-of-
fusion defects, which can be influenced by the build layout and
orientation parameters as well as machine process parameters,
adversely affect the mechanical properties [34]. For instance,
tensile strength can be altered by changing the build layout and
orientation parameters such as sample location and sample
height [35]. OM and SEM images of gas porosity, lack-of-
fusion defects, and local agglomerated shrinkage pores in the
different process conditions are shown in Fig. 8a—c. Large cav-
ities filled with or without loosely held un-melted powder

particles shown in Fig. 8a, b can be a result of the localized
low energy input, which caused small melt pool depth. As a
result, the powder particles were not fully melted to form strong
bonding between the layers [36, 37]. The shrinkage pores were

jab)
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Fig. 12 Effect of distances between samples on a porosity fraction, b
NbC fraction, and ¢ hardness of EBM-manufactured Alloy 718 samples
in groups A, 10; C, 2; B, 10; and D, 2 mm
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Fig. 13 LOM images of overall ’ = e s
surface of sample YZ plane in a) = e

different process conditions. a E1:
interior sample. b E2: exterior
sample. ¢ E3: exterior sample

Build direction
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arranged in strings parallel to the build direction (see Fig. 8c),
probably originated from a former dendrite microstructure [5].
In addition, these pores aligning along the MC precipitates can
be observed in some locations, indicating that the shrinkage
porosity probably formed in the inter-dendritic region which
is the last area to solidify [38].

Figure 9 shows a general view of the distribution of the pores
in YZ plane parallel to the build direction. More and larger
pores were more likely to be found in both top and bottom areas
of all samples which were due to shorter hatch lines (showed by
a red hatched square). As shown in Fig. 9a, not only the length
of the hatch scan was short in the beginning and end of the
building process (mainly attributed to the contour region), but
also spot melting strategy (typically implemented for the con-
tour region) was used to build these areas (see Fig. 9b). The
occurrence of these two phenomena led to formation of more
and larger pores at the top and bottom of the samples. But in
general, the porosity fraction was shown similar in the samples
with 0, 2, and 45 mm heights from the build plate (see Fig. 10a).
Due to a high thermal mass (as a result of having powder
particles under the samples), the elevated samples in group F
with high distance from the build plate (45 mm) were expected
to be less porous than the samples in groups A and B. However,
the porosity fraction was almost similar in all the three groups.
To explain this, it should be mentioned that the temperature of
the melt pool in the samples is affected by the thermal conduc-
tivity of the powder beneath the samples. A high amount of
powder beneath the samples in group F increased the thermal
mass/heat accumulation and led to formation of a high temper-
ature melt pool with low stability and vigorous motion. This
phenomenon probably promoted formation of more voids and
pores during solidification in group F [39, 40]. As shown in
Fig. 10b, the samples in groups A and B had almost the same
amount of NbC, which accounted for only half of that in group
F. It could be attributed to the lower thermal conductivity of the
powder leading to lower heat conduction to the build plate
which acted as a heat sink for samples built on the build plate.
Therefore, the available time for Nb segregation for group F
was increased in comparison to groups A and B. Similar to the
trend of NbC fraction, the hardness of the samples in groups A
and B was almost the same, but slightly lower than group F (see
Fig. 10c). It could be due to either the cooling condition of
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group F once the building job finished, was more favorable
for precipitating gamma double prime than groups A and B,
or grain boundary hardening by precipitation of inter-granular
d-phase at grain boundaries which avoid grain coarsening [23].

3.2.2 Effect of distances between samples

It is also of interest to investigate how the distance between the
samples with the same building heights affected the micro-
structure. It should be noted that groups A and C had the same
build height (2 mm) but different sample gaps (10 and 2 mm,
respectively), and also groups B and D were built with a same
build height (0 mm) but different sample gaps (10 and 2 mm,
respectively). As shown in Fig. 11, pores in the top and bottom
of the samples were clearly visible; however, in general, the
overview of the YZ plane revealed a lower amount of porosity
in the samples with smaller sample gaps (groups C and D).
The porosity fraction was measured and compared for the
different sample gaps in Fig. 12a. It was shown that by in-
creasing the sample gap from 2 mm (the minimum recom-
mended value by the EBM machine manufacturer) to
10 mm, the amount of porosity was increase around 94%.
The reason attributed to the higher thermal mass/heat accumu-
lation in lower sample gaps which induce less amount of un-
melted powder particles for pore formation. Higher sample
gaps had lower thermal mass/heat accumulation compared to
lower sample gaps which might be a reason for involving less
powder particles during melting process, leading to more po-
rous microstructures.

According to Fig. 12b, by decreasing the sample gap,
thermal mass/heat accumulation is expected to increase,
and thus cooling rate decrease, which implies an increase
in the NbC fraction. However, no results confirmed this
hypothesis since there were negligible differences be-
tween these groups. The result from the hardness mea-
surements for different sample gaps is given in Fig. 12c.
In this comparison between these groups ((A, C) and (B,
D)), no significant differences were revealed. The reason
might be that a larger difference in sample gaps would
have been needed to see the changes of NbC fraction
and hardness.



Int J Adv Manuf Technol (2018) 99:2903-2913 2911

3.2.3 Effect of sample location a) B Lack-of-fusion defects
—~ 1.6- I Gas porosity

Figure 13 shows large lack-of-fusion defects mainly in the X 1.4

top and bottom of the samples. In general, the samples in § ]

group E had higher amount of pores than the other groups $ 1.24

which can be attributed to their positions. The samples in = 1.0

group E had arrangement as single samples, whereas the ’8

other samples were designed in groups (for instance, 9 § 0.8

samples in group A). The lower thermal mass/heat accu- E 0.6+

mulation in group E due to the single arrangement led to = 0.4

formation of more pores. E3, which was built in the ex- g 0.2

terior area, showed a higher amount of porosity fraction A~

than E1, which was positioned in the interior area of the 0.0-

build plate. However, E2 in the exterior area contradicted El GI‘OEIz) label E3

the results of E3 by having a lower amount of total po-
rosity (see Fig. 14a). The exact reason remains unknown
as further investigation is needed.

Furthermore, as shown in Fig. 14b, c, no significant differ-
ences were obtained in the NbC fraction and hardness be-
tween E1, E2, and E3. However, to clearly explain the effect
of sample location on microstructural characteristics, more
investigations are needed.

4 Conclusions

The EBM technique was used to build different groups of
samples from Alloy 718 powder and to investigate the
effect of three build layout and orientation parameters
including (a) height from the build plate, (b) sample
gap, and (c) sample location in the build chamber on the
microstructure and hardness. Characterization of micro-
structural features illustrates a number of findings which
are usefully summarized as follows:

*  Columnar grains with strong texture of <001> crystallo-
graphic orientation parallel to the build direction as well as
precipitation of NbC and &-phase in inter-dendrites and
grain boundaries were observed.

* Increasing the distance from the build plate led to the
formation of predominant columnar microstructure. The
stray grains were found less in the samples built with the
higher height from the build plate.

* By increasing the height to 45 mm from the build plate,
formation of d-phase was enhanced as well as the NbC
fraction increased about 116% and hardness slightly in-
creased around 6%, but the porosity fraction was shown
not to vary significantly.

* By increasing the sample gap (from 2 to 10 mm), no sig-
nificant effect was found on the NbC fraction and hard-
ness, but in the larger sample gap, the porosity fraction
was increased about 94%.

El: interior sample, E2 and E3:
exterior samples

oy
~
v

—_
P .
L "

e
(oe}
1

NbC fraction (Area %)
o o
i

0.2
0.0-
El E2 E3
Group label
C) 450- E1: interior sample, E2 and E3:
exterior samples
400+
a
< 3504
E 300-
2 2504
0]
S 2004
=150
100
50
0 m
El E2 E3
Group label

Fig. 14 Effect of sample location on a porosity fraction, b NbC fraction,
and ¢ hardness of EBM-manufactured Alloy 718 samples; E1: interior
sample, E2: exterior sample, and E3: exterior sample
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* The effect of sample location on the porosity was evident
in which the former decreased in the exterior sample while
the latter increased; however, its effect on NbC fraction
and hardness was insignificant.
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