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Electron beam melting (EBM) of Alloy 718 is of rapidly growing interest as it allows cost-effective pro-
duction of complex components. However, the inherent flaws in the component in as-built state are of
concern in view of the severe working conditions in which Alloy 718 components typically operate. The
present work entails an investigation of changes in microstructure that accompany some post-treatments
that are being widely considered to address defects in EBM processed Alloy 718. The effect of two different
post-treatments, namely hot isostatic pressing (HIP) and a combined HIP + heat treatment (HT) carried
out inside the HIP vessel, have been studied and results from as-built and post-treated specimens were
compared in terms of porosity/lack-of-fusion, microstructure, phase constitution (NbC content, d-phase)
and micro-hardness. Post-treatment resulted in reduction in defect content by more than an order of
magnitude. HIPing led to complete dissolution of d phase. In comparison to as-built material, HIPed
specimens exhibited significant drop in hardness. However, a sharp �recovery� of hardness to yield values
higher than in as-built condition was observed after HIP + HT and can be attributed to precipitation of c¢¢
phase.
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1. Introduction

Additive manufacturing (AM) is the process of fabrication
of parts through layer-by-layer addition of material. This allows
manufacture of extremely complex parts intended for structural
and functional applications, such as turbine blades with unique
cooling channels. There is a growing interest in production
through AM of components from high temperature materials
like Alloy 718, a Ni–Fe based superalloy widely used in the
aerospace industry. Although Alloy 718 (also known as Inconel
718) in wrought and cast form has been widely studied, there is
a need for a detailed analysis of AM built material as the latter
exhibits different microstructures and properties in comparison
to those manufactured through the conventional manufacturing
routes. AM processes commonly used for fabrication of Alloy
718 components are directed metal deposition (DMD), which
uses a laser source with wire or powder as the feedstock, and
powder-bed fusion techniques such as selective laser melting
(SLM) and electron beam melting (EBM). This study examined
EBM fabrication of Alloy 718.

Thermal post-treatment of AM-builds is actively considered
to enhance mechanical integrity. Hence, changes in microstruc-
ture during such treatments are also pertinent to monitor.
Generally, thermal post-treatment involves hot isostatic press-
ing (HIP) for closure and healing of defects, solution treatment
for homogenization of the microstructure, and aging for
precipitation of strengthening phase (c¢¢, Ni3Nb and c¢, Ni3(Al,
Ti)). The specific interest in thermal post-treatment of EBM-
built Alloy 718 is motivated by published results showing
substantial improvement in mechanical performance after post-
treatment (Ref 1-3).

The present study comprehensively investigates the influ-
ence of two different post-treatments, namely HIP and HIP +
heat treatment (HT). The latter involved HIP, solution
treatment, and aging carried out as a single cycle within the
HIP vessel. The influence of post-treatment on grain structure,
defect concentration, phase constitution, and micro-hardness
have been investigated.

2. Experiment

2.1 EBM Build

The EBM build utilized for the present study was con-
structed at Arcam AB (Mölndal, Sweden). A plasma atomized
powder (nominal size range: 45-106 lm) supplied by AP&C
(Montréal, Canada) was used. The chemical composition of the
powder is given in Table 1. A high temperature steel base plate
was preheated to � 1000 �C before initiating the EBM build-
ing process. The deposition cycle for each layer consisted of 6
stages: (1) pre-heating of the powder layer being processed, (2)
localized pre-heating of regions to be melted, (3) contour
melting of the frame of the parts, (4) hatch melting of the
interior of the parts, (5) post-heating of the layer being
processed, and (6) lowering of powder bed and powder raking
to form a uniform layer of 75 lm for next cycle. An EBM
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Control software version 4.2.76 (ARCAM AB, Mölndal,
Sweden) and an accelerating voltage of 60 kV were used for
production. Figure 1 shows the EBM build used in the present
study and the rod structures (100 mm length 9 15 mm diam-
eter) observed therein were the subject of the present study. The
rods labelled 1-3 were extensively characterized both to
ascertain microstructural uniformity within a single rod, as
well as between rods. This was done before subjecting parts of
different rod specimens to post-treatments described below, to
ensure that differences noted during subsequent comparisons
between as-built and post-treated specimens would be
attributable to the post-treatment protocols alone.

2.2 Post-treatment

Two of the rods were subjected to two different post
treatments, one involving HIP and the other including HIP +
HT combined in a single cycle inside the HIP vessel. The
time–temperature-pressure protocols associated with the two
post-treatments studied, with the process graphs shown in
Fig. 2, were: (a) HIP: 1200 �C for 4 h at 120 MPa, followed by
rapid cooling to room temperature, and (b) HIP + HT: 1185 �C
for 3 h at 170 MPa, followed by furnace cooling to solution
treatment temperature of 980 �C and holding for 1 h, followed
by rapid cooling to room temperature, thereafter 1st age
hardening by heating to 740 �C, holding for 8 h, rapid cooling
to 635 �C for 2nd age-hardening, holding for 10 h and
followed by rapid cooling to room temperature. It may be
noted that the HIP conditions in the above HIP and HIP + HT
are slightly different since, given the high cost of conducting
dedicated runs in an industrial large-volume HIP furnace, two
already planned customer runs for additively manufactured
Alloy 718 builds were utilized for this initial study. In this
context, it is relevant to point out that, previously reported work
on Alloy 718 has shown that change in time from 3 h to 4 h
(Ref 4) and increase in pressure by 50 MPa (Ref 5) resulted in
only modest change in porosity content. Consequently, the
temperature–time-pressure schedules utilized herein were
deemed reasonable for a preliminary investigation.

2.3 Characterization

As mentioned elsewhere in this paper, microstructural
uniformity within a built rod, as well as between rods located
at different positions within the build, was first assessed using
rods labelled 1, 2, and 3 in Fig. 1. For microstructure analysis
to examine uniformity within a rod, 7-10 mm long sections
along the build direction were taken from near the top, middle,
and bottom regions of rod 2 using precision cutting. All the
specimens were hot mounted and semi-automatically polished
using Buehler PowerPro 5000 (Buehler, USA) system. The
polished specimens were etched via electrolytic (2-4 V) etching
using oxalic acid and examined under an optical microscope
(OM) (Olympus BX60 M, HOFSTRAgroup�, US) and scan-
ning electron microscopes (SEMs) (HITACHI TM3000, Zeiss
EVO 50). Image analysis was employed for quantification of

porosity and carbide content (using ASTM E1245-03 automatic
image analysis method (Ref 6) and the open source ImageJ
software) using at least 10 images in each case, and the average
value ± the confidence interval has been reported herein as
recommended in the above ASTM standard. An energy
dispersive spectroscopy (EDS) (Oxford instruments, UK)
detector mounted on the Zeiss EVO 50 SEM was used for
elemental analysis. Vickers micro-hardness testing (HMV-2,
Shimadzu Corp., Japan) on the polished cross-sections was
performed using 500 g load applied for 15 s in ambient
conditions. For each of the specimens tested, 8-12 indents were
recorded.

3. Results and Discussion

A detailed investigation of the role of post-treatment was
preceded by a comprehensive study to assess microstructural
uniformity not only within a rod but also among different rods
constituting the build. This was crucial to ensure that the
microstructural changes noticed during post-treatment were
mainly attributable to the HIP and HIP + HT protocols used
and not to any significant inherent differences in the different
specimens used. It should be noted that, for characterization of
a rod along the build direction, 5 mm of the very top and very
bottom of the rod (representing regions near end-of-build and in
immediate vicinity of the base plate, respectively) have been

Table 1 Chemical composition of the Alloy 718 powder used in the present study

Element, wt.% Ni Cr Fe Nb + Ta Mo Ti Al C N

Powder alloy 718 51.67 19.09 � 19.33 5.31 3.12 0.89 0.53 0.04 0.02

Fig. 1 Photograph of the EBM build. Rods from different positions

within the build and labelled 1, 2, and 3 were investigated. Build

direction is out of the plane of the paper
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excluded for the limited scope of this study. At the beginning of
part production the energy input is lowered, which could
potentially lead to excessive defects in the very bottom region
of the build. Previously published work has shown presence of
Laves phase and microstructural gradients in the very top part
of a build (Ref 7).

3.1 Microstructure of As-Built Specimens

For microstructure analysis along the build height, speci-
mens near the top, middle and bottom of rod 2 were studied. In
addition, uniformity in different rods within a build was
assessed using specimens near the middle of the three different
as-built rods (labelled 1, 2, and 3 in Fig. 1) along the build
direction. The different microstructural features observed are
discussed in the following sections.

3.1.1 Grain Structure. 3.1.1.1 Uniformity Within a Built

Rod. The SEM (back-scattered electron, BSE) micrographs
shown in Figs. 3 (a), (b), and (c) reveal the columnar grain
structure oriented in the build direction of rod 2. Such
directional solidification in the EBM process, resulting from
the presence of large thermal gradients in the solidifying melt
pool, has been widely reported (Ref 8, 9). Long grains up to an
order of 1 mm were observed. As evident from Fig. 3(a), (b),
and (c), no apparent difference in grain width was noticed along
the build height of rod 2. Kirka et al. (Ref 7) have also reported
such uniformity along the build height, except for the few mm
portion at the top of the build. A previously reported study on
EBM processed Ti-6Al-4 V had also found no significant
variability in grain width with build height (Ref 10). It is
pertinent to note that, in contrast to this observation, prior
published work on SLM Alloy 718 builds have indicated higher
columnar grain width near the top region of the component and
lower grain width near the bottom region (Ref 11). The above
variation in microstructure with build height in case of SLM
was attributed to the difference in cooling rate, which is higher
near the bottom, i.e., closer to the base plate, and lower near the
top region. Hence, the observed uniformity in grain width along
the build height in the present study is perhaps indicative of
relatively uniform cooling rate with build height in the EBM
builds investigated herein.

3.1.1.2 Uniformity in Different Rods Within a Build. SEM
micrographs of the middle region of the as-built rods 1, 2, and 3
are shown in Fig. 3(d), (b), and (e), respectively. Comparison of
the micrographs reveals similar columnar grain structure and

grain width in the three as-built rods. This is suggestive of
substantial rod-to-rod microstructural uniformity within the
build, which needed to be confirmed before undertaking any
comparative study by subjecting specimens from different rods
to distinct post-treatments.

3.1.2 Defects. The defects observed in the as-built EBM
Alloy 718 specimens can be categorized into the following
categories: (a) gas porosity, (b) shrinkage porosity, and (c) lack-
of-fusion as shown in Fig. 4. As labelled in the figure, the gas
pores appear circular in two dimensions, shrinkage pores are
aligned with the build direction, and lack-of-fusion defects are
perpendicular to the build direction. The reasons for occurrence
of such defects have been explained previously (Ref 12). The
total defect content in the specimens is summarized in Fig. 5. It
is worthwhile to mention that majority of the defects comprised
of shrinkage porosity. Although the gas porosity and lack-of-
fusion defects were larger in dimension whenever they were
observed, they were relatively sparsely present. Keeping in
view the scatter in data, there is negligible difference in defect
concentration along the build direction and only a slight
difference in defect concentration in different as-built rods, with
the overall defect concentration being consistently under 1%.

3.1.3 Phase Constitution. SEM micrographs of the mid-
dle regions of the three as-built rods are shown in Fig. 6 and
look largely similar. Specimens from the top and bottom of rod
2, although excluded for the sake of brevity, also exhibited a
similar microstructure as shown in Fig. 6. All microstructures
are mainly composed of globular precipitates and a bright
network-like feature appearing in the SEM (secondary electron,
SE) image shown in Fig. 7(a). Such a network has been found
to be composed of d precipitates (similar in morphology to that
shown in Fig. 7(b) but much finer in size) in another published
report on EBM built Alloy 718 specimens (Ref 7).

For indexing some of the phases present in the specimens,
EDS was employed. Given the fine size of the precipitates, the
EDS results shown in Fig. 7 are not very accurate but clearly
indicative of the relative elemental distribution present in the
various features seen in the micrograph. The phases found in
the as-built specimens were c, MC and MN as shown in the
SEM (SE) image and EDS results for middle region of rod 2 in
Fig. 7. The d needles (< 1 lm) [shown in Fig. 7b] precipitat-
ing at the grain boundaries were too small to permit reliable
EDS analysis. However, the morphology of the precipitates
conforms well with other reported studies that have also

Fig. 2 Time-temperature–pressure graphs of (a) HIP and (b) HIP + HT post-treatments investigated
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identified presence of d phase in EBM-built Alloy 718 (Ref 7).
A few Al and O rich precipitates were also observed in the
microstructure. MC carbides were found to be rich in Nb and,
hence, presumed to be predominantly NbC. Similarly, the MN
type precipitates were significantly Ti rich and were plausibly
comprised of TiN precipitates. Similar presence of NbC and
TiN has also been reported in previously published work (Ref

9, 13). It has been previously reported that TiN precipitates act
as nucleation sites for NbC by virtue of the two being
isomorphous, (Ref 14) which could plausibly explain the
appearance of a dark core in the SEM images of NbC
precipitates, visualized at spot 2 in Fig. 7(a), and the corre-
sponding substantial presence of both Nb and Ti being detected
by EDS. The NbC phase content was quantified and is

Fig. 3 SEM (BSE) micrographs showing uniform columnar grain structure both within a rod (rod 2) in the build direction and across rods

within the build (rod 1-3). Arrow indicates the build direction

Fig. 4 SEM (BSE) micrographs showing defects in EBM built Alloy 718: (a) gas and shrinkage porosity, (b) lack-of-fusion defect. The black

arrow indicates the build direction
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Fig. 5 Schematic of the three as-built rods indicating defects (vol.%), NbC content (vol.%), and micro-hardness (HV0.5) at different regions of

interest. Arrow indicates the build direction

Fig. 6 SEM (BSE) micrograph showing microstructures of specimens from the middle regions of rods (a) 1, (b) 2, and (c) 3. Arrow indicates

the build direction

Fig. 7 SEM (SE) micrographs and EDS results for specimen from the middle region of rod 2. The results are given in wt.%. Arrow indicates

the build direction
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summarized in Fig. 5. It can be seen that no statistically
significant difference was found between any of the as-built
specimens. The presence of c¢¢ phase has been previously
reported in EBM-built Alloy 718, (Ref 7) but it was difficult to
visualize it without resorting to high resolution microscopy.
Previously published work by the authors had indeed revealed
presence of c¢¢ in the as-built material (Ref 15).

3.1.4 Micro-hardness. The micro-hardness values for all
the investigated as-built specimens are given in Fig. 5. Two
observations can be made from the hardness results: there is no
significant variation in micro-hardness along the build direction
or between different rods, and the micro-hardness values of as-
built specimens exceed the AMS 5662 requirement (350 HV).
The high hardness suggests that significant amount of c¢¢ had
precipitated during the EBM process (Ref 9) and was present
more or less uniformly throughout the build height, since c¢¢

phase is the main hardness determinant of Alloy 718 (Ref 16).
All the above results amply suggest that there was microstruc-
tural uniformity within a rod as well as between different rods
in the build.

3.2 Influence of Post-treatment

Since microstructural uniformity within a built rod and
between different as-built rods has already been established,
only middle regions of the rods were taken into consideration
for evaluating the influence of post-treatment using the as-built
microstructures as the basis.

3.2.1 Grain Structure. A comparison of SEM micro-
graphs of as-built, HIPed, and HIP + HTed specimens shown
in Fig. 8 reveals that the columnar grain structure is retained
even after the two post treatments. However, there is an
increase in the width of the grains after post treatment, it being
significantly higher after HIP than after HIP + HT. It could be
due to the longer 4 h exposure to high temperature in case of
HIP compared to 3 h in case of HIP + HT. The increase in
grain width in both cases could also be attributed to the
dissolution of d-phase (shown in ‘‘Phase Constitution’’ section)
which is reportedly responsible for grain size control in Alloy
718 (Ref 17).

3.2.2 Defects. Figure 9(a) shows the defect content in the
post-treated and as-built specimens. It can be seen that the
defect content is reduced by more than an order of magnitude in
case of both HIP or HIP + HT. Different mechanisms of defect
closure during HIPing have been previously suggested and
these include plastic deformation, creep, diffusion, etc. (Ref 18,
19). Such extensive reduction of defect content is expected to
lead to improvement in mechanical performance of the parts.
Previous reports on HIPing of EBM built Alloy 718 have
shown significant improvement in low-cycle fatigue of com-
ponents, with one of the plausible reasons being the healing of
defects after HIP (Ref 1).

3.2.3 Phase Constitution. The discernible particulate
phases found in case of the as-built specimens discussed earlier
and identified to be mainly NbC with few TiN (Fig. 6 and 7)

Fig. 8 SEM (BSE) micrographs revealing grain structure of (a) as-built, (b) HIP, and (c) HIP + HT specimens. Arrow indicates the build

direction

Fig. 9 (a) Defect and (b) NbC content in the middle region of the as-built, HIP, and HIP + HT rods
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were also found in the HIP and HIP + HT specimens as shown
in the SEM micrographs in Fig. 10(b) and (c), respectively.
However, no significant difference in the carbide content was
noted due to the post-treatment as summarized in Fig. 9(b). The
HIP treatment employed was also found to lead to complete
dissolution of d phase, as can be seen from Fig. 11(a) when
compared with Fig. 7, since the 1200 �C HIP temperature is

above the solvus temperature of d, which is report-
edly � 1010 �C (Ref 17). No re-precipitation of d was
observed during HIP + HT, refer Fig. 11(b), which is in
accordance with the reported TTT diagram of Alloy 718 (Ref
20).

3.2.4 Micro-hardness. Significant drop in hardness was
observed after HIP treatment as shown in Fig. 12. This could
be attributed to the dissolution of c¢¢ phase, which is the main
strengthening phase in Alloy 718. Also, the rapid cooling in the
HIP vessel would have inhibited re-precipitation of c¢¢ in
contrast to c¢¢ precipitation during cooling reported in another
study involving slow cooling in HIP vessel (Ref 21). Previous
reported work by authors had also shown nearly complete
dissolution of c¢¢ after HIP treatment (Ref 15). Complete
dissolution of c¢¢ after solution treatment at 1050 �C for
10 min. in case of wrought Alloy 718 has also been reported
(Ref 22). HIP + HT led to �recovery� of hardness and its
increase beyond that in the original as-built condition. This can
plausibly be attributed to the increased c¢¢ precipitation
resulting from rise in Nb available in the matrix prior to the
aging step, as some Nb is freed due to dissolution of d phase
during the HIP step (at 1185 �C) of the treatment.

4. Conclusion

Based on the results discussed above, the following
conclusions can be drawn:

Fig. 10 SEM (BSE) micrographs of specimens in (a) as-built, (b) HIP, and (c) HIP + HT conditions. Arrow indicates the build direction

Fig. 11 SEM (SE) micrographs at high magnification showing absence of d phase in (a) HIP and (b) HIP + HT condition. Arrow indicates the

build direction

Fig. 12 Micro-hardness of the middle region of the as-built, HIP,

and HIP + HT rods
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1. The properties of EBM-built Alloy 718 were found to be
uniform, in terms of grain structure, grain width, defect
and NbC content, and hardness, along the build height.
Similar uniformity was also found to exist among speci-
mens built at different locations on the base plate.

2. HIP led to reduction in the defect content of the material
by more than an order of magnitude.

3. The HIP temperature used in the present study led to
nearly complete dissolution of the d and c¢¢ phase, and
was accompanied by significant reduction in hardness.

4. HIP + HT treatment led to sharp �recovery� of hardness
which can be attributed to precipitation of c¢¢ phase.
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