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Introduction

Additive manufacturing (AM) through electron beam
melting (EBM) powder bed fusion technique has
gained growing interest for production of difficult-to-
machine materials. One such material is Alloy 718,
which is a Ni-Fe-based precipitation strengthened
superalloy extensively used in off-shore, aerospace
and energy sectors [1, 2]. Although Alloy 718 pro-
duced by EBM has been studied for several aspects,
such as microstructure, mechanical behavior, resid-
ual stress, etc. [3, 4], relatively less attention has been
paid on the effect of thermal post-treatments.
EBM-built Alloy 718 is typically subjected to thermal
post-treatments to enhance the mechanical integrity.
Thermal post-treatments typically involving hot iso-
static pressing (HIPing) and heat treatments have been
developed toreduce defects attributable to gas porosity,
shrinkage porosity and lack of fusion, promote desired
phase precipitation, etc., to ultimately improve the
performance of Alloy 718 to meet the requirements of
the service conditions [5-7]. Before stating the
microstructure and mechanical behavior of EBM Alloy
718 it should be mentioned that majority of the reported
characteristics of the EBM Alloy 718 correspond to the
hatch region of the material. The hatch region comprises
the bulk of the material which is surrounded by a
‘border” known as contour region [8, 9].
Balachandramurthi et al. [8] have shown improved
fatigue life of EBM Alloy 718 subjected to HIPing and

heat treatment (comprising solution treatment (ST) and
aging), with machined surface. The authors also noted
much lower fatigue life when only heat treatment was
employed. The improvement in fatigue life after post-
treatment involving HIPing was attributed to mitiga-
tion of shrinkage porosities and lack-of-fusion defects
through HIPing, whereas heat treatment had no evident
effect on the defects. Thus the remnant defects, in case
of latter, reduced crack initiation and propagation
resistance in the material, as the defects are associated
with accelerating local crack growth rate, thus causing
reduced fatigue life of the material [8]. For similar rea-
sons, the authors also reported increased monotonic
tensile ductility after employing HIPing and heat
treatment compared to the heat-treated case without
prior HIPing. Barring differences in fatigue life and
tensile ductility, the yield and ultimate tensile strength
after heat treatment was similar irrespective of whether
or not the material was subjected to prior HIPing [8].
These strength values were significantly higher than in
the as-built condition as well as higher than the typical
values for cast Alloy 718 and approached close to the
properties of wrought material. Kirka et al. [10] have
also observed improvement in tensile properties after
subjecting the EBM Alloy 718 material to post-treatment
involving HIPing and heat treatment. Moreover, the
noted gradient in strength and ductility in the as-built
condition was removed after the post-treatment. Creep
properties of HIPed and heat-treated EBM Alloy 718
have been found to be comparable to the wrought
material [11].
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However, all the above-mentioned studies have
employed HIPing at high temperature, i.e.,, 1200 °C
which has been associated with concerns related to
grain growth due to the high temperature [12-14].
Grain coarsening at higher HIPing temperatures has
been shown to cause reduction in yield strength of
Alloy 718 produced through powder compaction
[15]. There have been very limited reported efforts on
tailoring the HIPing parameters for EBM Alloy 718.
Use of HIPing at lower temperatures (1120 °C, 2 h,
100 MPa; 800 °C, 2 h, 200 MPa) has been carried out
to inhibit grain growth; however, the defects were not
fully closed [16]. In the case of laser powder bed
fusion (LPBF) Alloy 718, Tillmann et al. [17] have
investigated reasonably wide variation in pressure
and temperature during HIPing mainly with regard
to densification. However, as noted above, in addi-
tion to densification, grain growth during HIPing is
also an important concern to be investigated while
tailoring HIPing conditions.

The HIPing treatment is typically followed by ST
and two-step aging. Deng et al. [18] have studied
effect of variation in ST temperature on the resulting
EBM Alloy 718 microstructure, however without
prior HIPing. Solution treatment at 930 °C and 980 °C
resulted in populous precipitation of 6 phase at the
grain boundaries, while ST at 1080 °C, i.e., above the
0 phase solvus, resulted in grain boundaries devoid
of 6 phase. Solution treatment is followed by two-step
aging to strengthen the material by precipitation
hardening. However, the aging procedures devel-
oped for cast/wrought Alloy 718 are typically
employed for EBM-built material [12-14]. This phi-
losophy is also reflected in the ASTM F3055 standard
for powder bed fusion built Alloy 718 [19], which
states a range of HIPing temperature, and heat
treatment conditions apparently unchanged from the
existing AMS 5363 standard for cast [20] and AMS
2774 standard for wrought [21] Alloy 718. The con-
ventional aging treatment typically comprises 8 h of
first step of aging (Agel), followed by 2 h of cooling
to second aging (Age2) and holding for 8 h before
cooling. Therefore, it can be represented as ‘8 + 8 h
treatment, to represent the holding times at the two
steps of aging, and the treatment actually takes ~
18 h in total. However, it is clearly evident from the
previous studies that the microstructure of Alloy 718
produced by conventional processing methods is
particularly different from that produced by EBM or
LPBF processes [22-24]. Hence, using typical heat
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treatments traditionally employed for cast and
wrought Alloy 718 for EBM-built material might
neither be ideal nor even be necessary, given the
~ 18 h duration for the employed treatment. In this
context, it is worth mentioning that in a recent study
Huang et al. [25] expect accelerated aging response in
LPBF Alloy 718 compared to wrought material by
studying microstructure evolution during isothermal
aging treatment. However, there has been no repor-
ted effort on study of microstructure evolution of
EBM Alloy 718 during post-treatment. An under-
standing of evolution of microstructure during ther-
mal post-treatments can aid in designing shorter
protocol(s) specifically tailored for EBM Alloy 718.
For completeness, it should also be mentioned that, in
general, systematic studies on the influence of post-
treatments on the EBM Alloy 718 are limited in the
literature.

The present study reports on systematic efforts
undertaken for EBM Alloy 718 to understand the
evolution of microstructure during heat treatment,
which can help to design a shortened optimal post-
treatment procedure for EBM Alloy 718 (depending
on user, application and desired properties). In
addition, the effect of prior HIPing treatment on the
microstructure evolution has also been studied. A
detailed investigation of grain size, defect content,
phase constitution, as well as hardness was carried
out at various times during different stages of post-
treatment to enable insightful conclusions to be
drawn.

Experimental methods
EBM production of Alloy 718

The EBM build studied in the present work was
supplied by Arcam AB (Moélndal, Sweden). The
feedstock Alloy 718 powder used was produced by
plasma wire atomization, with a nominal size range
of 45-106 pm and supplied by AP&C (Montréal,
Canada). The nominal chemical composition of the
powder can be seen in Table 1. The EBM build was
manufactured using an Arcam A2X machine with a
stainless-steel build plate, powder layer thickness of
75 pm and 60 kV voltage. The process parameter
version, for complete set of process parameters, used
in this build was 4.1.22. Bi-directional raster scanning
strategy was used for melting the hatch region, and a
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Table 1 Nominal chemical - :

composition of the used Alloy ~ Element Ni Cr Fe Nb Mo Ti Al C N
718 powder Wi% 5167 1909  Rem. 531 312 089 053 004 002

Cuboid
(used in the study) —— Build plate

Figure 1 CAD model of the investigated EBM build; the build
direction (BD) indicated by the arrow.

line offset of 125 pm was used. The build consisted of
vertical rods (100 x 15 mm) and  cuboids
(100 x 100 x 15 mm) as shown from the computer-
aided design (CAD) model presented in Fig. 1. It is
worth mentioning that, before initiating the EBM
build process, the base plate was pre-heated to
1025 °C. Moreover, the powder bed was also main-
tained at a high temperature ranging between 800 °C
and 1000 °C throughout the period of processing.

Thermal post-treatments

Sections taken from one of the cuboid samples (refer
to Fig. 1) were subjected to two different HIP treat-
ments, labeled HIP1 and HIP2. The sectioning was
done along the build direction, using water jet cut-
ting, such that a cuboid sample was split into three
pieces of dimensions 30 x 100 x 15 mm each. Prior
to HIPing, all the specimens were subjected to
ultrasonic cleaning. Here it should be mentioned that
prior work by authors has already established uni-
formity in the EBM build [26]. The selection of con-
ditions for HIP1 (1120 °C, 100 MPa, 4 h) and HIP2
(1185 °C, 100 MPa, 4 h) was based on the suggestions
in the ASTM F3055 standard for powder bed fusion
built Alloy 718 [19]. The 1120 °C and 1185 °C tem-
peratures represent the two extremes of the

recommended temperature range. Both the HIP treat-
ments were carried out in a molybdenum HIP vessel
(Model QIH21, Quintus Technologies, Vésterds, Swe-
den) and using argon as the process gas. For as-built
and one of the HIPing conditions chosen based on
subsequent results, the specimens were also exposed
to various solution treatments (STs), and aging con-
ditions, as given in Table 2. Here it should be men-
tioned that the aging temperatures for Agel (740 °C)
and Age2 (635 °C) correspond to the middle points of
the temperatures specified in ASTM F3055, which
suggests Agel at 720 °C/760 °C and Age?2 at 620 °C/
650 °C, respectively. Similarly, the ASTM F3055 stan-
dard specifies an 8 h duration each for Agel and Age2,
which will henceforth be referred to as the conven-
tional ‘8 + 8 h treatment in the present study that
strives to explore potential shortening of the above
aging treatment. In addition to the above, the as-built
and HIPed specimens were also subjected to STs with
different cooling rates adopted at the end of the treat-
ment: furnace cooling (FC, ~ 4 °C/min), air cooling
(AC, ~ 100 °C/min) and water cooling (WC,
> 1000 °C/min). While the three different types of
cooling were adopted to specifically investigate the
influence of cooling rates, unless stated otherwise, the
WC was adopted for cooling after STs for all other
studies. All the heat treatments were performed using
an alumina tube furnace (model R120/500/13,
Nabertherm GmbH, Germany) in argon environment.
For each treatment, first the furnace was pre-heated to
the required holding temperature, and then the spec-
imens were inserted into the furnace and the hold time
was counted directly after inserting the samples.

Material characterization

For microstructural analysis, 5-10-mm-long sections
along the build direction were taken from the middle
portion (nearly 40-60 mm from the bottom) of the
cuboid (refer to Fig. 1) in as-built and various post-
treated conditions. All the samples were hot-mounted
and metallographically ground and polished using
typical metallographic procedure. In addition to the
above, sections perpendicular to the build direction
were also prepared for grain structure analysis. To
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Table 2 Designations and details of the post-treatments

J Mater Sci (2021) 56:5250-5268

Nomenclature Post-treatment details

HIP1 1120 °C, 100 MPa, 4 h, RC (> 300 °C/min)

HIP2 1185 °C, 100 MPa, 4 h, RC (> 300 °C/min)

ST1 980 °C, varying duration (15 min, 30 min, 45 min, 60 min), WC

ST2 954 °C, 60 min, WC

Agel 740 °C, varying duration (1 h, 4 h, 8 h), AC

Agel + Age2 740 °C, 8 h, FC at 55 °C/h to 635 °C, held at 635 °C for varying duration (1 h, 4 h, 8 h), followed by AC

Short age ‘4 + I’

740 °C, 4 h, FC at 55 °C/h to 635 °C, held at 635 °C for 1 h, followed by AC

RC rapid cooling, FC furnace cooling, AC air cooling, and WC water cooling

reveal the secondary phases, polished samples along
the build direction were electrolytically etched either
using oxalic acid or 50% diluted Kalling’s 2 reagent
with 2-4 V. The samples were analyzed using an
optical microscope (OM) (Olympus BX60 M,
HOFSTRAgroup®, US) and three different scanning
electron microscopes (SEMs) (HITACHI TM3000,
Japan, LEO 1550 Gemini and Gemini 450, Zeiss, Ger-
many). Image analysis was used for quantification of
defect and carbide content (using ASTM E1245-03
automatic image analysis method [27] and the Image]
software) using at least 10 images in each case, and the
average values and 95% confidence interval have been
reported as recommended in the above ASTM stan-
dard. Vickers microhardness testing (HMV-2, Shi-
madzu Corp., Japan) on the unetched samples was
done using 500 g load applied for 15 s. For each of the
specimens tested, 15 indents were recorded.

Results and discussion

The present study mainly focused on the
microstructural evolution during the course of heat
treatments, involving ST and aging, to possibly
shorten the heat treatment protocol for EBM Alloy
718. Given that ST is typically preceded by HIPing for
defect closure, the effect of prior HIPing on the sub-
sequent microstructure evolution has also been
investigated. Since HIPing can have significant
impact on the microstructure, first only the effect of
HIPing has been described in detail.

Effect of hot isostatic pressing

Alloy 718 samples produced by EBM were subjected
to two HIPing treatments, as beforementioned, HIP1

@ Springer

(1120 °C, 100 MPa, 4 h, rapid cooling) and HIP2
(1185 °C, 100 MPa, 4 h, rapid cooling). The effect of
HIPing treatments on the grains, defects and phases
in the material was evaluated and compared to the
as-built microstructure as described below.

Grain structure

The hatch region, i.e., the bulk of the material, of the
as-built EBM Alloy 718 comprised columnar grains
elongated along the build direction, where the length
of the grains was in the order of mm and the width of
the grains was in the range of 10-100 um. This is
evident from the low and high magnification micro-
graphs of the as-built EBM Alloy 718 given in
Figs. 2a, b and 3a, b. Such grain structure is typically
observed in the hatch region of the EBM Alloy 718 as
reported and elaborated in several studies [9, 10, 18].
It should be mentioned that the bulk of the material
was mainly comprised of hatch region, and the con-
tour region forms a relatively narrow ‘border’
(~ 1.5 mm wide).

After subjecting the material to HIP1 treatment at
1120 °C, no evident effect on the grains was observed
in the hatch region as shown in Figs. 2c, d and 3¢, d,
which reveal micrographs in the build direction and
in the transverse direction, respectively. Largely
similar response was observed after subjecting the
material to HIP2 treatment at 1185 °C either, as
shown in Figs. 2f and 3f. However, at lower magni-
fication, localized grain growth in the hatch region,
particularly in the vicinity of the contour region was
observed (see Figs. 2e, 3e). This could be explained
by the high susceptibility to grain growth during
HIPing in the contour region compared to the hatch
region. These results corroborate the observations of
Balachandramurthi et al. [9], who have also reported
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Figure 2 Low- and high-
magnification SEM
micrographs along the build
direction revealing grain
structure in the a—b as-built

condition, and after HIPing: c— Asshuilt
d HIP1 and e—f HIP2. The
arrow indicates the build
direction.
HIP (1120°C)
HIP (1185°C)

the grain growth after HIPing of EBM Alloy 718 at
1200 °C to be mainly restricted to the contour region.
In other studies employing HIPing at 1200 °C, too,
extensive grain growth in the hatch region was
observed [12, 26].

Defect analysis

Three types of defects were present in the as-manu-
factured condition, i.e., gas porosity, shrinkage
porosity and lack-of-fusion. These defects are typi-
cally observed in EBM Alloy 718 [6, 28]. The average
defect content in the as-built condition was observed
to be ~ 0.15%. However, after both the HIP treat-
ments, it was reduced to < 0.04% as shown in Fig. 4a
and visualized in Fig. 4c and d. Thus, after both the
HIP treatments, it is evident that similar reductions in
the defect content were achieved. In the case of LPBF
Alloy 718, Tillmann et al. [17] have also reported
HIPing at 1120 °C and 1185 °C to result in similar
densification. = Therefore, ~HIPing at lower
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temperature, i.e., 1120 °C appears promising and is
preferred as HIP2 treatment at higher temperature
(1185 °C) provided no additional benefits but pro-
moted grain growth. Hence, material subjected to
HIP1 treatment was further characterized for phase
constitution.

Phase constitution

In addition to defect reduction, HIPing could also
influence secondary phases present in the material.
Figure 5a shows network-like features present in the
as-built material and these are identified at high
magnification to be § phase particles (see Fig. 5b).
Such network of & phase has also been previously
noted in EBM Alloy 718 [29, 30]. Moreover, 7"/’
phase particles were also seen in the as-built condi-
tion. The reasonably precipitate-free zone observed
around the § phase could be ascribed to the y"— &
phase reaction, where the metastable phase trans-
forms into thermodynamically stable form in the

@ Springer



5256

Figure 3 Low- and high-
magnification SEM
micrographs in the transverse
direction revealing grain
structure in the a—b as-built

condition, and after HIPing: ¢— As-built

d HIP1 and e—f HIP2.
HIP (1120°C) R
HIP (1185°C)|}

heated powder bed, as typically reported in literature
[31, 32]. Alternatively this could also be attributed to
precipitation of & phase directly from the matrix
which takes up the key alloying element Nb which is
also needed for formation of the y” phase, the main
hardening phase in Alloy 718 [29, 33]. After subject-
ing the material to HIP1 treatment, all these precipi-
tates (8 phase network, 7"/’ phases) disappeared as
shown in low- and high-magnification micrographs
in Fig. 5¢, d. HIPing treatment caused dissolution of
these secondary phases, since all of these had lower
solvus temperatures than 1120 °C employed during
HIPing (3, y"/y" phases dissolve above ~ 1010 °C
and 900 °C, respectively [34-36]), and thereby pro-
moted homogenization of the material as these pre-
cipitates are rich in alloying elements. This is further
corroborated by the consequent decrease in hardness
from 435 kgf/ mm? in the as-built condition to 200
kgf/mm? after HIP1 treatment. Previous studies have
attributed hardness of 200 kgf/mm? for EBM Alloy
718 with such columnar microstructure to be
attributable to absence of strengthening 7"/}’ phases
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[37]. The globular NbC carbide particles present in
the as-built condition were retained after HIP treat-
ments and quantitatively no change in their amount
and size was observed. Further on, investigation of
microstructural evolution during heat treatments was
carried out using the as-built specimens and samples
subjected to HIP1 treatment (1120 °C, 4 h, 100 MPa).

Effect of heat treatments

Alloy 718 is typically subjected to ST and aging;
therefore, evolution of microstructure during these
two stages was comprehensively investigated by
systematically withdrawing samples periodically
during the course of the ASTM recommended cycles
[19].

Solution treatment

The evolution of material during ST was investigated
with and without prior HIPing. Moreover, the
microstructure evolution can be influenced by the
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Figure 4 Defect content and (a) Defect content (vol.%) (b) R As-built |

corresponding OM . :

micrographs revealing defects 0.25 1 :

in b as-built condition and 0.20

after HIPing: ¢ HIP1 and ’ _

d HIP2. 0.15 g ]
0.10 4 P
0.05 - N
0.00 - ! m = 100 pum

AB HIP1 HIP2 - '

(c) HIP (1120°C) (d) HIP (1185°C)

Figure 5 SEM micrographs
at low- and high-magnification
showing secondary phase
particles in the a and b as-
built, and ¢ and d HIPed
(HIP1) condition.

(Carbide g gl

(d)

temperature for ST; therefore, the effect of tempera-
ture was also investigated. Samples with and without
prior HIP1 treatment were subjected to ST for dif-
ferent times. The evolution of microstructure during
the typical 1 h of ST at 980 °C (ST1) is visualized in

Fig. 6. During ST, mainly the 8 phase was found to
precipitate and evolve at the grain boundaries, and
interestingly intragranular 6 phase particles (Fig. 5b)
were not observed after ST. Deng et al. [18] have also
observed grain boundary & phase precipitation after
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Figure 6 SEM micrographs
showing evolution of § phase
during ST1 for a—d as-built
and e-h HIPed (HIP1)
material. The arrow indicates
the build direction.

subjecting EBM Alloy 718 to ST at 980 °C for 1 h. It
needs to be mentioned that for the studied time/
temperature of ST, a reliable quantitative analysis of
the 6 phase fraction is difficult due to the small size
and volume fraction of the particles [38, 39] and
hence qualitative comparisons have been made. The &
phase appeared to grow for nearly the whole 1-h

@ Springer
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Without prior HIP

With prior HIP

45 min

60 min

b() min

duration of ST. Such evolution of & phase was
observed irrespective of whether or not the samples
were subjected to prior HIPing, although prior HIP-
ing appeared to reduce the amount of § phase pre-
cipitation during ST. This could be rationalized by
the aforementioned increased homogenization after
HIPing (refer to Fig.5). Simulation results have
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shown a decrease in the equilibrium volume fraction
of § phase due to reduced elemental segregation [40].
Mitchell et al. [41] have also experimentally observed
precipitation of 8 phase to be highly dependent on
the local Nb concentration. It should also be men-
tioned that the 6 phase was observed to precipitate
non-uniformly at the grain boundaries in the present
study. This could be rationalized by the preferential
precipitation of & phase at the large angle grain
boundaries as observed by Deng et al. [18]. In this
context, it is pertinent to mention that the & phase is
incoherent with the y matrix, and precipitation at
grain boundaries, especially high angle grain
boundary, is energetically more favorable compared
to intragranular precipitation [42]. Previous work has
clearly shown that the & phase precipitates at the y
grain boundary and can grow inside the y grain at the
expense of the 7" precipitates [43].

Apart from precipitation of & phase, ST of as-built
specimens for only 15 min resulted in reduction in
hardness of the material (200 kgf/mm?) as previously
noted after HIPing. Prolonged duration of ST did not
have any further effect on the hardness. Moreover,
subjecting the samples to ST without prior HIPing had
no apparent effect on the carbide, defect contents, and
grain size throughout the evolution time, which was as
expected. The defect content after ST depended on
whether or not prior HIPing was applied. Therefore, it
can be inferred that the ST investigated in the present
study only influenced & and y”/+’ phases in the mate-
rial. Thus, if HIPing is used to reduce defects, ST could
be redundant unless the & phase is considered neces-
sary, as the typically required homogenization after ST
was also achieved through HIPing [44]. This is of
course depending on the properties required and
intended application. Deng et al. [18] have also raised
concerns about ST step being redundant during post-
treatment of EBM Alloy 718. However, the impact of &
phase on the mechanical response of EBM Alloy 718
needs to be studied in detail as the findings from prior
reports on Alloy 718 have been diverse and inconclu-
sive [18, 45, 46].

Previous studies have shown that ST temperature
can influence microstructure evolution [39]. In this
context, it should be mentioned that ST temperatures
of 980 °C and 954 °C are commonly used for Alloy
718 [47]. Thus, samples in as-built and HIPed con-
ditions were also subjected to ST at a different tem-
perature of 954 °C (ST2). It should also be mentioned
that the ST temperatures (980 °C and 954 °C) were
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selected in this study to precipitate 6 phase [48], and &
phase solvus temperature is around 1010 °C [34].
Although not included here for the sake of brevity,
similar evolution of & phase was observed during the
course of ST2 as noted above for ST1 performed at
980 °C, i.e., irrespective of whether or not prior
HIPing was performed, § phase appeared to grow for
nearly the whole 1-h duration of the treatment. In
addition, samples subjected to prior HIPing appeared
to exhibit lower amount of 6 phase compared to those
without prior HIPing. Therefore, from the
microstructure evolution point of view it appears that
there is not much scope for shortening the STs typi-
cally carried out for Alloy 718. A further interesting
observation is the amount of & phase precipitation
after ST at the two investigated temperatures.

The microstructures resulting after ST1 (980 °C) and
ST2 (954 °C) treatments carried out for a constant
duration of 1 hare depicted in Fig. 7, wherein the grain
boundaries with 6 phase precipitates appeared high-
lighted (in black) in the OM images. The OM micro-
graphs were used to qualitatively assess extent of &
phase precipitation. It is evident from the figure that
samples subjected to ST2 treatment resulted in more
populous & phase precipitation at the grain boundaries
compared to those subjected to the ST1 treatment.
Similar observations were made regardless of whether
or not the specimens were prior HIPed; compare
Fig. 7band d. The qualitative difference in the extent of
precipitation of & phase during ST1 and ST2 can be
rationalized by the amount of undercooling. The larger
undercooling during ST2 increased the driving force
for & phase formation (solvus ~ 1010 °C) and there-
fore caused increased precipitation of the & phase.
Previous study on EBM Alloy 718 has reported grain
boundary precipitation of 6 phase upon ST at 930 °C
and 980 °C; however, the & phase content was not
investigated [18]. An earlier study on wrought Alloy
718 quantified & phase and showed higher amount of §
phase formation after ST at 950 °C compared to 975 °C;
both treatments performed for a constant duration of
2 h [39]. Simulation results have also shown higher
equilibrium volume fraction of 5 phase at 954 °C than
at 980 °C [40]. Therefore, depending on the required
microstructural properties appropriate ST conditions
should be employed, as increase in 5 phase content has
been reportedly associated with reduced amount of
strengthening phase " [49], because precipitation of
both & and y” phases compete for available Nb in the
material [50].
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Figure 7 OM micrographs
revealing grain boundaries
highlighted by & phase
precipitates after the as-built
and HIPed (HIP1) samples
were subjected to ST for 1 h at
a, b 980 °C (ST1) and c,

d 954 °C (ST2), respectively.
The inset in ¢ shows an SEM
image of the d phase at higher
magnification from the marked
region in the OM micrograph.

J Mater Sci (2021) 56:5250-5268

ST(980°C)

ST(954°C)

The build direction is indicated
by the arrow.

Aging

The aging protocol for EBM Alloy 718 as recom-
mended in ASTM F3055 includes ‘8 4+ 8" h long two-
step aging (Agel + Age2), which is analogous to the
typical aging treatment applied to wrought Alloy 718
[19]. Therefore, in the present work, evolution of
microstructure during the above aging treatment was
investigated. Since the strengthening effect by aging
has a positive correlation with the microhardness of
the material [25], the evolution during aging was first
characterized by the microhardness values, before
undertaking extensive characterization of specimens.
The microhardness of precipitation-hardened Alloy
718 can be described by:

Hiotat = Hmatix + Hps

where Hi., is the total hardness, H,.uix denotes the
solid solution strengthening in the matrix, and H is
contributed by the precipitation strengthening [51]. It
should also be mentioned that the hardness can also
be influenced by a change in grain size as previously
reported for LPBF Alloy 718 [52]. However, in the
present study, there was no evident change in grain
size during HIP1, ST1 or any of the aging treatments.
Therefore, hardness results during aging treatments

@ Springer

HIP+ST(980°C)

HIP+ST(954°C) |

mainly represented evolution in Hys with associated
changes in Hpatrix-

For studying evolution during aging, twelve as-
built specimens were given ST1 for 1 h, and six of
these samples were exposed to prior HIP1 treatment.
Three each of HIP1 + ST1 and ST1 samples (six in
total) were given only Agel treatment (at 740 °C) for
varied times 1h, 4h, and 8 h, respectively. The
remaining six specimens (three HIP1 + ST1, three
ST1) were first subjected to a common Agel treat-
ment for 8 h, and after that they were given Age2
treatment (at 635 °C) for varied times- 1 h, 4 h, and
8 h, respectively. The microhardness values of all the
above specimens were evaluated and are summa-
rized in Fig. 8. It can be seen from Fig. 8a that the
hardness of the material was considerably decreased
after HIP1 treatment and subsequent ST1 treatment
had no evident effect. If the specimens were not
prior-HIPed, a reduction in hardness (similar to that
observed in HIPed specimens) was noted after ST
(see Fig. 8b). In both cases, the reduction in hardness
was attributable to dissolution of strengthening pre-
cipitates. The hardness of the specimens "recovered”
during aging.

During the course of Agel treatment, the hardness
increased with increase in aging time up to 4 h, but
with prolonged holding at Agel temperature past
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Figure 8 Microhardness (@) 500
evolution during aging of
samples subjected to ST1 "g 400
treatment a with and b without E
prior HIPing (HIP1); with 2 300
reference to hardness in as- %' 566
built (AB) condition. The =
ASTM suggested minimum '_g 100
value of hardness for Alloy 8
718 (350 kgf/mm?) being = 0
indicated by the dashed line
[19]. Here Al and A2 imply
Agel (at 740 °C) and Age? (at
635 °C), respectively.
(b)
500
5 400
&
2 300
;%1 200
E
g 100
= 0

4 h, no additional increase in hardness was observed.
Similarly, after Age2 treatment, the hardness
increased after 1 h of treatment, and longer times did
not yield any further increase in hardness. Similar
observations were made irrespective of whether or
not the samples were subjected to prior HIPing (refer
to Fig. 8). However, when HIPing was not employed,
the defects were found to have been retained after the
post-treatment. From the above observations, it
appears that the hardness values flatten after 4 h of
Agel treatment and after 1 h of Age2 treatment.

It should also be mentioned that in the case of
ST + Age for varied aging conditions and without
prior HIPing, some intragranular 6 phase particles
were observed. The intragranular & phase particles
could be attributed to elemental segregation retained
even after ST. An earlier study on wrought Alloy
718 has shown precipitation of § phase after aging at
732 °C for 8 h and the 6 phase exhibited a different
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chemistry from the one formed at 954 °C [53]. In the
case of ST + Age with prior HIPing, intragranular &
phase particles were not observed, which could be
rationalized by the aforementioned significantly
reduced elemental segregation after HIPing. The
HIPing treatment is particularly considered impor-
tant for defect reduction because after HIP 4 ST +
Aging the defect content was reduced by an order of
magnitude, whereas after ST + Aging it was similar
to the as-built condition. Thus, further microstructure
characterization was carried out for aged samples
subjected to prior HIPing and ST.

To further assess evolution of the hardening phases,
y" /', during the course of aging, high-resolution SEM
imaging was employed. It can be seen from Fig. 9 that
there is significant growth of the particles when pro-
ceeding from 1 to 4 h of Agel with prior HIP1 + ST1.
Thereafter, with prolonged duration of Agel to 8 hno
evident change in the size of precipitates was

@ Springer
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Figure 9 High-resolution
SEM micrographs of aged
HIP1 + ST1 samples showing
the evolution of strengthening
precipitates during Agel after
alh b4hc8h, and after
Agel (8 h) + Age2
treatments: d ‘8 4+ 1’ h and

e ‘8 4+ 4’ h; build direction
indicated by the arrow.

observed. With further increased duration of aging,
i.e., after Age2 treatment for 1 h with prior Agel for8 h
(‘8 + 1’ h), slightincrease in the size of precipitates was
observed. Prolonged duration of Age2 treatment
(‘8 4+ 4’ h) yielded no evident change.

Potential to design shorter tailored post-
treatment for EBM Alloy 718

The foregoing results showed the EBM Alloy 718 can
be subjected to HIPing at lower temperature, i.e.,
1120 °C to remove defects and promote homoge-
nization while suppressing grain growth, whereas
HIPing at higher temperature, i.e., 1185 °C, can cause
grain coarsening and provides no additional benefits.
Hot isostatic pressing is required for densification as
heat treatments involving ST and aging had no evi-
dent effect on the defects.

The ST, if needed, can be carried out at 954 °C or
980 °C for a duration of 1 h; the choice of tempera-
ture would depend on the required extent of & phase

@ Springer
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precipitation at the grain boundaries. In this context,
it should also be mentioned that the cooling rate after
ST can be controlled to precipitate strengthening
phases. A study on wrought Alloy 718 has shown
that variation in cooling rate after ST can significantly
influence hardness of the material due to precipita-
tion (or lack) of y”/y" phases during cooling [54].
Thus, for designing ST protocol for EBM Alloy 718
cooling rate after ST should also be considered and
therefore in the present study the as-built and HIP1
specimens were also subjected to three different
cooling modes after ST1, i.e., WC, AC and FC. With
the cooling rates in each of these cases differing at
least by an order of magnitude (refer to “Thermal
post-treatments” section). The samples subjected to
FC after ST were found to exhibit highest hardness
(420430 kgf/mm?), while the hardness after AC or
WC was the lowest (200210 kgf/mm?). These
observations were recorded irrespective of whether
or not the material was subjected to prior HIPing.
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Since the main strengthening phase, 7", precipitates
in the range of 595-870 °C [55], its precipitation
occurs only during cooling after holding at the ST
temperature. In this study, it took nearly 64 min to
cool from 870 to 595 °C during the FC, thereby pro-
viding sufficient time for y” phase to precipitate as
seen in Fig. 10e and f. In the case of AC and WC, the
corresponding durations in the precipitation range of
the strengthening phase was ~ 3 min and < 1 min,
respectively, which are insufficient for y” phase pre-
cipitation [56] due to its reported sluggish precipita-
tion [56, 57]. Such effect of the employed cooling rates
has also been previously observed in LPBF-built [25]
and wrought [47, 54] Alloy 718. The high hardness
and significant precipitation of " phase as shown in
Fig. 10 achieved through ST with FC reveals inter-
esting prospects in tailoring cooling rate after ST as
an alternative to carrying out a separate subsequent

Figure 10 High-resolution
SEM micrographs of samples
subjected to ST treatment
(980 °C, 1 h), with or without
prior HIPing (HIP1), with
different cooling modes, i.e.,
a and b water cooling (WC),
¢ and d air cooling (AC), and
e and f furnace cooling (FC).

ST (AC)

Without prior HIP
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aging treatment as also recently reported by Kumara
et al. [40]. For instance, in oil-field applications,
Special Metals Corp. has suggested a maximum
hardness of Alloy 718 to be 40 HRC (382 kgf/mm?
[58]) [59] which is significantly below the peak
hardness of the material (~ 500 kgf/mm?) [18].

To achieve the peak hardness of the material in order
to meet the demanding conditions that Alloy 718 is
commonly used for, the EBM Alloy 718 is typically
precipitation-hardened through two-step aging with
prior HIPing and ST (followed by quenching). Investi-
gation of microstructural evolution during the two-step
aging revealed prospects for a significantly shortened
aging protocol. There is a possibility to shorten the typ-
ical ‘8 4 8’ h treatment to a trimmed ‘4 + 1’ h treatment
when the samples are subjected to prior HIPing and ST
treatment. Comparison of micrographs of specimens
eventually subjected to the short 4 + 1° h and the

With prior HIP
HIP+ST (WC)

HIP+ST (AC)
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conventional ‘8 + 8" h aging revealed similar distribu-
tion of y”/y" precipitates as shown in Fig. 11, and the
hardness in the two cases was also reasonably similar,
ie., 473 + 15 kgf/mm? and 490 + 6 kgf/mm?, respec-
tively, considering the statistical variation. It should also
be mentioned that similar hardness values were
obtained when the samples were not subjected to prior
HIPing. Another interesting observation was that the
precipitates after both 4 4+ 1" h and ‘8 4 8 h aging
conditions appeared finer and more than in the as-built
condition (with lower hardness 436 + 4 kgf/mm?). It is
also worth mentioning that, after the entire thermal post-
treatment cycle involving ST + Aging, with or without
prior HIPing, the carbides were observed to be stable.
However, the defects were significantly reduced by an
order of magnitude when HIPing was employed (0.02%)
as opposed to the case when no prior HIPing was carried
out (0.2%). Lastly, it is worth noting that the significantly
shortened aging developed in this study could speed up
the processing of EBM Alloy 718 and could be poten-
tially further tailored depending on the required
mechanical properties and intended application.

Summary and conclusions

The present study describes the effect of various
thermal post-treatments steps (HIPing, solution
treatment and aging) on the microstructure of EBM-
manufactured Alloy 718. Moreover, the effect

Figure 11 High-resolution
SEM micrographs showing the
strengthening precipitates in

a as-built, and HIP1 + ST1
samples after b short (‘4 + 1°
h) and ¢ conventional long
(‘8 4+ 8’ h) aging treatments.
The arrow indicates the build
direction.

J Mater Sci (2021) 56:5250-5268

of variation in post-treatment parameters such as,
time, temperature, and cooling rate on the
microstructure was also studied. The findings and
conclusions drawn from the study, as summarized
below, can be used to design tailored post-treatment
procedure for EBM Alloy 718.

¢ HIPing at lower temperature (1120 °C vs. 1185 °C)
can significantly close defects while suppressing
grain growth. This suggests that the grain size can
be maintained during post-treatment, while
achieving the needed defect closure. Subjecting
the material to HIPing promoted homogenization
by dissolution of secondary phases (5, 7"/}
phases); however, carbide particles were
stable through all the post-treatment steps.

e Solution treatment caused & phase precipitation at
the grain boundaries. The & phase appeared to
evolve almost during the entire 1 h duration of
the treatment. The extent of precipitation of &
phase can be increased by lowering the temper-
ature for solution treatment from 980 to 954 °C.
Subjecting the material to prior HIPing reduced
extent of & phase precipitation.

e Cooling rate after solution treatment had signifi-
cant effect on the resulting precipitation of
strengthening phases and consequently on the
hardness of the material.

e The investigated evolution of microstructure and
hardness during the course of aging is suggestive
of prospect for significantly shortened aging

-1
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treatment (‘4 + 1’ h) compared to the ‘standard’
long treatment (‘8 + 8 h) commonly employed
for Alloy 718, a reduction in aging time by more
than 50%.
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