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In this work CM247LC, a low weldable Ni-Based alloy, was produced using selective laser melting (SLM).
Despite the initial process parameter optimization, the low defect volume fraction was still uncompliant
with manufacturing standards. This condition is principally caused by the high y’ volume fraction which
strongly affects the alloy weldability. Nonetheless, a crack free condition was eventually achieved applying a
y’-sub-solvus Hot Isostatic Pressing Cycle (HIP) which lowered the defects fraction down to 0.04%. The HIP
cycle also demonstrated to play an important role in the stabilization of the microstructure, considerably

Keywords:
Sefective laser melting limit.ing the carbides coarsening during the fol.lowing heat tre.atment. Apart f.ror.n tl}e effectiveness. of t}.le
CM247 LC healing process brought by HIP, the material microstructure still needs an optimization process which will

be described along this paper. In fact, the Initial microstructure obtained after the printing process (the as-
built condition) as well as the one obtained after HIP (post-HIP) won't meet the desired requirements.
Namely, the dendritic and y’ free microstructure of the as-built material or the one with coarse and dis-
ordered particles obtained right after HIP, still need a tailored homogenization process. This paper will show
how the combined effect of the solution and first aging treatment will profoundly alter the y’ precipitation.
More specifically, here, a new heat treatment recipe was developed to promote the precipitation of ordered
cuboidal primary y’ so as to improve creep and high temperature fatigue resistance. Moreover, the use of a y’
super-solvus temperature allowed to achieve a y’ volume fraction as high as 73% reducing its average size to
520 nm. At the same time, such heat treatment caused a profound alteration of the crystalline structures of
the material promoting a general grain coarsening and the formation of equiaxial grains.
© 2022 The Authors. Published by Elsevier B.V.
CC_BY_NC_ND_4.0

Nickel based alloys
Low weldable alloys
Additive manufacturing

1. Introduction

CM247 LC is a well-known nickel-based superalloy which is ty-
pically used to produce jet engine turbine blades and in power
plants as well. The reason for this derives from its mechanical
properties stability at high temperatures as well as its high re-
sistance to oxidation. According to the work of MacDonald [1] this
alloy can withstand temperatures ranging between 870 and 982 °C.

Similarly to other Nickel based alloys, also CM247 LC consists of
an austenitic matrix (y) reinforced via precipitates: Ni3(Al-Ti) y" and
carbides [2] being the first the main reinforcing element of the
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material [3,4]. Carbides, on the other hand, typically are in the form
of MgC or M»3Cs depending on their nucleation site and they may
contain Ti, Cr, Hf, W, Nb or other carbide former elements [2,5,6].
Some authors such as Yang affirm that they may have a positive
effect increasing creep resistance [2| while others affirm that they
may cause premature failure due to their incipient melting. Never-
theless, their fraction, shape and distribution must be controlled via
tailored heat treatments avoiding the formation of thick networks at
the grain boundaries [7].

Naturally, manufacturing complex shaped components with Ni-
based alloys such as Rene 80 or CM247 become difficult and ex-
pensive when traditional techniques are applied. This is one of the
root reasons for progressively moving to more recent techniques,
such as the laser powder bed fusion (.-PBF), which has proved to be
extremely effective for producing y” reinforced alloys as IN718,
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IN625, or Hastelloy X [6,8-12] or non nickel-based alloys [13].
Conversely, CM247 LC is reinforced with a very high y’ volume
fraction, making this material difficult to be processed via laser
melting [14]. Marchese evidenced similar difficulties also in his work
on IN939 whose low weldability was addressed with a process
parameter optimization [15]. Donachie, clearly demonstrated that
many cracks were likely to form after welding of CM247 LC due to
liquation cracking or post-weald heat treatment (PWHT) [16]. Also
Carter, in his review [17], deeply investigated CM247 LC low weld-
ability. One of the most relevant conclusions is that the flaw density
may be drastically reduced using a proper process parameter opti-
mization during SLM. Grange et al. [18] examined the correlation
between the melt pool width, the grain size and the occurrence of
solidification cracking. They demonstrated that narrowing the melt
pool size may subdue hot cracking in Ni-based superalloys. Bidron
et al. [19] suppressed crack defects using a pre-heating temperature
of 1050 °C. Gerstgrasser et al. [20] concentrated on focus shift on
SLM-processed CM247LC. They put a stress on the laser beam dia-
meter as a crucial factor that allows to re-molten cracks and obtain a
high quality, dense alloy.

Furthermore, the population of defects such as pores, cracks or
lack of fusion may be even more reduced using the Hot Isostatic
Pressing [21-24]. HIP application also causes strong microstructural
changes from the SLM as-built state to the post-HIP one. The mi-
crostructure of the SLM material is typically made of colonies of
differently oriented dendrites due to the rapid solidification of the
melt after the laser scan. The heat flow and the cooling rates in-
volved are so high that primary dendrites grow towards the center of
the melt pools and formation of second order branches are practi-
cally suppressed. Due to the layer by layer manufacturing process,
grains in SLM materials can easily come across several melt pools as
demonstrated in the work of Calandri [10]. Dendritic colonies result
all oriented along the direction characterized by the strongest heat
flow i.e. the building direction (z-direction) [21]. First of all, HIP will
lead to the formation of y" whose precipitation was hindered by the
extremely rapid cooling rate of the SLM process. The size and shape
of the y’ particles will be affected by the cooling rate after hot iso-
static pressing as well. Slow cooling rate will lead to the formation of
coarse particles characterized by the so called fan-like shape as
demonstrated by Bassini for a different Nickel alloy [25]. On the
other hand, the typically z-oriented microstructure of SLM material
can be either retained or substituted with an equiaxial micro-
structure depending on the alloy used [21,26]. In this work, the
homogenization process was applied to the material in two me-
tallurgical conditions, i.e. in the as-built condition and after the HIP
process. This was extremely useful to separate the microstructural
effects of each of part of the heat treatments. Most importantly, it
was evidenced that HIP has a positive effects in controlling the
coarsening of the carbides of the SLM material during the homo-
genization treatment. Regarding this, Chao showed that HIP refined
the script-like MC carbides of a cast CM681LC into round Mj3Cg
carbides[27]|. While others focused on carbides evolution in a
NNSHIP Astroloy as a consequence of different heat treatments ap-
plication [23].

Noteworthy, the microstructural sensitivity towards heat treat-
ments of an SLM material is completely different with respect to that
of traditional manufactured ones. So, making dedicated studies
about this topic is extremely important.

Independently of the manufacturing process, the heat treatment
of CM247 LC is made of different stages. The first one is performed at
the highest temperature, above 1200 °C and conventionally is called
homogenization. The following heat treatment stages allow to
achieve the proper carbide distribution as well as providing the basis
for a suitable y’ precipitation. More specifically, according to Baldan
and Wang the y’ solvus for cast and SLM are different and located
between 1220 and 1260 °C[28,29].
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The heat treatment will strongly influence the average size and
fraction of y’ precipitates which in this material appears as cuboidal
particles due to the lattice mismatch between the particles and the
matrix [30,31]. Normally cast CM247 LC is known for having a y’
volume fraction close to 65% as assessed by Kim [32]. Differently
from other Ni-based alloys such as Astroloy [33-35] which shows a
tri-modal distribution, CM247 LC reinforcing system consist of only
two families of precipitates namely primary and secondary y'. In
traditionally manufactured samples primary and secondary gamma
prime measure around 300 and 35 nm respectively [31]. Such pre-
cipitates, as long as they remain stable, are extremely effective in
preventing the dislocation movements as demonstrated by Pollock
[36] in her work.

The core reason for focusing only on the solutioning and first
aging cycle is because these steps are crucial for determining the
final microstructural and mechanical properties of the material.
Conversely the low temperature steps e.g. the second aging will have
only a slight impact. This was demonstrated in many literature
works for SLM materials different from CM 247LC for example in the
work of Calandri [37] for IN718. Xu came to similar conclusions on a
60 vol% v’ reinforced alloy called MAD542; in his work clearly ex-
plains the importance of the solution treatment to achieve the
highest y’ volume fraction[38]. Also for HIPPed Astroloy, the solution
temperature dramatically changed the y* morphology and volume
fraction [25]. In other words, y’ precipitation must be optimized to
maximize mechanical properties of a nickel-based alloy, and this
task may be accomplished only tailoring the solution treatment as
described by Kakehi [39]. At the same time, also the volume fraction
of y’ strongly alters the ability of the alloy of withstanding high
temperatures, more specifically, Khafri [40] which worked on In-
conel 738 C, reported longer creep life in samples having higher y’
fractions.

It is apparent that obtaining the correct size and fraction of y’
precipitates will be of extreme importance to obtain the best me-
chanical properties and stability at high temperature. For this
reason, the following study will deal with the microstructural effects
of the homogenization/solutioning and first aging treatments to-
wards CM247 LC, underlining how to maximize the y’ volume frac-
tion, improving its shape and average size, setting the basis for an
optimized and complete heat treatment recipe once the second
aging will be provided. In this paper, also the starting metallurgical
state will be kept into account, showing whether the application of
the HIP treatment may alter the y’ precipitation and the carbide
population.

2. Materials and methods
2.1. Sample preparation

The CM247LC samples were printed using an EOS M270 Dual
mode version working with high purity Argon starting from pre-
alloyed inert gas atomized powders provided by Praxair whose
chemical composition according to manufacturer datasheet is in-
dicated in Table 1.

Powders were tested also for determining the apparent density
according to ASTM B212 as well as the flow ability according to
ASTM B213 obtaining as a result 4.63 + 0.01 g/cm® and 12.9 + 0.2 s/
50 g, respectively. Finally, the particle size distribution of the powder
was assessed and D10, D50 and D90 resulted 9.7, 19.4 and 33.3 pm
respectively determined via laser granulometry. The samples used

Table 1
CM 247 LC powders chemical composition.

Cr(% Col[%] Mol[%] W% Ta[%] Al[%] Ti[%] Hf[%] Zr[%]
8.0 9.3 0.5 9.7 3.6 52 0.8 1.7 0.01
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Table 2
Element composition of CM247 powder and as-built (SLM) product.
Elements Raw powder As-built
C (%) 0.083 (+0.001) 0.068 (+£0.001)
S (ppm) 4.79 (£0.08) 13.6 (£0.97)
0 (%) 0.014 (+£0.002) 0.0067 (+0.0001)
N (%) 0.0036 (+0.0002) 0.0049 (+0.00002)
H (ppm) 7.89 (£1.38) 2.37 (+£0.42)

were 15 mm cubes printed on a low alloyed carbon steel platform.
The samples were built using stripes scanning strategy with a laser
rotation of 67° among each consecutive layer of powders. The con-
tent of interstitial elements (C, S, O, N and H) of densified materials
was determined and compared with the results obtained from raw
powders. C and S were determined by oxygen combustion in Leco CS
744 whereas O, N and H values were determined by inert gas fusion
in Leco ONH 836. The obtained results are reported in Table 2.

2.2. Thermal analysis

The thermal analysis was performed using Setaram TG 16.18 in-
strument in the temperature range of 50-1400 °C with a scan rate of
10 °C/min. Both heating and cooling ramp were recorded but only
the heating ramps are shown being more noteworthy. The analyses
were performed on a as-built and post-HIPped samples in order to
compare them accordingly from a thermodynamic point of view and
evidence if the two metallurgical condition show a different y’ solvus
interval.

2.3. Metallurgical observation

Firstly, the sample flaw density (cracks and pores) after produc-
tion was assessed on cubes cross section after a traditional me-
tallographic preparation. More precisely, samples were cut along the
z-y plane and embedded in resin. The samples were then ground
using SiC sandpapers from 180 down to 1200 grit. Polishing, on the
other hand, was obtained using diamond pasted from 6 to 1 pm.
Finally, colloidal Silica was used to obtain the correct surface fin-
ishing for observation at the optical microscope. At this stage, no
chemical etching was used. A total of 15 pictures per sample were
taken at 50X magnification for a total observed area of 38 mm?. The
optical microscope was a Leica MEF4 with a picture resolution of
0.914 nm/pixel. The pictures where then enhanced in contrast and
processed via Image] in conjunction with a python compiled soft-
ware which was able to distinguish cracks from pores giving sepa-
rate results for these two features. The other half of the samples
were prepared in the same way but etched with aqua regiai.e. a 1:3
part of Nitric and Hydrochloric acid mixture for ca. 10 s. The y’
structural change was observed using an electrolytic etching. The
20% H3PO4 water solution, with an applied voltage of 5 V allowed to
consume the y matrix exposing the reinforcing particles. Depending
on the metallurgical state, the etching time was varied from 5 to
20 s. This further step was considered particularly effective for re-
vealing the y’ particles using the Scanning Electron Microscope
(SEM), a Zeiss EVO15.

2.4. HIP and heat treatments set up

The Hot Isostatic Pressing of the sample (half batch) was per-
formed within a Quintus QIH 15 L equipped with a Molybdenum
furnace. The HIP process was performed in a sub-solvus regime in-
creasing temperature and pressure at the same time. Despite the HIP
was equipped with a Uniform Rapid Cooling (URC) module, the
samples were naturally cooled to room temperature with at 15 °C/
min rate calculated from the HIP temperature to 400 °C.
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The heat treatment was conducted in a low-pressure furnace TAV
mini jet. The solutioning/homogenization treatment and the first
aging were separated by a gas quench. The Nitrogen pressure was
regulated to obtain a cooling rate of 50 °C per minute from the so-
lution temperature to that of the first aging. Solution Time was fixed
and equal to 2 h, as well as the first aging temperature and time
being 1080 °C and 4 h respectively. The solution treatment was
performed at different temperatures starting from 1205 °C up to
1245 °C.

2.5. Hardness assessment

The hardness was measured performing 10 indentation per
sample with a micro Vickers hardness machine leica MICROVHT1200
applying 300 g for 15 s.

2.6. Microstructural assessment via EBSD

A focused ion beam-scanning electron microscopy (FIB-SEM,
TESCAN S9000G, Tescan) equipped with an electron backscatter
diffraction (EBSD) detector was employed to study the degree of
recrystallization under heat treatments. The polished specimens
were tilted by 700 and scanned at 20 kV, analyzing the building
direction (z-axis).

3. Results and discussion
3.1. DSC thermograms

Fig. 1 shows the DSC signals of as-built and post-HIP samples
aiming to identify the y’ solvus temperature range thus outlining the
actual heat treatments.

The thermogram shows a sharp deviation from the base line in
the 1247-1265 °C temperature range which was attributed to the y’
solvus in accordance with other works found in literature[1,41].
According to the above picture, the HIP sample shows a slightly
broader solution interval. This could be related to the different state
of the precipitates within the matrix, in the two metallurgical states
and probably an easier dissolution of y’ in the HIP sample. Together
with the y’ solvus temperature range, also the MC dissolution tem-
perature and the alloy solidus and liquidus points were identified.
This was also extremely useful to set the limits for the following heat
treatments.
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Fig. 1. Comparison of DSC thermograms for CM247 Ic in as-built (black) and after HIP
(red). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 2. Microstructures of the SLM CM247 Ic observed in the x-z plane (a) and in the x-y plane (b) in the as-built condition. the dendrites are parallel to the building direction

(left) and observable in their cross section (right).

3.2. Microstructural assessment

3.2.1. The as-built microstructure

As debated in the introduction, the microstructure of an SLM
material is drastically different from the as cast one. Fig. 2 shows the
dendritic microstructure in the XY and XZ planes.

The resulting microstructure is different in the two metallurgical
orientations. The one along the building direction shows elongated
dendrites with barely visible secondary branches. Very small car-
bides rich in Hf are clearly visible in the interdendritic regions,
where segregation phenomena are more likely to occur. The ex-
tremely small size of carbides makes EDS analysis not very sig-
nificant, but their formulation and stoichiometric formula was
studied in depth in several studies and in particular in that of Divya
[42]. The dendrites appear to be parallel to the strong heat flux
provoked by the laser beam processing.

By observing the same sample in the x-y direction the dendrites
are cut in their cross section thus a cellular microstructure become
immediately recognizable. As previously described, the inter-
dendritic regions are enriched in segregated elements, leading to Hf
carbides stabilization as also shown in the work of Baldan [28].
Noteworthy is that the y’ precipitates are not visible, presumably
because of the extremely high cooling rate which characterize the
solidification of SLM components.

3.2.2. The post HIP microstructure

Fig. 3 shows samples in the two metallurgical orientations after
being HIPped.

First of all, the HIP treatment completely eliminated the dendritic
microstructure which was substituted with a more homogeneous
one. Despite this, two features from the as-built state were in-
herited: grains still show an elongated shape, parallel to the building
direction and several primary carbides, formed in the interdendritic
regions are still visible, making the grain boundaries more re-
cognizable. In the x-y section, y’ appear smaller and almost circular,

indicating that also the precipitates assumed an elongated shape
similar to that of a three-dimensional ellipsoid. Primary carbides are
located at grain boundaries and organized in large irregular pattern
similar to circumferences with a diameter that change point to point.
Differently from the X-Z sample, several small carbides were found
also in the intragranular region. Considering that pressure applied
during HIP won’t modify the y’ prime precipitation behavior, this
microstructure may be considered a good approximation of a solely
sub-solvus solutioned slowly quenched samples. Thus, this condition
was not investigated separately. Focusing on the HIP microstructure
achieved, some features appear evident: despite the overall micro-
structure looks more uniform, the precipitated y’ is still not accep-
table. The slow cooling rate and the temperature used after HIP
promoted the growth of the particles rather than their nucleation. As
a result, ¥’ didn’t develop the expected ordered cubic shape. As a
consequence of this, overall mechanical properties still will not be
compliant with the expected requirements. For this reason, the
homogenization treatment become necessary and its effect will be
discussed in the following sections.

Focusing more on the healing effect of the treatment, HIP dras-
tically reduced the retained porosity and the degree of flaws in the
treated samples. The observation of the samples via optical micro-
scope demonstrates how the majority of the defects were removed.
Hip was extremely effective to eliminate the inner porosity or cracks
while those connected to the sample surface were not healed.
Fig. 4a) and b) shows a comparison between the as built and the post
hip conditions. The fraction of defects was calculated separately for
cracks and pores (in the as-built condition). Initially these values
were 0.22% and 0.18%, respectively. The HIP treatment reduced these
flaws fraction down to 0% and 0.04%, respectively. As can be ob-
served, the short solidification cracks are the more evident and
frequent defect type. After HIP cracks are completely healed; Only
pores with a diameter smaller than 5 pm were detectable. HIP leads
to the elimination of the defects with highest stress intensity factor
i.e. cracks which are characterized by a sharp tip radius. At the end of

Fig. 3. Microstructures of the SLM CM247 Ic observed in the x-z plane (a) and in the x-y plane (b) after being HIPped.
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As-Built
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Fig. 4. the application of the HIP treatment closes the majority of the defects. Pictures a) and b) were taken with an optical microscope and clearly demonstrate the elimination of
the cracks. Only small pores are retained. Picture c) shows cracks using the SEM, while d) shows how a crack looks like after its closure due to HIP application.

the healing treatment only round and very small defects will remain
in the material which will be better tolerated when stresses are
applied. Using the field emission electron microscope, it was pos-
sible to assess the microstructure of post-hipped sample in detail. As
shown in Fig. 4d) the pores or cracks have been closed thanks to
solid state diffusion making the resulting microstructure different
with respect to that of the surroundings. The region in fact appears
slightly depauperated in y’ fraction and the precipitates observable
are considerably smaller than all the other away from the healed
flaw. The reason for this type of feature may be probably ascribed to
the different chemical composition obtained after the strong diffu-
sive movements of atoms under the driving force of constitutional
gradients. Despite this, such defects will be eliminated after the
homogenization treatment.

3.2.3. Solutioning treatment and first aging cycle

At this point, to achieve the best possible microstructure the
solution and first aging treatments were applied. Solutioning is the
most important part of the treatment to determine the final size and
shape of the precipitated y'. For this reason, only the solution
treatment temperature was progressively increased keeping all the
other parameters (solution holding time, cooling rate and first aging)
fixed. As described in the next paragraph the solution treatment

Sol-_@;120(°c v
.v "A‘... 3 ..“‘. P N

SOI:_@'

temperature investigated were 1205, 1215, 1230 and 1245 °C re-
spectively. More precisely, the solution and first aging treatment
were applied to the material in two different starting metallurgical
conditions: As-built and post-HIP samples respectively. This was
considered useful to better evidence the differences at micro-
structural level brought by the HIP, since in this case, y’ has already
precipitated within the austenitic matrix.

3.2.4. Heat treatment cycle applied to as-built samples

The application of the cycle descripted above, without HIP, didn’t
reduce the amount of defects from the as-built state, making this
choice of little interest especially from an industrial point of view.
For this reason, only the lowest and the highest solution tempera-
tures were investigated here, i.e. 1205 and 1245 °C respectively.
Nevertheless, this experiment was scientifically interesting to better
separate the effects brought by the solution step by itself on a ma-
terial which was characterized by a dendritic microstructure and
totally y’ free.

Fig. 5 shows two As-built samples after solution and aging
treatment. The solution treatment was able to eliminate the den-
dritic features and y’ precipitated. The former primary dendritic
boundaries are strongly highlighted by carbide precipitation. As will
be further described later, the shape of y’ after the heat treatment

1245:°C

Fig. 5. As built samples subjected to the heat treatment cycle: a) shows the material solutioned at 1205 °C while b) the one solutioned at 1245 °C.
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Solutioned at 1205 °C

Solutioned at 1230 °C
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Solutioned at 1215 °C

Solutioned at 1245 °C

Fig. 6. Effect of the solution temperature on grain growth. The size increase becomes evident only when y’ solvus temperature is overcome.

cycle changes drastically depending on the chosen solutioning
temperature. By solutioning at lower temperature, y’ is not ordered
cuboidal. Its shape is rather elliptical or rectangular. This means that
by holding at a sub-solvus temperature, despite a proper cooling rate
was applied (i.e. 50 °C/min), the precipitation of the intermetallic
cannot be shape-wise controlled. The following first aging treatment
promote the growth and a further precipitation of y’ but cuboidal
particles cannot be achieved. Differently from previous case, a fine
cuboidal and well-organized precipitation was obtained as the y’
solvus is overcome. The y’ particles sides often share the same or-
ientation with the containing columnar grains giving a general sense
of preferential orientation of the particles. Finally, carbides were
found located both at the former dendritic boundaries and in the
core of the grains.

3.2.5. Heat treatment cycle applied to post-hip samples

This time the previously described heat treatment cycle was
applied to the HIPped samples. The solution temperature was pro-
gressively increased from 1205° to 1245°C again without changing
all the others parameters. Fig. 6 shows the effects of the solution
temperature on grain coarsening. As can be seen, grain size is stable
until temperature is lower or equal to 1230 °C. As the y’ solvus is
overcome, as for 1245 °C, the grain coarsening is evident. Apparently,
as the pinning effect of y’ located at the grain boundaries is vanished
after their dissolution, the grains are free to spread. This effect is
much more pronounced in the x or y direction while is quite limited
in the z one. At lower temperatures i.e. between 1205 and 1230 °C
there is almost no grain growth as discussed in the next paragraph.
Grains measure 27 + 9 and 103 + 70pm in the X and z direction
respectively when solutioning is performed at 1205 °C while they
growth to 45 + 23 and 114 + 87 um respectively increasing the so-
lutioning temperature up to 1230 °C. Conversely, after solutioning at
1245 °C, the grains in the z direction measure 371+ /- 60 pm and
138 +/- 12 in the opposite one.

On the other hand, Fig. 7 shows how the solutioning temperature
affects the overall microstructure focusing on the precipitates. As the
temperature increases, the final ¢’ obtained is smaller and

progressively with a higher volume fraction. Up to 1230°C the
temperature is still low to obtain a complete dissolution of the
precipitates which are only reduced in size but retain their original
irregular shape. Only solutioning at 1245 °C it was possible to dis-
solve y’ elongated particles completely. These, during the controlled
cooling stage, precipitated in a well-organized and regular array of
cuboids. Noteworthy, the size of the carbides is drastically reduced if
compared with the as-built samples, which were directly subjected
to the heat treatment cycle.

Table 3 summarize the most important statistical data related to
v’ and carbides populations in the as-built and after HIP respectively.
As mentioned before y’ was not measured in the as-built state since
it was not detectable using a scanning electron microscope. On the
other hand, this was possible for carbides, despite their extremely
small size.

All the other metallurgical states are represented in Fig. 8. As
shown in the plot, y’ volume fraction ranges between 65% and 73%.

As the solution temperature increases, an higher fraction of
particles is obtained at the end of the heating cycle. As the directly
solutioned (DS) samples are concerned, a slightly lower volume
fraction was assessed. This could be explained considering that, after
HIPping, the material is more homogeneous making solution process
easier. Noteworthy, the precipitated y’ becomes smaller as the so-
lution temperature is increased, indicating again a more effective
treatment. In accordance with the previous observation, y’ is slightly
larger in directly solutioned samples, which is compliant with a
more difficult dissolution of the precipitates. Besides, carbide size of
HIPed and solution samples remains stable within the observed
range of solutioning temperatures. Despite this, a slight increase in
their volume fraction was evidenced as well. Interestingly, directly
solutioned samples show three times larger carbides, which are al-
ready observable at lowest solutioning temperature in a volume
fraction close to a 3%.

As can be expected also hardness was affected by the solution
temperature. Fig. 9 shows the results.

The as-built state is characterized by the highest hardness. This is
reasonably correlated to the extremely high residuals stress state
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Fig. 7. Backscattered electron detector was used to assess the precipitates obtained at different solution temperature. Solution was performed at a) 1205, b) 1215 °C, c¢) 1230 °C

and d) 1245 °C. All the other treatment parameters are fixed.

Table 3

Most significant statistical data collected after image analysis applied to y’ and carbides.

Metallurgical condition y' fraction [%]

y ‘ average size [nm]

Carbides fraction [%] Carbides average size [nm]

As-built Not mesurable Not mesurable 114 + 0.55 65 £ 58
HIPped 62 2 904 + 400 1.81 £ 041 98 £ 72
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Fig. 8. Volume fraction and average size of y’ a) and carbides b). empty symbols refer to directly solutioned states.

brought by the building process. So, as an effect of hipping, most of
the residual stresses are dissipated and, despite the y’ precipitation,
hardness strongly decreases. Directly solutioned samples, (indicated
as DS) are always softer than the hipped and solutioned (H+S) ones.
The increase of the solution temperature leads to the precipitation of
finer particles with a more effective reinforcing systems. This is valid
as long as the y’ solvus temperature is not overcome. At higher
temperatures, as in the 1245 °C case, hardness drops due to the grain
coarsening effect. So, despite the higher y’ fraction and its smaller
size, the coarsening effect was more impacting towards hardness.
This must not be interpreted as a limiting factor since the second
aging treatment may catch up with this seeming deficit. Moreover,
considering the final application of this type of material, i.e., high

temperature application, allowing a larger grain size may be of ex-
treme help in limiting the creep effects. At the same time, having a
more regular microstructure will be helpful in enhancing the fatigue
resistance as described in literature [43-45] for other alloys re-
inforced with 7'.

4. Discussion
4.1. Identification of actual y’ solvus temperature
The schematic of Fig. 10 shows as the solution temperature

dramatically changes the resulting microstructure of this nickel
based alloy, especially when the y’ solvus temperature is overcome.
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Fig. 10. Schematic showing the effects on matrix and precipitates varying the solu-
tioning temperature.

As soon as the solution treatment is applied (and HIP treatment may
be considered as a low-temperature high-pressure solution treat-
ment) the typical dendritic structure is destroyed and substituted
with a polycrystalline one. Another important factor regards the y’
formation and shape. Since the second aging treatment was not
considered in this study, only primary y’ is present at the end of the
heat treatments. For this reason, y’ showed a monomodal

distribution in all the samples described in this work as also de-
monstrated in other literature works on CM247 LC [42]. By com-
paring Fig. 3, Fig. 5,Fig. 8 and the results in Table 2, it is evident that
changing the cooling rate on its own barely impacts on the final size
and shape of the particles. In fact, by comparing the HIP samples
with the sub-solvus solutioned ones, the resulting particles are still
elliptical and only slightly larger. The fact that HIP sample had larger
y’ particles is compliant with the slower cooling rate applied, i.e. ca.
3 times slower than that used in the precipitation temperature in-
terval during solutioning. As evidenced in previous paragraph, the
size reduction of the particles is mostly caused by an increase of the
solution temperature. Or in other words, an enhanced solutioning
treatment promotes a competitive nucleation of primary y‘, thus
limiting its growth. Despite this, only by overcoming the solvus
temperature, i.e. 1230-1245 °C y’ is eventually able to precipitate in a
cuboidal and ordered fashion.

Finally, the investigation was completed performing EBSD ana-
lysis in samples HIPped and heat treated. More specifically, three
different solution temperatures were applied i.e. 1215, 1230 and
1245 °C, while all the other parameters were kept unchanged. Fig. 11
shows the progressive recrystallization process underling the slight,
almost negligible, grain coarsening observable in the y’ sub-solvus
temperature window. The effect is considerably more impacting as
soon as the treatment is performed without relying on the pre-
cipitates pinning effect i.e. above 1230 °C.

According to the EBSD analysis, around 55% and 54% of low-angle
grain boundaries (i.e. with a degree of misorientation lower than 10°)
population are reported for the solutioned samples at 1215 °C and
1230°C, respectively. The very high content of low-angle grain
boundaries indicates the limited activation of recrystallization me-
chanisms that usually involve their drastical reduction due to the
apparent stability of the microstructure for solutioning temperature
below y'. However, the low-angle grain boundaries drop under 5%
when subjected to heat treatment at 1245 °C, which is above the y’
solvus temperature. Although the grains are still elongated along the
building direction, recrystallization mechanisms occurred, generating
a microstructure closer to an equiaxial one. Moreover, this is also
evident from the formation of new grains, as displayed in Fig. 11c.
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Fig. 11. EBSD maps performed on samples with different solution temperatures applied at: a) 1215 °C b) 1230 and c) 1245 °C. The low-angle grain boundaries (<10°) are

highlighted in gray while the high-angle grain boundaries are pointed out in black.

5. Conclusions

In this work, different heat treatments were applied to SLM
CM247LC. More specifically, the alloy was assessed after HIPping and
after being solutioned at different temperature and aged. As thor-
oughly discussed in this work, the principal aim of this research
work was tailoring the material microstructure by optimizing the
solutioning stage, being this very step the one that will mostly affect
its final properties. Next, the main findings are listed as follows.

e 1205 °Ci.e. the lowest solutioning temperature investigated here,
proved to be sufficient to promote an initial recrystallization
process by eliminating the dendritic microstructure of the as-
built material.

HIP process was extremely effective in removing SLM flaws, and
positively acted in stabilizing the microstructure leading to:

a) An enhancement of the solution process in the heat treat-
ment stage: ¢’ volume fraction was higher and precipitates
were finer, giving a higher hardness level.

b) A strong limitation to carbide coarsening during the solution
treatment.

By gradually increasing the solution temperature a finer y’ po-
pulation can be obtained but only overcoming its solvus point, a
really ordered and fine precipitation can be achieved

1245 °C solutioning temperature proved to be a good compro-
mise for the heat treatment of component which will be applied
in environment characterized by demanding creep condition
thanks to the more regular y’ precipitation and a larger grain size.
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