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Abstract

Additive manufacturing (AM) of v’ strengthened Ni-based superalloys is appealing for use in fabrication
of high temperature structural components. As AM produces unique microstructures and mechanical
behaviors, a better understanding of microstructure development during post-printing heat treatment is
important. An extensive set of experimental data of Rene65 printed by powder bed fusion-laser beam is
reported. Effects of heat treatment on microstructure are characterized by scanning electron microscopy
and electron backscattered diffraction. Elevated temperature tensile testing, tension creep, and
compression creep are conducted with samples loaded parallel and transverse to the build direction.
Recrystallization occurs, resulting in an equiaxed grain structure, only with supersolvus heat treatments.
There is no effect of supersolvus hold time on grain growth, a behavior different from that of wrought
Rene65. Subsolvus heat treatments result in a coarse bimodal precipitate structure, while rapid cooling
from supersolvus results in a fine homogenous structure. Comparable tensile behavior is seen regardless
of heat treatment, apart from differences in elongation to failure due to loading direction. Creep behavior
is improved with supersolvus heat treatment, although increased hold time has a detrimental effect. Based
on the experimental results, the relation of microstructures to mechanical behaviors for additively
manufactured Rene65 is discussed.

Keywords

Nickel based superalloys; powder bed fusion; laser beam; heat treatments; texture; precipitates; gamma
prime; creep

1. Introduction

Rene65 is a gamma prime (') strengthened nickel-based alloy originally designed for turbine rotating
parts as a cast/wrought alternative to powder metallurgy alloys. As a medium y' nickel superalloy with up
to 40 vol% v, it has superior high temperature strength and creep performance to other nickel alloys such
as Nickel Alloy 718. [1-2] Cast/wrought Rene65 is characterized by a multimodal precipitate structure
and fine grain size. [1-2] Traditionally, it is heat treated using a two-step heat treatment process. The first
step is a subsolvus solutionizing treatment at 1066°C for 1 hour. [2] A subsolvus treatment is required for
the cast/wrought alloy to avoid rapid grain growth in the supersolvus condition. This is because while
increased grain sizes from supersolvus heat treatment may have mild benefit on the creep performance,
the deleterious effect of larger grains on strength outweighs this benefit. The second step is an aging
process at 760°C for 8 hours, which results in the formation of a fully developed precipitate structure. [2]

Powder Bed Fusion-Laser Beam (PBF-LB) is an additive manufacturing process which utilizes a powder
bed and a high energy density laser source to selectively melt each powder layer. [3] It is utilized to print
complex geometries and internal features not feasible through traditional manufacturing. The ability to
create lighter weight parts and the ability to produce one-off parts more cost-effectively make PBF-LB a
competitive process in manufacturing turbine discs made of nickel superalloys such as Rene65. However,
for successful implementation of these parts, an improved understanding of the microstructure developed
during printing and post-processing is needed. [4-7] PBF-LB produces microstructures that differ from
traditional manufacturing methods due to a unique thermal history characterized by a series of localized,
rapid heating, melting, solidification, cooling, reheating and re-cooling cycles. [5] The thermal cycles
during PBF-LB effect the development of the microstructure and texture. PBF-LB builds are frequently
characterized by long columnar grains parallel to the build direction (BD) as well as fine primary dendrite
arm spacing owing to a combination of high temperature gradient and high solidification velocity. [§]
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Various microstructural features including texture, grain structure, precipitate structure and dislocation
structure effect an additively manufactured (AM’ed) material’s mechanical properties especially the creep
behavior. Much of the data available for creep behavior of AM’ed nickel-based superalloys is for
Inconel® IN718 or IN625. [9-24] There have been only a small number of studies aiming at
understanding the creep behavior of medium to high vy’ alloys, and much of such work is on Alloy 738.
[25-26]

The available creep data for AM’ed nickel-based alloys is split among electron beam melting, laser
powder bed fusion, and direct energy deposition. [11-17, 22, 25] These printing methods produce various
microstructures with varying effects on creep behavior. The general results are mixed among those that
observe inferior creep behavior in AM compared to the wrought alloy, those that see similar behavior to
wrought, and those that observe superior behavior to wrought. [9-17, 19, 21-24] These mixed results lead
to a need for better understanding of the factors that are impacting the creep performance. There seems to
be a correlation between creep behavior and processing conditions. In cases where AM had a better creep
behavior than wrought, it is often attributed to sub-grain structures which are strongly affected by
processing parameters. [9,15,26] Additionally, McLouth et al. showed that the use of a defocused beam
improved the creep behavior of IN718 which was correlated to increased grain size and different
precipitate orientation. [12] There is also some evidence that the percentage of overlap between beam
passes may have an effect on the creep behavior due to detrimental grain structures that can form with
certain beam overlaps. [18]

Post printing heat treatments play a major role in creep behavior. [9-11,13,18,21-22] For example, some
studies have reported benefits of solutionizing and aging of IN718, while other studies have shown
additional improvement can be obtained with direct aging of IN718 or homogenization and aging. [10-
11,13,18]

It is also important to take into consideration the loading direction of the test in relation to the build
direction. [9,17-18,25] Generally, improved creep behavior is observed when loading parallel to the build
direction than loading transversely, attributed to differences in grain size and texture. Columnar grains
lead to a larger effective grain size parallel to the build direction which improves creep behavior. [12]
There may also be a preference of <001> grains parallel to the build direction, for which there is evidence
of improved creep behavior. [25] Reduced creep ductility due to grain boundary decohesion and
intergranular cracking are seen when loading transversely or perpendicularly to the build direction for
many AM’ed samples. [24-26]

A better understanding of the effect of processing on creep behavior is needed across all alloy systems
particularly for medium to high volume fraction y’ nickel alloys where there is minimal data available.
The aim of this study is to provide a comprehensive set of experimental data on the effect of variations in
heat treatment on texture, precipitates and creep behaviors (i.e., tension vs compression) in Rene65
printed by PBF-LB. Moreover, the relation of microstructures to mechanical behaviors is discussed for
the AM’ed Rene65.

2. Material and Processing
Gas atomized Rene65 powder with a particle size in the range of 15 to 45 um was used, and the powder
chemical composition is shown in Table I.

Table I: Rene65 powder composition

Ni Co Cr Ti Al Mo Fe Nb Zr B

==

ola

Wt% | Bal. 13 16 3.7 2.1 4 1 0.7 0.05 | 0.016
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Mechanical and microstructure test specimens were printed on a Concept Laser M2 Series 3 machine. A
spot size of 120 um, a power of 200 W, a hatch spacing of 90 um, and a travel speed of 1000 mm/s were
used for all samples. For printing, a hatch-strip scan strategy with 10mm strip lengths and 90° hatch
rotations between layers was employed.

Samples were post-processed in a two-step heat treatment process. In the first step, samples were
solutionized at varying temperatures, times, and cooling rates, as shown in Table II. For better
temperature control, the heating process was divided into three segments: 100°C/min until 1000°C, then
20°C/min up to 10°C below target temperature, and finally 10°C/min until target temperature.
Solutionizing temperatures of 1066°C, 1100°C, 1150°C, and 1200°C were used with a standard hold time
of 1 hour and a cooling rate of 200°C /min. Note that the solvus temperature for Rene65 is 1111°C. [36]
The subsolvus heat treatment used in this study mimics the heat treatment optimized for the wrought
alloy. Longer hold times of 4 and 8 hours were also used for the supersolvus temperature of 1150°C.
Shorter hold times of 15 and 30 minutes were used for near subsolvus temperature of 1100°C. Since there
is a strong dependence of creep behavior on cooling rate of the solutionizing treatment for wrought
Rene65, another cooling rate was tested in this study. Specifically, a slower cooling rate of 50°C/min was
used for 1066°C and 1150°C. In the second step, all solutionized samples were aged at 760°C for 8 hours.

Table II: Heat treatment conditions for solutionizing. All solutionized samples were then aged at 760°C
for 8 hours.

Temperature | Cooling Hold Time
Rate 15 mins 30 mins 1 hour 4 hours 8 hours
1066°C 200°C /min X
50°C /min X
1100°C 200°C /min X X X
1150°C 200°C /min X X X
50°C /min X
1200°C 200°C /min X

An FEI Apreo scanning electron microscope (SEM) was used for microstructure characterization.
Specifically, grain size and structure were analyzed through electron backscatter diffraction (EBSD) at a
voltage of 20 kV, a current of 26 nA and a working distance of 20 mm. The reference direction for all
EBSD maps is the surface normal. Precipitate size, morphology, and distribution were imaged in
backscattered electron (BSE) mode with a voltage of 5 kV, a current of 0.4 nA and a working distance of
7.5 mm. Area fraction measurements were performed using Fiji, an open-source image analysis software,
where a threshold was applied to estimate the area fraction of precipitates. Thresholding was completed
manually for area fraction measurements and particle size measurements. The measurements were done
by analyzing different regions on the sample with a minimum of 70 particles analyzed.

Hot tension testing was done in an MTS machine. The samples were loaded in tension at 704°C until
complete fracture according to ASTM E21. As shown in Table III, the materials tested included as-built,
solutionized at 1066°C (subsolvus) then aged, solutionized at 1150°C (supersolvus) then aged, and heat-
treated conventionally wrought material used for comparison. The AM’ed materials were also loaded
both along and transverse to the build direction. Due to testing issue, the data for subsolvus loaded
transversely was not successfully collected, and this test was not repeated due to limited material
availability.
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Table III: Conditions used for hot tension testing. All tests were at 704°C

Material Testing direction to the build direction
Transverse | Parallel
Wrought: Solutionized at 1066°C for lhr and aged N/A
As-built X X
Solutionized at 1066°C for 1hr with X X
Printed by cooling rate of 200°C /min and aged
PBF-LB Solutionized at 1150°C for 1hr with X X
cooling rate of 200°C/min and aged

Table IV summarizes the creep testing conditions. Tension creep testing was completed for wrought, as-
built, subsolvus 1066°C, and supersolvus 1150°C loaded both along and transverse to the build direction.
Tension creep was done at 704°C and 690 MPa, and samples were strained to 0.5% creep strain. Due to
anisotropy between tension and compression creep, a higher load was utilized in the latter to better match
the strain rate achieved in tension creep for the as-built condition. Specifically, compression creep tests
were performed at 704°C and 950 MPa with samples loaded in both parallel and perpendicular to the
build direction. To save testing time, the tests were stopped when samples were strained to 1% creep
strain. Additional compression creep tests of different heat-treated samples were completed parallel to the
build direction at 690 MPa for a direct comparison to the tension creep; these samples were also tested to
1% strain.

Compression creep samples were 7-mm-long blocks with square cross section of 2.8 mm X 2.8 mm and
were loaded along the length side. Tension creep and tensile samples were threaded round ones with
diameter of 6.35 mm and gauge length of 25 mm. All mechanical testing was completed in air.

Table IV: Conditions used for creep testing where C indicates a compression creep and T a tension creep.
All tests were performed at 704°C

Load (MPa) 690 950
Loading direction with respect to build direction | Transverse | Parallel | Transverse | Parallel
Material: Wrought T
Material: As-built | T C | C
Material: Temp. Time Cooling rate
Solutionized (°O) (mins) (°C /min)
and aged 1066 60 200 C,T C C
50 C C
15 C C
1100 30 200 C C
60 C C
50 C C
1150 60 C,T C C
240 200 C C
480 C C
1200 60 200 C C
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3. Results
3.1 Effect of Post-Processing Parameters on Microstructure

3.1.1 As-Built Microstructure

First, the as-built microstructure is briefly described which provides the basis to understand the
development of the structure with varying post-processing heat treatment parameters. The as-built
condition has no discernable precipitates at the length scale observed in SEM. Figure 1a shows the lack of
precipitates as well as the cellular solidification structure. A directionally solidified microstructure is
present, with long columnar grains parallel to the build direction (Figure 1b) and an irregular square
lattice of grains observed transverse to the build direction (Figure 1c); the latter correlates with the
rastered laser beam path. [6,7,27] The grain size transverse to the build direction ranges from
approximately 25 to 40 pm and that parallel to the build direction ranges from approximately 40 to 80
um. The aspect ratio ranges between 1.6 to 1.9. Texture parallel and transverse to the build direction are
outlined in Figures 1 e and f respectively. A stronger <001> type texture is seen parallel to the build
direction as well as a small preference for the <110> type direction. This is expected as <001> is the
preferred growth direction for cubic materials. [28]

Figure 1: As-built microstructure (a) BSE image transverse to build direction, (b) grain structure based on
EBSD analysis parallel to build direction (BD), and (c¢) grain structure based on EBSD analysis
perpendicular to BD. The color correspondence to grain orientation for the inverse pole figure maps is
shown in (d), texture along the build direction shown in (¢), and texture transverse to build direction
shown in (f)

3.1.2 Effect of Aging Heat Treatment
To characterize the precipitate evolution during heat treatment, the microstructure in the as-solutionized
condition is compared to that in the solutionized and aged condition. This will form a baseline as
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subsequent results will show the as-aged material. As shown in Figure 2, a bimodal precipitate structure is
obtained after the subsolvus heat treatment at 1066°C for 1 hour, while a fine uniform precipitate
structure is obtained after the supersolvus heat treatment. Moreover, there is minimal precipitate growth
due to aging in either the subsolvus or supersolvus conditions.

Specifically, for the 1066°C (subsolvus) condition with bimodal precipitate structure, prior to aging the
average secondary precipitate size is 178 nm, and the average tertiary precipitate size is 28 nm. After
aging the average secondary precipitate size is 167 nm, and the average tertiary precipitate size is 24 nm.
Note the standard deviation of large secondary y’ was approximately 70 nm, and that of tertiary y* was
approximately 7 nm. For the 1150°C (supersolvus) condition with uniform fine precipitate structure, the
average precipitate size prior to and after aging is 67 nm and 53 nm, respectively, with standard deviation
of 8 nm. Given that the average grain sizes are well within the standard deviation of the measurements,
aging does not have an appreciable effect on precipitate coarsening.

Figure 2: BSE of y’ precipitates (a) subsolvus 1066°C/1hr with no aging, (b) 1066°C/1hr and aged, (c)
supersolvus 1150°C/1hr with no aging, and (d) 1150°C/1hr and aged. Cooling rate of 200°C/min used for
each sample

Aging is expected to have minimal effect on grain structure as it is completed well below the solvus
temperature and y’ is present in the microstructure to produce pinning. Figure 3 shows similar grain
structures before and after aging for both supersolvus and subsolvus conditions.

Figure 3: EBSD of grain structure transverse to BD (a) subsolvus 1066°C/1hr without aging, (b)
1066°C/1hr and aged, (c) supersolvus 1150°C/1hr without aging, and (d) 1150°C/1hr and aged. Cooling
rate of 200°C/min used for each sample

3.1.3 Effect of Sub/Supersolvus Temperature

Various effects of solutionizing temperature are seen with respect to both the precipitate and grain
structures. As reported earlier, a coarse bimodal precipitate structure is seen at the subsolvus solutionizing
temperature of 1066°C. For ease of comparison, this microstructure is also shown in Figure 4a. For
temperatures at 1100°C, 1150°C, and 1200°C, a fine homogenous precipitate structure developed, as
shown in Figure 4b, c and d, respectively.
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Figure 4: BSE of y’ precipitates (a) 1066°C, (b) 1100°C, (c) 1150°C, and (d) 1200°C. Hold time of 1 hour
and cooling rate of 200°C/min used for each sample

111

001 101

Figure 5: EBSD images showing the grain structure (a, b, ¢, d) transverse to BD, (e, f, g, h) parallel to
BD, after hold time of 1 hour at the following temperatures (a,e) 1066°C, (b,f) 1100°C, (c,g) 1150°C,
(d,h) 1200°C. Cooling rate of 200°C/min used for each sample

3.1.4 Effect of Sub/Supersolvus Hold Time

As precipitate dissolution depends on diffusion kinetics and thus time at temperature, a pronounced effect
of hold time on the precipitate and grain structures is expected near and below the solvus temperature. A
bimodal precipitate structure is seen with a 15-minute hold time at 1100°C, as shown in Figure 6a.
Moreover, the large precipitates are located preferentially at the prior cell boundaries, which is likely due
to micro-segregation of y’ formers during rapid solidification in PBF-LB. [29] There is some evidence of
these large precipitates retained at the grain boundaries for longer hold times. This can be seen for 1 hour
hold time in Figure 7, which is likely due to the precipitates not fully solutionizing and continuing to pin
the grain boundaries.
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Figure 6: BSE of v’ precipitates for heat treatments at 1100°C+ aging, cooling rate 200°/C min, and hold
time (a) 15 min (b) 30 min (c) 1 hour

Figure 7: BSE of large precipitates retained at the grain boundaries at 1100°C/1hour hold time

The directionally solidified grain structure was maintained for the 15-minute hold time at 1100°C, as
shown in Figure 8a and d. On the other hand, for longer hold times (i.e., 0.5 and 1 hr), recrystallization
occurred, resulting in an equiaxed grain structure. This can be seen below in Figure 8b and e for 0.5 hr
hold time, and Figure 8c and f for 1 hr hold time.

Figure 8: EBSD grain structure for heat treatments at 1100°C + aging, cooling rate 200°C/min (a) 15 min
transverse to BD, (b) 30 min transverse to BD, (c) 60 min transverse to BD, (d) 15 min parallel to BD, (e)
30 min parallel to BD, and (f) 60 min parallel to BD

As shown in Table II, in addition to 1 and 4 hours, an extended hold time of up to 8 hours was performed
in the supersolvus at 1150°C in an attempt to determine the “equilibrium” microstructure at this
temperature. As shown in Figure 9, a fine, homogenous precipitate structure characterizes all three hold
times, with some evidence of slightly coarser precipitates at longer hold time. While the homogenous
structure is expected from a supersolvus heat treatment where full solutionizing is able to occur, larger
precipitates may form due segregation of Ti and Al during printing leading to preferential nucleation of

9
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particles near prior cell boundaries. [29] A large second phase particle is seen with the 4 hour-hold time
marked with a cross in Figure 9b. This type of particle is not unique to this heat treatment but may be
more prominent with longer hold times. Due to low volume fraction of these secondary particles, further
investigation such as EDS was not completed. However, the backscatter contrast suggests it likely to be a
nitride, a type of particle observed in the wrought alloy.

Figure 9: BSE images of y’ precipitates for heat treatments at 1150°C+ aging, cooling rate 200°C/min: (a)
1 hour hold time, (b) 4 hours hold time, and (c) 8 hour hold time.

Increasing the hold time at supersolvus condition does not lead to an increase in the grain size. This can
be seen in Figure 10. The stable grain structure is not likely caused by vy’ precipitate pinning as the sample
was held well above the v’ solvus temperature at 1150°C.

111

00 pm ,\a“ o ] 200pum ¢4 J 001 e 101
Grain size: 40.54 um | Grain size: 40.06 um Grain size: 46.41 um

d

Figure 10: EBSD grain structure and grain size for heat treatments at 1150°C + aging, cooling rate
200°C/min (a) 1 hour hold time, (b) 4 hour hold time, and (c) 8 hour hold time

3.1.5 Effect of Cooling Rate

Based on data for wrought Rene65, the cooling rate after solutionization is expected to have a large
impact on the precipitate structure. Following supersolvus heat treatment (1150°C), more rapid cooling
rate (Figure 11a) results in a fine y’ distribution formed during cooling. Conversely, at slower cooling
rate (Figure 11b), there is a large increase in the size of secondary precipitates, as well as the development
of tertiary precipitates. It is noted that the measured area fraction of y’ precipitates stays consistently from
29.84% for the slower cooling rate to 31.38% for the faster cooling rate in the supersolvus condition.

10
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In the subsolvus heat treatment (1066°C) there is a minor increase in precipitate size and small decrease
in the volume fraction of tertiary y’ for the slower cooling rate, as shown in Figure 11c¢ and d.

Figure 11: BSE of y’ precipitates (a) 1150°C, 100°C/min, (b) 1150°C, 50°C/min, (c) 1066°C, 100°C/min,
and (d) 1066°C, 50°C/min. All samples are in the aged condition

In both the subsolvus and supersolvus conditions, there is little to no effect on the grain size or structure
with different cooling rates, as shown in Figure 12.

Figure 12: EBSD of grain structure imaged transverse to the BD (a) 1150°C, 100°C/min, (b) 1150°C,
50°C/min, (c¢) 1066°C, 100°C/min, and (d) 1066°C, 50°C/min

3.1.6 Grain Rotation Orientation Deviation

The grain rotation orientation deviation (GROD) parameter can provide insight into geometrically
necessary dislocation content and stored strain energy in deformed microstructures [30]. The GROD for
the as-built, subsolvus, and supersolvus are presented in Figure 13. High maximum grain rotation is seen
in the as-built (Figure 13a) and subsolvus heat treated conditions (Figure 13b): 20 and 18 degrees
respectively. A much lower maximum rotation of 5 degrees is seen in the supersolvus heat treated
condition (Figure 13c). For a more direct comparison, Figure 13 d and e plot the relative rotation for
subsolvus and supersolvus conditions on the same grey scale where lighter color indicates higher relative
rotation. A significant decrease in geometrically necessary dislocation content and inferred strain energy
is seen in the supersolvus condition with a recrystallized microstructure.

11
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Figure 13: Grain rotation orientation deviation (a) as-built maximum rotation of 20 degrees, (b)
1066°C/1hr maximum rotation of 18 degrees, (¢) 1150°C/1hr maximum rotation of 5 degrees, (d)
1066°C/1hr relative rotation, and (e) 1150°C/1hr relative rotation

3.2 Mechanical Behaviors

Microstructures formed due to various heat treatment parameters have significant impact on the
mechanical behaviors of the material, as described in the following. Unless otherwise noted, supersolvus
samples for mechanical testing were heat treated at 1150°C for 1 hour with a cooling rate of 200°C/min
and subsolvus samples for mechanical testing treated at 1066°C for 1 hour with a cooling rate of
200°C/min. All samples for mechanical testing were aged at 760°C for 8 hours.

3.2.1 Tensile Deformation

Figure 14 shows the effect of heat treatment condition on yield strength, ultimate tensile strength (UTS)
and elongation at failure when tested at 704 °C. Due to the limited sample availability, each condition was
only tested once. In general, the yield and UTS of AM’ed Rene65 are lower than those of the wrought
condition, especially when the AM’ed material was loaded perpendicularly to the build direction. A large
discrepancy is also observed when the AM’ed material was loaded parallel versus perpendicular to the
build direction. Specifically, the elongation was poor (only 1%) in the latter. Elongation was much
improved when tested parallelly to the build direction with the subsolvus heat treated condition having the
lowest elongation (6%) and supersolvus having the highest elongation (10%).

12
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327  Figure 14: Tensile behavior at elevated temperature of 704°C. Wrought data taken from Ref. [36]

328 3.2.2 Tension and Compression Creep

329  As there can exist an asymmetry between tension and compression creep, it is important to understand
330  both behaviors as many parts can be subjected to complex loading conditions. The behavior in tension
331  creep in the subsolvus AM, supersolvus AM, as-built AM, and wrought alloy is shown in Figure 15 along
332  with the compression creep of the matching AM conditions. It is noted that as-built and heat-treated

333  AM’ed samples were also tension loaded perpendicular to the build direction but they all failed

334  prematurely at low strain values. As the premature failure of these transverse-loaded samples were likely
335  dominated by printing defects, their results are not further discussed, and all AM’ed samples in Figure 15
336  were loaded parallel to the build direction.
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0.5 ++++Subsolvus- compression
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0.2 S —\Wrought- tension
0.1
0
0 200 400 600 800
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337

338  Figure 15: Tension vs compression creep behaviors at 704°C and 690 MPa. AB stands for as-built. All
339  AM’ed samples were loaded parallel to the build direction.
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3.2.3 Compression Creep at High Stress

As shown in Figure 15, the compression creep samples loaded at 690 MPa took at least 300 hours to
reach just 0.5% strain. To more efficiently test samples with various heat treatments, a high stress of 950
MPa was used to test additional compression creep samples. As stated earlier, this high stress was
selected to match the strain rate achieved in tension creep of the as-built sample.

A summary of the creep response (time to 1% strain) for various subsolvus and supersolvus heat treated
samples loaded at the high stress of 950 MPa is shown in Figure 16. With a hold time of 1 hour,
supersolvus heat treated material (1150°C) exhibits superior behavior to subsolvus (1066°C, and 1100°C)
heat treated condition in compression creep. For supersolvus, an increased hold time above 30 minutes
(i.e., 1 hour or higher) has a detrimental effect on the compression creep behavior. There is no clear
impact of cooling rate or loading direction on compression creep behavior, as shown in Figure 16.

150 Hold Time
@ @ 15 minutes
100 W © 30 minutes
g Creep Conditions: L : i Egﬂ;
5:: - 704°C/950MPa ® 8 hour
_% Cooling Rate
.E 60 @ 200°C/min
° i QO50°C/min
-
S 40 Loading Direction
- i ® - Loading
'E . o e Build l Direction
a g & Direction
@
0 o

. 3 . M Build Loading
1066°C 1100°C 1150°C Direction ] . lDirection

Figure 16: Compression creep time to 1% strain where color indicates hold time, opened or closed shape
indicates cooling rate, and shape indicates loading direction for each sample. For example, the open black
square at 1066 °C designates a sample solutionized at this temperature for 1 hour, cooled at 50 °C/min,
and then aged at 760°C for 8 hours. It was tested parallelly to the build direction.

4. Discussion
4.1. Processing Effects on Microstructure

4.1.1. Precipitation

The as-built microstructure has no discernable precipitates as shown in Figure 1. This indicates that either
no precipitates are present, or nanoscale precipitates are present. This question is the subject of more
detailed transmission electron microscopy (TEM) investigation and will be reported elsewhere. In either
case, this is due to rapid cooling common in the PBF-LB process. [31] In general, if sufficiently high
cooling rates are achieved, precipitation is prevented as there is not sufficient time for the necessary
diffusion for precipitation. In the case of nano-scale precipitation, nucleation is able to occur, but there is
insufficient time for growth.

Upon heat treatment, there are two primary precipitate structures that are formed: a coarse bimodal
precipitate structure and a fine homogenous structure seen in Figures 2, 4, 6, 9, and 11. These precipitate
distributions can be explained on the basis of whether sufficient temperature and time are available for
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full dissolution. [32] Specifically, the precipitate development is schematically shown in Figure 17 and
described in the following.

Due to capacity to form a high volume fraction of y’, a low lattice mismatch between y’ and y, and
segregation of y* forming elements to interdendritic regions, there is a large driving force for both y’
nucleation and growth in this alloy. [33] Hence, it is anticipated y’ precipitates quickly formed around
grain boundaries and interdendritic regions when the as-built microstructure is heated up during heat
treatment, as shown by the inset image 1 in Figure 17. In the case of subsolvus or short hold times near
solvus, the hold temperature and/or time are insufficient to fully dissolve those y* precipitates formed
during heating. Therefore, precipitates nucleate and coarsen at elevated temperature (as shown by 2b).
[34] On the contrary, for supersolvus and long hold times near solvus, precipitates fully dissolve during
the hold (as shown by 2a). On cooling with subsolvus, the precipitate coarsening is largely independent of
cooling rate and tertiary y’ develops (as shown by 3c). In supersolvus all precipitates form on cooling
therefore with fast cooling precipitates have little time to coarsen (as shown by 3a). [35] However, it is
noted that ¥’ precipitation can involve multiple bursts during cooling. When heat treated at 1150°C
(supersolvus), there is a high degree of supersaturation of y’ formers in the y matrix due to the full
dissolution of precipitates and homogenization. Upon cooling, such supersaturation likely promoted a
first burst of v’ nucleation at relatively high temperature. Despite the fast cooling rate (200°C/min), these
particles were able to coarsen, resulting in a small population of large y’ precipitates (see Figure 9a).
Upon further cooling, a second burst took place uniformly across the grains, resulting in the formation of
small y’ precipitates although nucleation was suppressed around those existing large precipitates. When
heat treated at 1100°C (near solvus), the degree of supersaturation was lower compared to 1150°C, and
more undercooling was thus required to nucleate y* precipitates. These precipitates had less time to
coarsen due to sluggish diffusion kinetics at lower temperatures, resulting in homogenously dispersed fine
precipitates after cooling (see Figure 6¢).

Finally, there is minimal additional precipitate development during aging of the AM’ed Rene65. This
differs from the wrought alloy which shows growth of the tertiary y’ during aging. [36] The reason for
this is likely due to the precipitate size on cooling. Specifically, in the subsolvus condition prior to aging,
which is designed after the standard wrought treatment, the average size of tertiary y’ is 28 nm. This is
already larger than the tertiary y’ in the wrought aged condition which has an average size under 20 nm.
[36] One hypothesis for tertiary y’ precipitates in AM’ed material being larger than those in the wrought
material is the fine dendritic structure and consequently shorter diffusion distance that facilitates y’
growth in the former. Further investigation into this mechanism is required. The above results indicate
aging process may not be necessary for processing of AM’ed Rene65 which will reduce processing time.
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Figure 17: Schematic plot showing precipitate development through heat treatment process where
supersolvus temperature is 1150 °C, near solvus is 1100 °C and subsolvus is 1066 °C

4.1.2. Recrystallization

Due to rapid cooling and extensive micro-segregation, the formation of non-equilibrium microstructures
is common in AM’ed materials. [37-38] Segregation has been shown to affect diffusion and
recrystallization behavior in various materials. [39-41] Additionally, extensive thermal cycling occurs
during additive manufacturing, leading to a large accumulation of residual stress/strain. Coupling these
factors leads to a high driving force for recrystallization. [42] This can be seen with the change in grain
rotation and stored strain energy in Figure 13. Below the solvus temperature, the high volume fraction of
v’ present in the microstructure pins the grain boundaries preventing recrystallization from occurring.
[1,2] When recrystallization is prevented, residual strain is maintained in structure as shown in Figure
13d. In the case of a heat treatment with adequate temperature/time to allow for dissolution of y’ the
pinning force is decreased, and recrystallization is able to occur. [43] For this reason, there is a strong
correlation between a homogenous precipitate structure and a recrystallized grain structure, as shown
previously in Figures 3, 5, 8, 10, and 12.

4.1.3. Grain Growth

One of the major findings of this work is the lack of rapid grain growth in the supersolvus condition
outlined in Figure 10. Wrought Rene65 is processed in the subsolvus condition due to rapid grain growth
which has deleterious effects on mechanical behavior. [43] The rapid grain growth in the wrought alloy is
not found to occur in AM’ed Rene65. As illustrated in Figure 10, the grain size increased only marginally
from 40.54 um after 1 hour hold to 46.41 um after 8 hour hold at 1150°C. For comparison, wrought Rene
65 begins coarsening at 1106°C (just below solvus) and shows significant grain growth at 1117°C (just
above solvus). [36] Another independent study showed a 350% grain size increase within 1 hour at
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1150°C for wrought Rene 65. [44] This feature of AM’ed Rene 65 can potentially expand the heat
treatment window for the alloy and allow for more control over precipitate size and distribution.

The lack of grain growth is hypothesized to be caused by the following two factors. First, pinning is
evidenced by tortuous grain boundaries shown in Figures 2d, 4c-d, 7 and 9c. This can be indicative of
some segments of the grain boundaries being pinned while other segments continue to advance. As
described previously, ¥’ precipitates that formed during heating completely dissolved during the
supersolvus hold and would not pin the recrystallized grains at this temperature. It is common that very
fine oxides or carbides can exist in the AM’ed microstructure that are too small to be detected in SEM.
However, these oxides or carbides that cannot be detected by SEM, if present, would be below the typical
length scale for conventional Zener pinning mechanism. [45] Nevertheless, if the oxides or carbides are
the primary source for pinning force, they would exist in such a low volume that would allow for
recrystallization to occur while preventing subsequent grain growth. The nature of the pinning by oxides
or carbides is presently the subject of more detailed TEM investigation. Second, the lack of grain growth
may result from a lack of driving force. Much of the strain energy present in the as-built condition is
reduced by recrystallization in the supersolvus condition as seen in Figure 13 which may lead to a
reduced driving force for grain growth. . In the literature, the effect of strain energy on grain growth of
wrought Rene65 is not extensively studied. Hence, a future comparison study of between wrought versus
AM’ed material is needed to understand the role of the strain energy on grain growth.

Grain growth and recrystallization behavior are shown schematically in Figure 18. With sufficient
temperature and time, recrystallization occurs during solutionizing, as shown by the inset image 1b in this
figure. Without sufficient temperature and time, no recrystallization occurs, and the directionally
solidified microstructure is maintained due to precipitate pinning (as shown by 1a). There is no effect of
hold time on grain size at supersolvus as previously discussed. Due to rapid reprecipitation in the case of
supersolvus and retained precipitates in the case of subsolvus, no additional changes are seen to grain
structure during cooling. Aging occurs well below the solvus temperature and therefore has no effect on
the grain structure as well (as shown by 2).

1b. Supersolvus heat
treatment:
Recrystallization, no
grain growth with
extended hold time

Temperature 1b
1a. Subsolvus heat

treatment: no
recrystallization or notable
grain growth occurs

2. During Cooling and
Aging, no change in
grain structure due to
precipitate pinning

» Time
As built Solutionizing Aging
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Figure 18: Schematic plot showing grain structure development through heat treatment process

4.2 Mechanical Behavior

4.2.1 Hot Tension and Loading Direction

Being a precipitation strengthened alloy, Rene65 derives much of its strength from precipitates. [46] It is
designed as a fine-grained material and derives additional strength from grain boundary area. As shown in
Figure 14, the lowest UTS and yield strength are seen in the as-built condition in both loading directions.
This is due to the lack of precipitates present in the as-built condition prior to testing. Moreover, not
enough time is spent at elevated temperature during hot tensile testing to develop the precipitation
structure. The lower yield strength and UTS of heat-treated AM compared to wrought (Figure 14) is
likely due to a larger grain size (e.g., wrought about 10 um versus AM’ed about 40 pm). In other words,
the decrease in grain boundary area with the increased grain size leads to the decreased tensile strength in
AM’ed Rene65. [47,48]

Despite similar strength, there is reduced elongation to failure when loading transverse to the build
direction. One possible explanation for this behavior is aligned defects formed during the printing
process. [9] There is minimal to no visible cracking in the microstructure prior to testing in the samples
observed in microscopes. However, there is still a possibility of microcracks or pores being present in the
microstructure due to low sample size observed compared to total build height. Defects aligned along the
build direction become planar defects when loading transverse to the build direction, causing loss of
ductility in the material.

4.2.2 Tension Creep

As shown in Table IV, all tension creep tests were performed parallel to the build direction. As the defects
from printing are expected to have a minimal effect on creep in the parallel direction, these tests would
show the effect of microstructure on creep.

As shown in Figure 15, among the four conditions tested, the supersolvus heat treated AM’ed Rene65 has
the longest life, exhibiting superior performance to the wrought material. The microstructural factors that
are likely responsible for this improvement are summarized as follows. The first factor is an increase in
average grain size. Specifically, the average grain size of the AM’ed supersolvus sample is 40.54 pm
while the tested wrought grain size is on the order of 10 um. Increased grain size can improve creep
behavior as it decreases grain boundary assisted creep processes and reduces dislocation movement along
the grain boundaries. [49] Grain boundary tortuosity, as previously shown to be present in the supersolvus
microstructure seen in Figure 7 and 9c¢, can also improve creep behavior by limiting grain boundary
sliding. [50] The second factor is a difference in precipitate size and precipitate distribution. As
previously mentioned, in order to avoid rapid grain growth in the supersolvus regime, the wrought
material undergoes a subsolvus heat treatment. This leads to a multimodal precipitate distribution with
coarse primary y’ and fine secondary and tertiary y’ particles. On the other hand, supersolvus AM’ed
material had finer homogenous 7y’ particles, as shown in Figure 4c and d.

To further examine the relative importance of the above two microstructure factors on creep, another
interesting comparison can be made in the data for subsolvus AM’ed sample versus wrought sample
(Figure 15). Both conditions resulted in similar coarse bimodal precipitate structure as both underwent the
same heat treatment schedule. The main microstructure difference between the two is the grain structure.
Specifically, as shown in Figure 5, the subsolvus samples show long columnar grains parallel to the build
direction while varied grain sizes are seen transverse to the build direction. This can have an impact on
the effective grain size; for example, for subsolvus at 1066°C, the grain size transverse to the build
direction ranges 25-40 um compared to grain size ranging from 40-80 um parallel to the build direction.
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The subsolvus AM’ed sample has an effective grain size that is much larger than the wrought sample,
which is expected to be beneficial for creep. Hence, the fact that subsolvus AM’ed sample
underperformed in creep than the wrought sample indicates that the larger grains in AM’ed samples did
not likely have a predominant role on creep behavior. Instead, fine homogenous precipitate structures
seem to be crucial to creep performance of AM’ed material. Effect of y precipitate distribution (e.g., size
and spacing) on dislocation motion at elevated temperature is complex [51,52], and further study thus is
necessary to better understand the mechanism for superior creep strength due to fine homogenous over
bimodal precipitate structures in AM’ed material.

A final comparison can be made in the data for subsolvus AM’ed sample versus as-built sample with the
latter outperforming the former in tension creep. Similar grain structure is seen between the as-built
material and the subsolvus heat treated condition, as shown in Figures 1 and 5, respectively. Hence, what
makes this comparison interesting is that the as-built microstructure does not contain discernable
precipitate structure while the subsolvus AM’ed sample contains a coarse bimodal precipitate structure.
The potential microstructural factors responsible for improved creep in as-built over subsolvus conditions
are discussed as follows. First, the as-built microstructure contains a dislocation cell structure with high
dislocation density, which has often been attributed to improved mechanical properties in the literature.
[5,52] As shown in Figure 13, despite precipitates pinning grain boundary motion during subsolvus heat
treatment, there is a small but noticeable amount of dislocation reduction, which likely has a negative
effect on creep behavior. Second, while there are no discernable precipitates in the as-built condition, ¥’
precipitates likely formed in-situ during the early stages of testing, which had a beneficial effect on creep
similar to the fine homogenous precipitates in the supersolvus condition.

Figure 19 is a SEM image of as-built sample after creep testing. This microstructure contains a high
fraction of small dark particles which are expected to be y’precipitates formed in-situ during testing.

det | HV « curr mag WD HFW PW x -0.2693 mm
T1 500kv  0.40nA  100000x 6.0mm 207pm 674pm y: -0.4695 mm

Figure 19: SEM image of post-creep-test as-built sample where fine dark particles are expected to be 7y’
precipitates formed in-situ during testing

However, unlike the supersolvus condition, the precipitates formed in-situ during creep testing (see figure
19) are likely “under-developed” and their beneficial effect is thus limited. It is noted that such precipitate
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strengthening effect was not observed during the hot tension testing of as-built sample since there was
insufficient time for precipitates to form.

4.2.3 Compression Creep

As shown in Figure 16, the recrystallized equiaxed microstructure with fine homogenous precipitates
generally demonstrates superior compression creep behavior, a trend consistent with that in tension creep
described in the previous section. However, this is not always the case. Longer hold times near solvus
(1100°C), despite allowing for recrystallization, is detrimental to compression creep behavior. A similar
detriment to creep behavior is observed with increased hold times at supersolvus (1150°C). There is no
obvious difference in grain size, grain structure, precipitate size, or precipitate distribution due to hold
time, as shown in Figures 6 through 8 for near solvus (1100°C) and in Figures 9 and 10 for supersolvus
(1150°C).

Two hypotheses are described below for the detrimental effect of extended hold time on creep behavior.
The first is the growth of brittle oxide particles. There is some evidence in the literature that nanoscale
oxides are present in the as-built microstructure. [45,54,55] With extended hold times at 1066°C and
1150°C these oxides are likely to coarsen. These large brittle particles particularly when they are aligned
can greatly impact ductility and lead to failure at lower strain. [55,56] The second is the homogenization
of boron. Rene65 contains a small amount of boron which is added to improve creep behavior in the form
of discrete boride particles along the grain boundaries. For example, boride particles of approximately 1
um in size have been observed to locate preferentially on grain boundaries in wrought Rene65. [58]
During printing, the rapid cooling may result in boron segregation into the inter-dendritic regions. The
fine dendrite arm spacing in the AM’ed material may decrease the homogenization time. [57] The
literature has shown that the back diffusion of boron away from the grain boundaries to the grain interior
can occur during heat treatment of some materials. [58] Hence, it is possible that extended hold time at
the supersolvus temperature aids in boron homogenization, resulting in a decrease of boron content
around the grain boundaries and subsequently a reduced creep property. The heat-treated AM’ed
microstructure comprises nano-scale secondary particles (which can include borides) that were uniformly
dispersed with no clear preferential nucleation between grain boundaries and grain interiors, which is in
stark contrast to wrought microstructure with micro-scale borides along grain boundaries. Future
characterization in TEM is needed to determine the mechanism(s) for the detrimental effect of extended
supersolvus hold time on creep behavior. Although compression creep test is expected to be less sensitive
to printing defects than tensile creep test, the small sample size (i.e., 7mmx2.8mmx2.8 mm) may
introduce variability in the observed creep results. In particular, Figure 16 shows that among the three
samples supersolvus-solutioned at 1150°C and then tested perpendicular to the build direction (designated
by the three circles), the sample with slow cooling and bimodal precipitate structure significantly
outperformed the two samples with fast cooling and uniform precipitate structure. Such superior
performance of bimodal precipitate structure is unexpected and could be caused by the small specimen
happening to sample a region containing few defects and brittle oxides.

4.2.4 Anisotropy in Tension Versus Compression Creep

There is a distinct anisotropy in the creep behavior for tension loading versus compression loading. In the
literature, this has been attributed to the development of defects and cracks over the course of testing.
Specifically, the primary difference between compression and tension creep is thought to occur in the
tertiary creep stage where cavitation, void formation and cracking take place. In tension these defects will
be opened further leading to continued decrease of the effective cross section. In the case of compression,
these defects will be “closed” and are less likely to continue to decrease the cross-sectional area. In cases
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where defects are already present, which may be the case in many additively manufactured parts include
the Rene65 studied here, the tertiary creep stage is initiated more rapidly and a larger anisotropy between
tension and compression is observed. There is also seen to be variations in deformation modes between
tension and compression creep such as twinning. [59-62]

5. Summary and Conclusions

In summary, an extensive set of microstructure and mechanical property data for Rene65, a medium y’
nickel superalloy printed by powder bed fusion-laser additive manufacturing, is reported in this study.
The results show that the standard heat treatments developed for traditional cast or wrought alloys need to
be modified for additively manufactured materials to utilize their unique microstructure for sound
mechanical properties. The specific conclusions are as follows:

The solutionizing heat treatment temperature and cooling rate had a large effect on the grain and
precipitate structures. For subsolvus or near solvus and short hold time, no recrystallization took place,
and the as-built grain structure was maintained with a bimodal precipitate structure for either slow or fast
cooling rate. For supersolvus heat treatment or near solvus and long hold time, equiaxed grain structure
formed, greatly reducing the dislocation content in the as-built structure. Moreover, the fast cooling rate
resulted in fine y’ precipitates while the slow cooling rate formed bimodal distribution of y* precipitates.
These results indicate that y’ precipitates can rapidly form during the heating portion of the solutionizing
heat treatment and can pin the grain boundary if not dissolved at the solutionizing temperature.

Additively manufactured Rene65 can be supersolvus heat treated without the detrimental effects seen in
the cast/wrought alloy. This is due to a notable lack of rapid grain growth seen in the additively
manufactured material. Possible factors for the lack of grain growth include nanoscale oxide or carbide
particles pinning the grain boundary as well as a lower driving force for grain growth compared to the
wrought material. However, supersolvus hold time needs to be carefully controlled as extended hold time
can significantly degrade the creep property, a behavior hypothesized to be caused by excess coarsening
of oxides and homogenization of boron for long hold time.

The as-built alloy behaved better in creep than the additively manufactured alloy that was subjected to
subsolvus heat treatment, which is the standard method for traditional cast or wrought alloy. This has
been attributed to strengthening based on the dislocation cell structure and rapid precipitation during
testing. The supersolvus heat treated material outperformed the wrought material in creep, which has been
attributed to a finer homogenous precipitate structure in the former.

Finally, the additively manufactured alloy exhibited large anisotropy in the hot tension behavior with
respect to the parallel versus transverse loading direction and in the creep behavior with respect to tension
versus compression loading. This has been primarily attributed to existence of defects in the additively
manufactured alloy. Future work involving hot isostatic pressing will be used to better understand the
effect of defects on mechanical behaviors.
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