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Abstract

Microstructure refinement and optimized alloying can improve metallic alloy
performance: stable nanocrystalline (NC) alloys with immiscible second phases, e.g., Cu-
Ta, are stronger than unstable NC alloys and their coarse-grained (CG) counterparts, but
higher melting point matrices are needed. Hypoeutecticc CG Ni-Y-Zr alloys were
produced via arc-melting to explore their potential as high-performance materials.
Microstructures were studied to determine phases present, local composition and length
scales, while heat treatments allowed investigating microstructural stability. Alloys had
a stable, hierarchical microstructure with ~250 nm ultrafine eutectic, ~10 pm dendritic
arm spacing and ~1 mm grain size. Hardness and uniaxial compression tests revealed
that mechanical properties of Ni-0.5Y-1.8Zr (in wt%) were comparable to Inconel 617
despite the small alloying additions, due to its hierarchical microstructure. Uniaxial
compression at 600 °C showed that ternary alloys outperformed Ni-Zr and Ni-Y binary
alloys in flow stress and hardening rates, which indicates that the NiirY> phase was an

effective reinforcement for the eutectic, which supplemented the matrix hardening due
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to increased solubility of Zr. Results suggest that ternary Ni-Y-Zr alloys hold significant

promise for high temperature applications.
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Introduction

There is a strong interest on developing new routes to increase the performance of
metallic alloys used in applications that involve extreme conditions of temperature,
stress, and strain rate', e.g., energy generation and propulsion systems, among others®.
Refinement of the length scales that control mechanical behavior using, e.g., precipitation
hardening or the formation of in-situ composites where at least one phase has a very fine
length scale has been particularly successful for a variety of materials, like Ni-superalloys
(eutectic in the Ni-Al phase diagram)®, steel (eutectoid in the Fe-C phase diagram)’, Ti-Al
alloys (o2 TisAl/y-TiAl lamellar microstructure)®, as prime examples among many others’.
Hierarchical microstructures have also been of major interest due to their improved
mechanical properties’®!!. However, all these alloy systems are reaching their upper
temperature limits and alternatives with improved properties are needed. In this work,
hierarchical Ni-based alloys obtained using alloying elements different from those in Ni-
based superalloys are studied to explore their potential for improved thermo-mechanical
behavior. Nickel was chosen as the base material for this work due to its high ductility,
high elastic modulus as compared to other FCC metals like Al and Cu, and relatively high

melting point, thereby delaying the onset of diffusional creep mechanisms!2.

Many advances have been made to improve the properties of Ni-based alloys and

composites by the addition of other metals™-'. For example, Y, with no solid solubility in



Ni, but with a eutectic between pure Ni and Nii7Y2, can impart high-temperature stability
to the microstructure by Y-rich precipitates'”!® and the thermodynamic stability of the Ni-
Y system has also been studied'?'. Zirconium, unlike Y, has some solubility in Ni, but
also forms leads to a eutectic between Ni and NisZr. Addition of Zr has been shown to
provide better high-temperature toughness as well as refinement of the microstructure of
Ni-based alloys, thus enhancing their mechanical properties???*. Molecular dynamics
simulations by Wang et al.”® predict that nanoimprinted, amorphous Zr-rich Ni-Zr alloys
possess improved mechanical strength as compared to Ni-rich alloys. This was supported
experimentally by characterization of electrodeposited Ni/Zr-silicate composite
coatings®, where Zr additions increased the hardness of the coatings. Such effects of Zr
and Y additions to Ni, although promising, have not been thoroughly explored,
especially at low percentages of alloy additions (below the eutectic compositions) and

thus, may provide a foundation for further research.

Most engineering metallic alloys have several alloying elements, which often have
synergistic interactions. Thus, the unique combination of Ni-Y-Zr was chosen at
compositions suitable for the formation of intermetallic compounds (NiizY2 and NisZr
that are stable up to 1300 °C) by low additions of Y and Zr in Ni, which can act as
precipitates and second phases for strengthening at high temperatures as seen in Ni
superalloys??. These two alloying elements were also chosen because Zr and Y are
immiscible, which should minimize the interactions between them in ternary alloys. The
NisZr phase, which is FCC*?, was found to be the stiffest amongst all the Ni-Zr
intermetallic compounds from first-principle calculations® and NiizY2 with a hexagonal
structure has the highest density amongst the Ni-Y intermetallic compounds®, which
tends to correlate with high strength®. Individual properties of these intermetallic

compounds have also been explored in recent work to produce ultrafine ternary alloys



and other eutectic composites with Ni'*1618, however, the Zr and Y based intermetallics
have been studied separately, but not together.

For the ternary alloy system of Ni-Y-Zr, very little literature is available, especially at
compositions below the eutectic in the Ni-Y and Ni-Zr alloys. Due to the immiscibility of
Y in Ni, the presence of Y should be limited to the eutectic phase in Ni-Y and Ni-Y-Zr
alloys. This also implies that any differences between the mechanical behavior of Ni-Zr
and Ni-Y-Zr samples with the same fraction of eutectic will mostly be due to the presence
of NirrY2 in the eutectic phase. Thus, the goal of this work is to characterize the
microstructure of hypoeutectic Ni-Y-Zr alloys and quantify their thermo-mechanical
behavior at compositions suitable for the formation of in-situ composites with
hypoeutectic and eutectic phases, thereby synthesizing a hierarchical microstructure

similar to that in existing Ni superalloys.

1. Experimental Procedure

The Ni-Y-Zr samples were fabricated from high purity Ni, Zr and Y pieces weighed
carefully to obtain the proportions required for each desired composition. The pure metal
pieces were melted using a Centorr Series-5 Tri-Arc furnace equipped with a water-
cooled copper hearth. The chamber of the tri-arc furnace was evacuated using an oil free
vacuum pump and refilled with ultra-high purity Ar that was passed through a gas train
with moisture, hydrocarbon, and oxygen filters, to further reduce contamination. The
melts were solidified in the form of buttons, which were flipped and re-melted 4 to 5
times to ensure compositional and microstructural homogeneity. Low percentages of Zr
and Y in the hypoeutectic range of their binary phase diagrams with Ni (1.5-2.7 wt% Zr
and < 2.0 wt% Y*) were preferred to understand the effect of alloying elements on the
thermo-mechanical properties of the resulting Ni alloys, as well as to take advantage of

the insolubility and small amounts of solubility of Y and Zr, respectively, in Ni to obtain



low volume fractions of the intermetallic phases, so they could act as reinforcing phases
in a ductile Ni-rich matrix. Additionally, samples with compositions spanning from the
hypoeutectic to the intermetallic region (0.45-15.47 wt% Y and 1.35-23.72 wt% Zr) were

synthesized for comparison, as shown in Table 1.

Table 1. List of samples prepared using arc-melting, along with their assigned nomenclature.

Composition
. Zr Y Rationale Nomenclature
N at% wiv | att
100% | - - - - | High purity Ni as reference sample Ni
Low percentages of Zr (Expected

Bal | 1511 ) ) Iz3% Nis%gr by VohimeI; 1.5z
Bal | 27 | 138 - - Expected ~9% NisZr by volume 2.7-Zr
Bal 63 | 42 - - Hypo-eutectic Ni-Zr composition 6.3-Zr
Bal 189 130 - - Hyper-eutectic Ni-Zr composition 18.9-Zr

Hypereutectic Ni-Zr closer to the
Bal  20.7 144 -

intermetallic compositional range NisZr
for NisZr hardness measurement

Bal i i 12 08 Similar fl.“actlon of matrix and 10y
eutectic phases as 1.5-Zr

Bal i i 19 | 13 Similar fra.ctlon of matrix and 19-y
eutectic phases 2.7-Zr

Hyper-eutectic Ni-Y

Bal - - 12.3 | 8.5 o 12.3-Y
composition
Bal i _ 155 108 Hypereutectic Ni-Y for NiizY2 NivYa
hardness measurement
Bal 1.8 | 1.2 | 05 | 0.3 Ternary alloy, low Y 0.5-Y +1.8-Zr
Bal 14 | 09 | 11 | 0.7 Ternary alloy, high Y 1.1-Y+1.4-Zr

After arc-melting, the specimens were cross-sectioned and polished using SiC abrasive

papers followed by either alumina suspensions of 5 um, 0.3 pm and 0.05 um particle size



(for low wt% of Zr and Y in Ni) or polycrystalline diamond suspensions of 6 pm, 3 um,
1 um and 0.25 um particle size (for hypereutectic and intermetallic samples). The samples
were then given a final finish using a GIGA-0900 vibratory polisher with non-
crystallizing colloidal silica suspension (0.02 micron) and examined using wide-angle X-
ray scattering (WAXS), optical microscopy, electron backscatter diffraction (EBSD),
backscattered electron (BSE) imaging, energy-dispersive X-ray spectroscopy (EDX) and

wavelength dispersive X-ray spectroscopy (WDX).

The WAXS measurements were carried out at beamline 1-ID of the Advanced Photon
Source (APS), Argonne National Laboratory where specimens were mounted to the
sample holder in the beamline using Kapton tape and analyzed to perform preliminary
structural characterization and phase identification (a description of the setup is provided
by the beamline website*). Diffraction measurements were collected with a
monochromatic 71.676 keV X-ray beam (A=0.172972 A), filtered using a Si (111)
monochromator, with a beam size of 140 um x 140 um at an exposure time of 0.5 seconds
for 30 frames. The detector was placed at a distance of ~ 2 m from the sample that allowed
capturing data for values of 20 between 2° and 15°. The specimens analyzed were
approximately 500 pm thick, providing ~60% transmission. The Debye-Scherrer
diffraction rings from the samples were recorded on a 4-panel “Hydra” detector,
consisting of four GE 41RT large area detectors, each detector panel measuring 41x41 cm?
and composed on a 2048 x 2048 array of 200 um pixels®*. GSAS-II software* was used for
detector calibration with Cerium Oxide (Ce(Oz), followed by integration of the specimen
data to produce Intensity vs 20 plots. The O values were used to calculate the scattering

vector amplitude g=4msinO/A to analyze diffraction peaks through OriginLab software.

Optical microscopy was performed on the alloys using a Nikon Eclipse ME600 to study
the microstructure of the specimens. A Tescan Vega II microscope with an accelerating

voltage of 20 kV, a probe size of 350 nm, angle tilt of 70° and a hexagonal pattern with a



step size in the range of 1 to 5 um was used to characterize the grain size and local
orientation relationships of the phases in the samples using EBSD. The elemental
composition of each phase was studied using a JEOL JXA-8530F electron microprobe
(EPMA) via BSE imaging (15 keV energy and 15 nA current), EDX (15 kV voltage, 30 nA
current, 100 seconds acquisition time and 7000 CPS count rate) and WDX analysis to
confirm the expected phases and quantify overall composition. WDX was used due to the
low percentages of Y present and the small difference between the energy levels of Zr
and Y¥¥. For WDX analysis, a beam size of 1 um was used for better resolution and spot
analysis was done at various points on the different phases using a moderate excitation
voltage of 15 kV (~2xKa Ni=2x7.471 keV; for Zr and Y, La was used, which is 1.9922 keV
for Y and 2.042 keV for Zr¥) with a beam current of 100 nA. An average of the values was
then taken to estimate the concentration of Zr and Y in each phase. Images collected in
BSE mode were further analyzed using image processing software (ImageJ*’) to evaluate
different length scales present in the microstructure, e.g., the average lamellar thickness

(A+) of the eutectic phase, and to quantify phase percentage.

To evaluate the microstructural stability at high temperatures, the specimens were heat-
treated at 1100 °C, just below the eutectic temperature of Ni-Zr, i.e., 1170 °C. Note that
eutectic temperature of Ni-Y is 1285 °C, thus the value for Ni-Zr was used as an upper
bound to avoid phase changes. The heat treatment lasted for 2 hours and was carried out
in an inert Ar-5%H: atmosphere. Argon with 5%H: was used because hydrogen would
prevent any formation of oxides, and it was present in small enough quantities (5%) to
avoid forming hydrides with Zr or Y present in the alloys*#. Samples were water-

quenched to preserve the annealed microstructure.

Quantification of mechanical behavior of the alloys was performed using micro-hardness
and uniaxial compression testing. Vickers hardness was measured using a Leco micro-

hardness indenter with 500 g load with a 15 second dwell time. This load was decided to



ensure that the size of the Vickers indent is large enough to account for the combined
effect of the eutectic and matrix to evaluate the hardness of the alloy before and after heat
treatment. A 300 g load was used to evaluate the hardness of NisZr and 200 g for Nii7Y>
samples as the lower load allowed to probe individual phases more easily. Furthermore,
uniaxial compression testing was performed at room temperature (RT) and 600 °C in air
using an Instron servo-hydraulic load frame, equipped with a load cell of 50 kN (11 kips)
capacity. Inconel 718 rods with WC platens were used along with lithium-based
RENOLIT ST-80 grease at room temperature and Lub-O-Seal® NM-91™ Anti-Seize
grease at high temperature. The samples were prepared in the form of parallelepipeds
with height to length ratio between 1 to 2 as per ASTM standards* with top and bottom
faces polished up to 1200 SiC grit finish. The flat ends and the grease prevented barreling
of the specimens. The compression tests were performed under displacement control, at

a constant strain rate of 0.005mm/mm/min**4.

2. Results
2.1 Structural and microstructural characterization

The WAXS measurements performed on the various compositions of binary and ternary

alloys mentioned in Table 1 revealed the constituent phases as shown in Figure 1.

The raw diffraction patterns consisting of Debye-Scherrer rings for both binary and
ternary alloys (refer to Fig. 1S of the supplementary information) for one quadrant were
similar for all panels of the Hydra detector. After finding the pattern center and
calibrating the relationship between the radial position of a diffraction ring and the
corresponding value of 26, the 2D patterns were then integrated to obtain 1D line profiles
as shown in Figure 1 with I(g) as the scattered intensity at a given value of the scattering

vector amplitude g.
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Figure 1. Integrated diffraction pattern from WAXS analysis of arc-melted Ni-Y, Ni-Zr and Ni-
Y-Zr alloys of different compositions.

Figure 1 indicates the presence of FCC Ni, along with FCC NisZr and hexagonal Nii7Y>
phases in arc-melted specimens, in accordance with the phase diagrams* and
literature®3134546, The crystal planes were matched with the ideal crystals of Ni, NisZr
and NiirY> obtained from the Materials Project website*” and their corresponding
diffraction patterns calculated using CrystalDiffract™ software*. The confirmation of the
expected phases allowed a better interpretation of the EBSD and optical microscopy

results, as described next.

The microstructures of arc melted samples studied using optical microscopy were found
to be as expected from their compositions and the corresponding binary phase
diagrams?®, i.e., hypoeutectic, dendritic microstructures. Characterization using EBSD
quantified the grain size and complemented the observations from optical microscopy.
Examples of data collected for samples of Ni+2.7 wt% Zr and Ni+1.1 wt% Y + 1.4 wt% Zr

are shown in Figure 2.
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Figure 2. Microstructure images obtained via EBSD and optical microcopy from 2.7-Zr and 1.1-
Y + 1.4-Zr: (a) Low magnification inverse pole figure (IPF) with superimposed image quality
(1Q) of 2.7-Zr from EBSD. (b) High magnification IPF+1Q of 2.7-Zr. (c) Optical microscopy

image of 2.7-Zr to compare Dendritic Arm Spacing (DAS) with b). (d) Low magnification
IPF+IQ of 1.1-Y + 1.4-Zr and (e) grain size distribution for the region scanned in (d). Colors in
(a) and (b) correspond to crystal orientations parallel to the out-of-plane direction as per the

legend in the inset.
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The low magnification Image in Figure 2a indicates a dendritic microstructure with
relatively large grain size (> 600 um), which may impart improved creep resistant
properties to the material, as seen in Ni-based superalloys**°. The high magnification
image in Figure 2b shows the second phase surrounding the Ni-matrix as expected from
the eutectic present in the phase diagram?®. The dendritic arm spacing (DAS) was
obtained for these samples using the direct measurement method>! where the average of
at least 10 measurements was taken with error range calculated using the average
absolute deviation. In Figure 2b, the DAS was measured to be 8.0 + 0.7 pum, which was
similar to that obtained from optical microscopy, i.e., 8 + 2 um as seen in Figure 2c. Given
that these measurements were obtained at different locations within the sample, the
similarity between the two measurements is an indication of the homogeneity of the
microstructure. In order to evaluate the grain size of Ni-Y-Zr alloys, the EBSD scans were
performed at low magnification, an example of which is shown in Figure 2d for 1.1-Y +
1.4-Z with a scan area of 2456 x 2508 pum?, showing a grain size between 1 and 2

millimeters with an area average of about 1.3 mm (Figure 2e).

Microstructures for the other compositions of Ni-Zr and Ni-Y shown in Table 1 were
similar to those shown in Figure 2a with the DAS varying with compositions as shown
in Figure 2. Moreover, the Ni-Y-Zr ternary samples also showed similar microstructure

with a eutectic phase surrounding the matrix.

The comparison of the DAS of various Ni-Y-Zr alloys is shown in Figure 3b and indicates
that the DAS decreased as the amount of alloying elements increased, due to the increase
in the amount of eutectic phase, as expected®, in agreement with the findings for Ni-Zr
binary alloys by Maity et al.’® and J. M. Park et al.*?, leading to the refinement of the
microstructure. In the case of ternary Ni-Zr-Al alloys investigated by Maity et al. ', the
DAS first increased with an increase in Al content and then decreased, in contrast to the

gradual decrease seen in the Ni-Y-Zr alloys studied here (see Figure 3). This was due to
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the fact that Al was added to the pre-synthesized Ni-Zr alloys with eutectic composition,
leading to Al dissolving preferentially in the dendritic y-Ni phase (due to solubility
differences of Al in y-Ni and NisZr phases). This likely led to an increase in volume % of
the y-Ni phase, thereby increasing the DAS with increase in Al, as opposed to the

continuous increase in intermetallic phase for the Ni-Y-Zr alloys studied here.
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Figure 3. (a) Optical microscopy images of the hypoeutectic microstructures. (b) DAS values
measured using EBSD and optical microscopy for the binary and ternary Ni-Y-Zr samples.
Values for Ni-12Zr alloys reported in the literature'® are shown for comparison.

The link between the DAS and the overall microstructure makes it a key microstructural
parameter, in addition to the grain size. Another important length scale is the eutectic
lamellar spacing, which is an integral part of the hierarchical microstructures of the

material studied in this work. This length scale will be described next.
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2.2 Characterization of eutectic phase

Backscatter electron imaging was performed on binary and ternary samples to study the
distribution of intermetallic compounds (IMCs) and Ni-phase within the eutectic phase.

Some typical results are shown in Figure 4 and Figure 5.

5 A, =155+ 95nm

10ym  ASU 11/13/2019
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View field: 98.40 pm SEM MAG! 2,94 kx VEGAW TESCAN
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Scan speed: 8 PC: 10 Performance in nanospace A

Figure 4. Backscatter electron images of binary alloys: (a) and (c) show the eutectic phase
surrounding the Ni-matrix, (b) and (d) depict higher magnification images of the eutectic phase
with NisZr=brightest, NiizY2 = light gray, and Ni = darkest. A+ = average lamellar thickness.

For binary alloys, as seen in Figure 4, the BSE imaging verified the expected eutectic
microstructure formed during the fast cooling of the samples in the tri-arc due to the
water-cooled hearth. The different gray scales seen in Figure 4(a) and (c) indicate different

grains, and eutectic region appears through most of the boundary between regions with

13



different gray scales, thereby decorating the grain boundaries. Additionally, given the
difference in the atomic numbers of Ni, Zr, and Y (atomic numbers 28, 39 and 40,
respectively), and the different compositions of the IMCs, there was enough Z-contrast
from BSE imaging to reveal a proeutectic-dendritic Nickel-rich matrix formed due to
constitutional supercooling surrounded by a eutectic phase of Ni and either of the two
IMCs, NisZr and NiirY2, as seen in Figure 4(b) and (d). Figure 5 shows images for the

eutectic phase in ternary Ni-Y-Zr alloys.

im A =179 = 78nm

X 3,500 ROR " Sarum

Figure 5. Backscatter electron images of a ternary Ni+ 0.5wt%Y + 1.8wt%Zr alloy (a) eutectic
phase surrounding the Ni-matrix, (b) and (c) higher magnification images showing the co-
existence of NisZr and NiizY2 in the eutectic phase with Ni (NisZr=brightest, Ni17Y2 = light gray,
Ni = darkest. A+ = average lamellar thickness and Ay;_z, is the spacing between NisZr regions.
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The high magnification images in Figure 5(b) and (c) depict the eutectic phase
microstructure for Ni-Y-Zr alloys. As expected, the eutectic phase in the ternary alloys is
a mixture of NisZr and NiirY2 along with the Ni phase. Clear distinctions between the
phases are observed in Figure 5(c) with NisZr as the brightest, followed by NiirY>, with
Ni being the darkest. Thus, the eutectic structure had a semi-regular structure® with the
Ni eutectic phase surrounded by the intermetallic phases, rather than the conventional
lamellar structure. The average lamellar spacing (A:) for binary and ternary specimens
was, thus, measured as the width of the Ni-eutectic phase by taking at least 10
measurements with the error range calculated as the average absolute deviation. The At
values were found to be in the range of 150 to 300 nm for the samples, which is similar to
that found by Park et al.?> and Maity et al.'#!¢ in their Ni-Zr alloys. In the case of ternary
alloys, the co-existence of IMCs with Ni in the eutectic region, as seen in Figure 5(c)
introduced yet another length scale that was termed Ay;_z, for the chains of NisZr closely
connected to eutectic-Ni and NiirY2, measured as 190 + 40 nm for Ni + 0.5wt%Y +
1.8wt%Zr. Since Ay; z- was in the same range as Ai the latter was considered the

dominant length scale for ternary eutectic phases.

The BSE images also helped evaluating the area fractions of the two phases, dendritic and
eutectic, present in the alloys, as shown in Figure 6. The area percentage was calculated
using 2 to 3 images at 50x and 150x magnifications for each alloy and evaluating

thresholds using Image] software to average at least 4 values for area fraction.

15



Area fraction of the eutectic phase in
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Figure 6. Comparison of the percentages of the eutectic vs. dendritic phases in Ni-Y-Zr alloys.
Figure 6 shows that samples 1.5-Zr, 1.2-Y, 0.5-Y+1.8-Zr had similar area percentages of
the eutectic phase. Similarly, 2.7-Zr, 1.9-Y and 1.1-Y+1.4-Zr had the same area fractions of
the two phases within the experimental scatter. Additionally, in the case of binary alloys,
the eutectic area percentages were found comparable with values calculated using the
phase diagrams®. Given the fact that NiizY2 has higher Ni as compared NisZr, lower wt%
of Y displayed similar amount of eutectic phase as alloys with comparatively higher
percentages of Zr. Moreover, this percentage plays a major role in the mechanical

properties of the alloys due to the length scales involved.

The WDX measurements, which are shown in Figure S2 of the supplemental information,
were performed with a probe diameter ~ 1 um, which was larger than the eutectic length
scales. Hence, measurements for the eutectic phases corresponded to average
compositions. It was found that the Ni-rich matrix had a maximum concentration of Zr
below 0.6 wt% and no presence of Y for all alloys studied here, in agreement with the
reported solubility limits of individual elements in Ni at room temperature, i.e., ~ 0.93
wt% for Zr and zero solubility (or negligible) for Y. The eutectic phase had an average
concentration of Zr in between the two extremes of Ni and NisZr and Y in between Ni
and NiirY2, indicating the presence of both eutectic-Ni and eutectic-intermetallic phases.

In hypereutectic samples the matrix phase was rich in Zr and Y for Ni-Zr and Ni-Y

16



samples, respectively, as expected since the matrix should be made of the intermetallic
compounds in these cases, with the percentages in or close to the range of the
corresponding IMCs. These results confirmed the BSE observations: a microstructure
fully consistent with the phase diagrams.®** The next step was directed towards

exploring mechanical behavior and microstructure stability, as described next.

2.3 Mechanical behavior and microstructure stability

2.3.1 Hardness Testing

Vickers hardness testing, the results of which are shown in Figure 7, revealed a significant
hardness increase in the alloyed samples as compared to a reference pure nickel specimen

that was arc-melted under the same conditions.
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Figure 7.Vickers hardness as a function of composition for (a) binary and (b) ternary Ni alloys in
comparison with Ni-based alloys!#1655565,
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Note from the results in Figure 7 that the hardness increased with the increase in the
percentage of alloying elements, as should be expected, given the corresponding increase

in area percentage of the harder IMCs, as seen in Figure 6.

In order to compare the effect of alloying elements on mechanical properties of Ni alloys
and superalloys more efficiently, we introduce a control parameter of hardness increase
per wt% of solute added to pure Ni, calculated by dividing the increase in hardness of
the alloys with respect to pure Ni with the total wt% of alloying elements present. Table
2 shows that where the total percent of alloying elements added to Ni-Y-Z alloys is ~2 to
3 wt%, those in Ni superalloys are ~40wt%. This represents the effectiveness of Ni-Y-Zr
alloys in reaching mechanical properties comparable with Ni superalloys with only small
addition of alloying elements. Thus, Ni-Y-Zr alloys show promising results with

significant reduction in cost and complexity.

Table 2. Comparison of Hardness per wt% solute within Ni alloys 41655565,

Total alloying Hardness Hardness increase per
Alloys
elements (wt%) (kgf/mm?) wt% solute added
0.5-Y +1.8-Zr 2.3 144 27.0
1.1-Y +1.4-Zr 2.5 158 30.4
GH4037 % 23.63 to 38.24 177 4.0to25
Inconel 617 45.57 176 21
Inconel 6255 38.72 230 3.8
(Ni-13Zr)9 Als® 14.6 375 20.1
(Ni-12Zr)s Als 13.49 372 21.5

The stability of the resulting microstructures is key for practical applications and is

examined next.
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2.3.2 Heat treatment

The heat-treated samples, cooled by water-quenching, were studied using EBSD to
evaluate their microstructural stability. Measurements of grain sizes before and after heat

treatments are shown in Figure 8 for the 1.1-Y+1.4-Zr alloy.
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Figure 8. EBSD Imaging of 1.1-Y + 1.4-Zr at 112x magnification to evaluate the grain size of
the sample (a) before heat treatment with a scan area of 1866 x 1902 um? (b) after heat treatment
followed by water-quenching with a scan area of 1608 x 1642 pum?.

The area average grain sizes recorded for 1.1-Y + 1.4-Zr both before and after heat
treatment were 1035 um and 934 um, respectively, as shown in Figure 8, thereby
indicating stable grains in case of Ni-Y-Zr alloys. To further explore the stability of the
microstructure at smaller length scales, BSE imaging was performed at higher
magnification as shown in Figure 9 to study the heat treatment impact on dendritic length
scales. Area fractions of the eutectic and matrix phases were also calculated from these

images as shown in Figure 10.
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Figure 9. (a)-(f) BSE images of Ni-Y-Zr samples before and after the heat treatment and
resulting DAS value.
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Figure 10. Comparison of the percentages of eutectic phases before and after the heat treatment.

As seen in Figure 9 and Figure 10, the amount of eutectic phase in Ni-Zr alloys decreased
significantly (by ~60%) due to the increased solubility of Zr in Ni at higher temperatures,
whereas the eutectic phase in the Ni-Y samples remained essentially the same (within the
scatter band) even after heat treatment at 1100 °C as Y has ~ zero solubility in Ni®*. In the
case of Ni-Zr-Y, a combined effect was observed where the amount decreased only by
~26%. However, the DAS did not show a significant change in either of the binary or
ternary alloys. A WDX analysis was performed to quantify any composition changes in

each phase before and after the heat treatment as shown in Figure 11.
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Figure 11. Results from WDX analysis. (a) Zr and (b) Y content in the eutectic phase and
dendritic Ni-rich matrix before and after heat treatment.

The percentage increase of the Zr in the matrix (about 30% for 2.7-Zr) is higher than in
the eutectic phase (about 12% in 2.7-Zr) owing to the increased solid solubility of Zr in Ni
at high temperatures. No such increase is observed in the case of Y due to near zero
solubility of Y in Ni. However, there is also an increase in alloying elements, both Y and
Zr, observed in the case of the eutectic phase. This increase was further investigated using

BSE imaging of the eutectic phase at higher magnification that showed coarsening of both
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IMCs (NisZr and NiirY2) as depicted in Figure 12. Hence, the increase in the wt% of Y and
Zr in the eutectic is likely due to an increase on the area fraction of the IMCs in the region

analyzed with WDX, as the coarsened IMCs could have sizes similar to the probe.

Before Heat Treatment After Heat Treatment

/ A=200£100nm

H 10m

15.0nv msE

0.5-Y +1.8-Zr 1.1-Y + 1.4-Zr
A=215£91nm A =248 £ 45nm

Figure 12. High magnification BSE images of the eutectic phase of Ni-Zr, Ni-Y and Ni-Y-Zr (a),
(c), (e): before; (b), (d), (f), and (g): after heat treatment.
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The At of Ni-Y-Zr samples after the heat treatment remained in the range of 150 to 300
nm, despite the coarsening that was observed for both NisZr and Nii7Y2 IMCs, with NiirY2
coarsened significantly more. To study the effect of this coarsening on the mechanical
properties, Vickers hardness testing was performed on the heat-treated samples, with

results shown in Figure 13.

Hardness comparison before and after the heat
treatment
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Figure 13. Vickers hardness of Ni-Zr-Y samples before and after heat treatment.

It was observed that the hardness of the samples after heat treatment stayed within the
error range despite the decrease in the area fraction of the eutectic phase and its
discontinuity (“broken” eutectic phase) in case of Ni-Zr and Ni-Y-Zr alloys. This would

be further discussed in detail in section 3.2.

2.3.3 Compression Testing

For uniaxial compression testing at room temperature and 600°C, the compositions used
to investigate the stress-strain response were chosen based on similar eutectic area
fractions (refer to Figure 6) to provide an effective comparison between binary and

ternary alloys, as shown in Figure 14, Figure 15 and Table 3.
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Figure 14. (a) Engineering Stress-strain curves and (b) corresponding strain hardening rates for
a strain rate of 0.0048 min* (8x10°s7?) for 1.5-Zr, 1.2-Y, and 0.5-Y+ 1.8-Zr at RT to ~20%
strain.
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Ogng VS €gng at 600° C
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Figure 15. (a) Engineering Stress-strain curves and (b) corresponding strain hardening rates for
a strain rate of 0.0048 min* (8x10°s7?) for 1.5-Zr, 1.2-Y, and 0.5-Y+ 1.8-Zr at 600 °C to 10%
strain.

Figure 14 and Figure 15 display the stress-strain behavior of 1.5-Zr, 1.2-Y and 0.5-Y+1.8-
Zr alloys tested under a strain rate of 0.0048 mm/mm/min (8x10-°s!). All compositions, at
both test temperatures (RT and 600°C), exhibited work hardening, and in between the
binary alloys, 1.5-Zr and 1.2-Y, the former has the lowest yield strength but the highest
hardening rate. Moreover, as seen in Figure 14, Figure 15 and Table 3, the ternary alloy
(0.5-Y + 1.8-Zr) shows a synergistic effect: yield strength that is higher than either binary,

but with a hardening rate similar to that of Ni-Zr alloy.
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Table 3. Mechanical properties of the Ni-Y-Zr alloys and intermetallic compounds in comparison
to Ni-based superalloys.

Yield Stress (MPa)
Samples Hardness (kgf/mm?)
RT 600°C

1.5-Zr 224 140 129 +1
1.2-Y 245 161 127 +4
0.5-Y+1.8-Zr 318 268 170 =10
Inconel 617 35057 2168 176 + 5%
Inconel 625 49860 36261 230 + 5%

The next section will focus on a discussion of these results and their relation to structure

and composition of the Ni-Y-Zr alloys.

3. Discussion

3.1 Hardness measurements

The samples with 2.7 wt% Zr and 1.1 wt% Y + 1.4wt% Zr had a hardness of about two
times that of the pure nickel reference sample, as shown in Figure 7. In addition, the value
of hardness for these samples with small percentages of alloying elements is actually
comparable to that obtained in existing Ni-based alloys, which are known for their
excellent strength and high temperature creep resistance®. Comparing the hardness
values of samples with ultrafine eutectic samples of Ni-Zr-Al, the Ni-Y-Zr alloy studied
here displayed a hardness of about half of that of Ni-Zr-Al alloys, but with the amount
of alloying elements in the former being less than half of those used for the latter!41.
Higher hardness of the Ni-Zr-Al alloys studied by Maity et al' are to be expected since
they involved eutectic or near-eutectic'® compositions of Ni-Zr, leading to extremely high

fraction of eutectic phase (between 80% and 100% eutectic phase) as compared to Ni-Y-
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Zr (16 — 20 % fraction of eutectic phase). However, the alloys studied by Maity et al **
showed a decrease in hardness with Al additions due to an increase in the DAS, unlike
the ternary alloys studied here for which there was a refinement of microstructure in
terms of reductions for both DAS and A. This suggests that Y additions are more

beneficial than Al additions to improve the strength of Ni-Zr alloys.

Therefore, the above two trends in hardness indicate the improvement of properties of
Ni-alloys by the addition of Zr and Y through solid solution strengthening due to some
solubility of Zr in Ni and second phase formation, with NiizY2 and NisZr IMCs present in

the eutectic phase, as well as potential precipitates in the Ni-rich matrix.

Effects of heat treatment on microstructure and mechanical properties will be discussed

next.

3.2 Heat treatments

The Ni-Y-Zr alloys exhibited stable grain size, an example of which is shown in Figure 2.
This can be explained using results from Figure 4, which shows that grain boundaries are
decorated by the eutectic phase. Thus, the IMCs apply a retarding/drag force on the
movement of the boundaries at high temperature, imparting stability to the grains.
Similar effects of intermetallic compounds were observed in case of other length scales,
i.e., DAS and Ay, leading to the stability of the microstructure at high temperatures.

The coarsening of the IMCs shown in Figure 12 was further explored by performing EBSD
measurements at higher resolutions (spot size = 87.3 nm, and probe current = 532 pA) to

study the orientation relationship between the Ni and IMC phases as shown in Figure 16.
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Figure 16. Results from EBSD measurements of the eutectic phase region shown in Figure 5b (a)
shows the IPF map with the phases labelled, (b) IPF+IQ mapping for further distinction. Note
that the colors in (a) and (b) correspond to crystal orientations parallel to the out-of-plane
direction as per the legend in the inset, the dark lines seen in (b) are scratches introduced during
polishing of the specimen, whereas the dark region toward the bottom corresponds to a Vickers
indent used as a fiducial.

The EBSD analysis indicated that the misorientation between the Ni-rich phase and the
NisZr intermetallic corresponds to a rotation of 30° about the <111> axis that is common
to the Ni and the NisZr phases, both of which are FCC. This misorientation suggests that

the (111) planes of both phases are parallel, with the <110> direction of Ni parallel to the
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<112> direction of NisZr, which is consistent with the data found in literature®?. No such
orientation relationship could be established in case of Ni and Nii7Y2, which along with
the rounded interface between NiiY2 and the Ni matrix, points to an incoherent interface
between NiizY2 with Ni. The lack of interfacial coherency, which is also consistent with
the lattice mismatch30%33454¢ between the two phases, is likely a significant driver of the
coarsening of the Y-bearing IMC. Similar coarsening effects have been reported in Ni

superalloys®?-¢4,

In the heat-treated samples, while the DAS and A: remained the same, the amount of
eutectic decreased for Ni-Zr and Ni-Y-Zr alloys. Hence, one would expect the samples to
show a decrease in hardness. However, the hardness of all the alloys before and after heat
treatment remained the same within experimental scatter. Thus, one can argue based on
the rule of mixtures, that the hardness of the matrix increased, most likely due to the
solubility of Zr in the matrix. Another thing to point out from Figure 9 is that the heat
treatment made the eutectic phase discontinuous, which means that the eutectic phase
cannot be as effective as a reinforcement as it was in the untreated samples, also
indicating that the matrix must be harder now. This was studied further assuming the

overall hardness can be estimated through the rule of mixtures:
Hardness = v(eu)H(eu) + v(Ni,,)H(Ni,,) Eg.1

where, v(eu)= area fraction of eutectic, H(eu)= hardness of the eutectic phase, v(Ni,,)=
area fraction of Ni matrix and H(Ni,,) is the hardness of the Ni matrix. The above

equation, for calculating the hardness of Ni-Zr alloys can then be deduced as:
H(Ni — Zr alloys) = v(eu)H(Ni,y, + NigZr) + v(Ni,, )H(Ni,,), Eq.2

where, H(Nig, + NisZr) is the hardness of Ni in the eutectic phase and NisZr IMC. Given

the difference in the size of Ni in the matrix and the eutectic phase, the Hall-Petch
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equation was used as given by Cordero et al. to evaluate a correlation between the
hardness of Ni in the two phases. Furthermore, using the correlation and Eq 2, the

following results were obtained as shown in Table 4.

Table 4. Hardness of Ni matrix before and after heat treatment (HT).

H(Ni,) in (kgf/mm?)
Ni-Zr alloys

Before HT After HT
1.5-Zr 100 118
2.7-7Zr 126 131

As inferred from the table above, the hardness of Ni in the matrix increases after heat
treatment, thereby validating the above-established hypothesis. As seen in Figure 11,
wt% Zr present in the matrix increases after heat treatment. Thus, the increase in hardness
of the matrix post heat treatment could be attributed to solid solution strengthening.
Additionally, the percentage increase of the hardness of the matrix for 1.5-Zr is 18%,
whereas for 2.7-Zr is only 5.56%, in accordance with the significantly high increase in
wt% Zr in matrix post heat treatment for 1.5-Zr as compared to 2.7Zr (refer Figure 11).
This could be because 2.7-Zr is very close to the maximum solid-solubility limit of Zr (2.74

wt% Zr at eutectic temperature).

These solid-solubility effects are also likely to aid in work hardening during compression

tests and will further be analyzed and discussed next.
3.3 Compression testing

The results of the compression tests on the binary and ternary alloys displayed a trend in
work hardening and yield stresses of the alloys (refer in Figure 14, Figure 15 and Table 3)

that was linked to their compositions. This trend was analyzed further based on the
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interactions of the IMCs with the Ni-matrix. Comparing the two binary alloys, 1.5-Zr had
a higher hardening rate and lower yield stress than 1.2-Y. While this in Ni-Y alloys can
be attributed only due to the presence of the intermetallic phase, NiirY2 (negligible
solubility of Y in Ni)*, solid-solution strengthening also seems to play a role in the
hardening rate of Ni-Zr alloys, as seen in Figure 14(a) since the work hardening rates for
the 1.5-Zr is higher than for the 1.2-Y sample, at a similar area fraction of eutectic phase.
Additionally, the heat treated Zr bearing samples had similar hardness as the untreated
samples despite a significant reduction in the area fraction of eutectic phase, but similar
trend of work hardening is also observed at high temperature compression tests (Figure

15a)).

The initial results indicate that the effect of intermetallic phases in Ni-Zr and Ni-Y alloys
on yield strength and hardness is comparable given that they have similar amounts of
dendritic/eutectic phases (refer to Figure 6). Thus, the higher hardening rates observed in
the Zr-bearing alloys suggest the potential presence of dispersoids of NisZr in the matrix,
as is the case in precipitation hardened Ni-superalloys®%. A quantification of the effect
of solid-solution strengthening in 1.5-Zr alloy and its difference from experimental results

might provide additional insight into the potential presence of precipitates.

It has been established that Zr has a substitutional solid-solution strengthening effect for
the Ni-matrix®%”. Thus, the difference between the flow stress of the unalloyed metal vs

a solid solution was evaluated using the following equation®:

(Aa)ssh = Ogs — 0g = ksshca ’ Eq' 3

where, kg, is the solid solution hardening, c is the atomic fraction, and 4=0.5 according
to Friedel® and Fleischer® in their strong-pinning model where the solute atoms in the
glide plane are considered as independent point obstacles pinning the dislocations,

whereas a = 2/3 according to the Labusch’s theory”® that considers the statistical

32



distribution of the solute besides the effect of temperature within the weak-pinning
model. The mechanisms described in Labusch’s theory are considered the ones
controlling the strength at most temperatures (T > 78K) and solute concentrations (c >
104) 7272, Thus, Wang et al. ” recently proposed an improved model by incorporating the
misfit factor into Labusch’s model through the following equation to calculate solid

solution strengthening:

4 2 Eq. 4
(AG).q, = 3ZGe3c3 1

where, Z =0.002 is a constant dependent on the solvent, and G is the shear modulus

calculated using:
G =Kge+ Gy Eq.5

G =96 GPa and G, = 99.3 GPa are the Voigt-Reuss-Hill (VRH) shear moduli of the solid
solution model for 1.5wt%Zr and pure FCC Nj, respectively, K; = -320.3 GPa is a linear
correction coefficient, € = 3.2634 is the misfit strain dependent on lattice and modulus
misfit parameters, and ¢ = 0.01 is the atomic fraction of Zr in Ni. These values were either
taken or calculated using the supplementary data provided by Wang et al”2. Thus,
(Ao )y is calculated to be ~ 130 MPa for 1.5wt%Zr. As seen from Figure 14(a), we can see
that the difference in between the stresses for Ni-Y and Ni-Zr curve keeps increasing
beyond 130 MPa. This suggests that the additional strengthening could be perhaps
imparted by potential dispersoids in Ni-Zr alloys that are absent in Ni-Y alloys due to
insolubility of Y in Ni*®.

Additionally, research by Park et al.®> and Maity et al.'® shows that the NisZr IMC
plastically deforms with the Ni rich phase, thereby contributing to the strain-hardening.
This co-deformation of matrix and eutectic also seems to occur for the ternary alloys, as
suggested by images of the microstructure of samples deformed to fairly large strains

(~40%) shown in Figure S3 of the supplemental information. However, in the increase in
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flow stress of the ternary as compared to the Ni-Zr binary indicates that the NiirY>
intermetallic is a very effective reinforcement when added to the eutectic phase. This can
be compounded by the morphology of the eutectic phases as seen in Figure 16. If the
eutectic in the Ni-Y alloys is cellular in nature, the deformation of the matrix phase might
be fully contained inside the cells for the Ni-Y. Then, if one assumes that the NiizY2 IMC
is much stiffer plastically than the matrix (as suggested by hardness values in Figure 7)
this will lead to slip in confined volumes within the matrix inside the cells that might
saturate earlier, whereas deformation of the Ni-Zr phase (NisZr), where the eutectic
morphology is akin to channels that might form a bicontinous structure, might allow to
spread the deformation across cells and that interaction across larger length scales might
favor a higher hardening rate. This will further be explored in future work via 3-D
characterization of the microstructures.

The synergistic combination of highest yield strength of the ternary alloy (0.5-Y+ 1.8-Zr)
as compared to both 1.5-Zr and 1.2-Y with a hardening rate similar to that of Ni-Zr alloy
can be explained by inspecting the elastic and plastic regimes of strains. At small strains,
this synergy could be explained through combined effect of the two IMCs (Figure 4(f)),
and the refinement of the microstructure (smaller DAS, as shown in Figure 3), leading to
a higher yield strength. However, in the plastic regime, additional effects of the solid
solution strengthening, along with potential dispersoid strengthening as evaluated
through Eq. 4, could be the dominating factors providing resistance to slip. Lastly,
another factor to note is that the fraction of the eutectic phase in the ternary, as seen in
Figure 6, although in the error range, is still slightly higher than the two binary alloys.
While this might contribute to the observed effects, it is unlikely to play a major role due

to the small differences.

The results of the compression tests at 600 °C show quite clearly that the effectiveness of

the NiirY2 intermetallic phase as a reinforcement when added to the eutectic phase
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improves significantly at high temperatures, leading to higher yield strengths and
hardening rates as compared to Ni-Zr and Ni-Y alloys. This is most likely a result of its
hexagonal structure, leading to more constraints on its plastic deformation as compared
to the NisZr cubic phase. Furthermore, the coarsening of NiizY2 observed in the heat
treated specimens, which was more pronounced than that for the NisZr phase, is likely
increasing this effect, since the larger size of this phase would lead to it acting as a more
effective constraint to the deformation of the other phases inside the eutectic. At the same
time, some dissolution of NisZr is also to be expected, due to the increased solid solubility
of Zr in the Ni-rich matrix. This, in turn, will increase the solid solution hardening of the
matrix itself, which must be a factor that contributed to the higher hardening rates
observed in the Ni-Zr binary alloys at 600 °C as compared to the Ni-Y binary alloy, since

the solubility of Y in Ni is essentially zero.

The stress-strain behavior of the ternary alloy at high temperatures can be compared and
contrasted with the behavior of the solution-strenthened nickel-based superalloys, in
particular, Inconel 617 and Inconel 625 have been chosen here as typical examples, since
the alloys produced from the melt in this work have not been heat treated to have
extended precipitation in the matrix. As shown in Table 3, the room temperature and 600
°C yield strength of the ternary alloys studied in this work are fairly simialr to those of
Inconel 617, and about 63 and 74% of the yield strength of Inconel 625 at room
temperature and 600 °C, respectively, showing that the ternary alloys can reach
mechanical properties well in the range of those obtained in highly optimized Ni-based
superalloys. The solid solubility of Zr in the matrix is likely to play an important role on
the more pronounced hardening rate observed at elevated temperatures in the alloys
containing Zr, while the presence of the eutectic phase might be akin to the strengthening
effects produced by carbides that can precipitate at the grain boundaries of solution-

strengthened alloys such as Inconel 6177. The results indicate that the ternary alloys have
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significant potential for enhanced mechanical behavior at high temperatures, due to the
combination of solid solution hardening and strengthening from the dual NisZr/Nii7Y>

eutectic phases.

Conclusions

In this work, we analyzed the microstructure of Ni-Y-Zr alloys, both binary and ternary,
at low percentages of alloying elements to explore its impact on thermo-mechanical
behavior. The ternary system of Ni-Y-Zr alloys at the compositions studied here showed
a clear hierarchical microstructure defined through three major length scales, the grain
size at the macroscale (~ 1 mm), the dendritic arm spacing (DAS) in the Ni-matrix at the
microscale (~10 pum) and the eutectic lamellar spacing (A¢) at the nanoscale (~200-300 nm).
Where A: and DAS length scales were deemed to have a major impact on microstructural
stability and mechanical properties like hardness and strain hardening, the large grain
sizes are expected to provide increased creep resistance to Ni-Y-Zr alloys as seen in Ni

superalloys*.

Furthermore, the synergistic interactions of the NisZr and NiirY2 phases on different
length scales and their impact on the thermo-mechanical properties were further
explored. It was seen that even at temperatures as high as 1100°C, the microstructure
remained stable in terms of length scales as no appreciable change was observed in grain
size, DAS and A.. However, the amount of eutectic phase decreased significantly in case
of Ni-Zr and Ni-Y-Zr alloys due to solubility of Zr in Ni, with no considerable change in
Ni-Y alloys due to insolubility of Y. Additionally, coarsening of the phases was also
observed similar to that seen in Ni-superalloys®-¢4. The hardness of heat-treated samples
did not change significantly compared to that of the untreated specimens, which suggests
that the coarsening of the IMCs within the eutectic did not have a strong impact on

mechanical properties, while the increased solubility of Zr in the Ni-rich matrix leads to
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an improved solid solution hardening that compensates for a decrease in the volume
fraction of eutectic phase.

In case of uniaxial compression tests at room and high temperatures, the highest yield
strength was found for the ternary alloys whereas the Ni-Zr and Ni-Y-Zr allows had
higher hardening rates than Ni-Y alloys, which reached saturation at much lower strains.
This is likely due to solid solution hardening and the potential present of matrix
dispersoids in Ni-Zr alloys. These results also show than the NiirY2 IMC is a very effective
reinforcement when combined with NisZr within the eutectic phase of the ternary alloys
with its effectiveness increasing with temperature, most likely as a result of limited
plasticity due to its hexagonal crystal structure. The results suggest that Ni-Y-Zr alloys
hold significant promise as potential structural materials with two-fold increase in
hardness as compared to Nickel with only a few wt% addition of alloying elements, stable

microstructures at high temperatures and yield strength comparable to Ni superalloys.
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