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ABSTRACT

The nickel-base alloy 718 is widely used due to its superior performance at high temper-
atures, combining properties such as high strength, high corrosion and oxidation
resistances and good formability and weldability. Its properties can be further improved by
controlled additions of alloying elements such as Ce, W, Mo, P, B and Y. The present work
aims to evaluate the effect of the yttrium alloying on the phase transformation in alloy 718.
Thermodynamic calculation, scanning electron microscopy, electron backscattered
diffraction, hardness measurements and differential scanning calorimetry tests were
conducted. The Ni;;Y, phase was observed in two situations: associated with the Nb-rich
particles or as single particles. The addition of yttrium has a remarkable effect on grain
size control. The differential scanning calorimetry tests indicated that the alloy with the
high Y content showed earlier precipitation of the y” phase (NizNb), which is the main
hardening contributor, resulting in an increase in hardness.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The nickel-base alloy 718 is widely used due to its superior

The alloy presents a complex metallurgy [2]: Cr is a solid
solution hardener and improves corrosion and oxidation
resistance; Al improves oxidation resistance and, along with
Ti, induces the formation of the hardening precipitate vy’

performance at high temperatures (up to 650 °C), with (Ni3(ALTi), FCC, coherent, L1,). Ti and Nb are carbidonitride

improved properties such as high strength, high corrosion and

formers. Mo is a solid solution hardener and improves creep

oxidation resistances, good formability and weldability [1].
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resistance. Fe, in addition to the solid solution hardening,
lowers the alloying cost. Regarding Nb, compared to the other
precipitation hardened nickel-based superalloys, its content
can reach up to 5.5 wt.%, resulting in solid solution hardening
and the precipitation of the metastable, ordered and coherent,
BCT y” phase (NisNb — D0,,), which is the major contributor to
the high-temperature strength [2].

The MC carbonitrides - mainly (Nb,Ti) (C,N) - are also
present in the microstructure and stable up to 1200 °C [2].
During long-term aging operations at temperatures above
700 °C, the metastable y” phase starts to be dissolved and gives
way to the orthorhombic 3 phase (NizNb), which is stable and
incoherent with the face-centered cubic y matrix [3,4]. The
d particles can also be precipitated directly from the austenitic
matrix, preferentially nucleating at grain boundaries as plates
and/or globular morphologies and can be used to control the
grain size for strength optimization [5].

Multiple studies have described improved superalloys
properties by adding different elements such as Ce, W, Mo and
P, among others [6—9]. Particularly, the addition of yttrium to
the composition of superalloys has been studied due to its
promising results on mechanical properties and high-
temperature oxidation resistance [6,10—12]. Yttrium addition
in superalloys presents many beneficial effects when properly
added. It was reported that the Y addition increases the car-
bide fragmentation in nickel-based and austenitic alloys,
being a positive contribution for creep resistance [13—15] and
also leading to an improvement of hardness due to the solid-
solution strengthening effect. Additionally, the grain size is
controlled by Y contents [15,16]. The high affinity between
yttrium and sulfur produces Y-rich stable sulfides that can be
removed during casting, reducing the sulfur segregation on
oxide/matrix interfaces and grain boundaries, which in-
creases their cohesion and leads to higher oxidation resis-
tance and ductility of alloy 718 [6,11,16,17].

Additionally, Y will preferentially react with oxygen during
melting, forming Y,03; which subsequently forms an alkaline
slag favorable for desulfurization [18]. However, as for
different addition elements, the beneficial effect is related to a
concentration range and, particularly for Y, when in excess,
generates intense precipitation of yttrium-rich phases that
serve as preferential sites to crack nucleation and propagation
[12]. Few studies have addressed the Y addition in alloy 718.
Most of the studies about yttrium additions in nickel alloys
focus on evaluating either corrosion or mechanical properties,
mainly for cast conditions [12,19-28]. Also, Y is usually added
as Y,03 by powder metallurgy for ODS Ni-base superalloys to
increase oxidation resistance and mechanical performance
[29-32]. A previous work [15] analyzed the alloy 718 with 0.05
and 0.61 wt.% Y on solubilized conditions with no & phase
precipitates. These authors reported the formation of
different Y-rich phases, such as Y sulphides and oxides, and

the Nij;Y, phase; this latter, with its volume fraction
increasing with the Y content. A high proportion of this phase
was deleterious to the mechanical properties of the alloy,
causing a sharp decrease in ductility. However, a controlled Y
content increased (by around 20%) the alloy's ductility at room
temperature.

Aiming to evaluate the effect of the yttrium alloying on the
phase transformations in alloy 718, thermodynamic calcula-
tions, scanning electron microscopy and electron backscattered
diffraction, hardness measurements and differential scanning
calorimetry tests were conducted.

Thermodynamic calculations showed the Y effect on
decreasing liquidus temperature of alloy 718. Our data are
consistent with the influence of Y on 3 phase precipitation as a
consequence of Y-rich phases precipitation and its cleaning
effect on grain boundaries. A high Y content contributed to y”
precipitation, resulting in increased strength.

2. Materials and methods

Three alloys were cast in a vacuum induction furnace. One,
acting as a reference, was melted with no Y addition. The
other two alloys were melted with nominal wt.% Y additions
of 0.1% Y and 1.0%. To maximize the Y yield into the alloy
during melting, this element was added close to the end of the
melting, 5 min before pouring the metal into the casting.
The Y yield calculation is discussed elsewhere [15].

Table 1 shows the chemical composition of the alloys,
referred to as alloys A, B and C. The Y content was determined
by wet chemical analysis. C, N, O and S were obtained by the
combustion method and the remaining elements by optical
emission spectroscopy, with the latter method previously
calibrated by wet chemical method.

The ingots were subsequently homogenized and then hot
forged into round bars. After forging, the alloys were submit-
ted to a solution annealing heat treatment, performed at
975 °C for 1 h, followed by quenching in water [33].

Thermodynamic calculations were performed with the
Thermocalc 2018a [34], with the integration of the TCNI8 [35]
and TCOX [36] databases, to estimate the stable phases formed
and their mass fractions, as well as the composition profile of
the liquid during solidification. The microstructures of solu-
bilized alloys were analyzed by scanning electron microscopy
(SEM) in backscattered mode, using a Tescan Vega 3, with
20 kV of acceleration voltage. The phases were identified by
energy-dispersive X-ray spectrometry (EDS). The 3, Ni;; Y, and
the (Nb,Ti) (C,N) particles were quantified using ImageJ®
software, from thresholding and binarization of 8-bit back-
scattered electron (BSE) images through BioVoxxel toolbox
plugin. Five random fields at a nominal magnification of
2000 x were collected for each alloy.

Table 1 — Chemical composition (weight.%) of the samples.

Alloy Ni Cr Fe Mo Nb Al Ti Mn Si C S (6} N Y

A 52.7 17.81 19.71 2.90 5.10 0.518 0.972 0.04 0.07 0.026 0.0040 0.0042 0.0110 0.00
B 52.5 17.80 20.05 2.90 4.99 0.519 0.980 0.02 0.07 0.023 0.0016 0.0020 0.0055 0.05
C 51.4 17.62 20.69 291 5.01 0.549 0.966 0.03 0.08 0.024 0.0010 0.0012 0.0060 0.61
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To identify the Y-rich phase, an electron backscattered
diffraction (EBSD) analysis was performed on B and C samples.
Optical microscopy (OM), model AxioCam MRc 5, was used to
measure the grain size. The Heyn method was used based on
ASTM E112 [37]. Sample preparation consisted of grinding
with sandpaper up to 1200 mesh, followed by polishing with
diamond paste with 6, 3 and 1 pm. Differential scanning
calorimetry (DSC) was performed on a TGA & DTA/DSC ther-
mal analyzer SETARAM from room temperature to 1100 °C
using a heating rate of 10 °C/min. Samples of solubilized alloys
were cut and mechanically polished to remove any possible
contaminated surface layer. Afterward, they were cleaned
with 99% ethanol and placed in an alumina crucible. The
measurements were carried out under a flowing argon at-
mosphere. All obtained DSC curves were normalized for the
initial sample mass. A deconvolution process was done to
define the onset, peak and end temperatures for each peak
identified on DSC records.

To evaluate the differences in mechanical properties due to
the precipitation of the hardening phases, for each sample,
the Rockwell C hardness of the aged samples was measured,
with five indentations per sample. The aging heat treatment
of the samples was 800 °C for 6 h.

3. Results and discussion
3.1.  Thermodynamic calculations

Figure 1 shows a step cooling diagram for the formation of the
main second phases for alloys B and C. From the liquid,
initially, the phase NizY is formed and its stability range is
between 1050 and 1100 °C. During solidification, there is
strong segregation of Nb and Y into the interdendritic liquid,
as shown in Fig. 2 for alloys B and C, which will lower the
liquidus temperature and favor the precipitation of the Y-rich
phase NizY and the Nb-rich phases, like Laves, (Nb,Ti)C and 3.
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Fig. 1 — Thermodynamic calculations of the stable phases
formed along the temperature range for alloys B and C.
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Fig. 2 — Calculation of the segregation of Y and Nb into the
liquid versus mass fraction of the liquid for: (a) alloy B; (b)
alloy C.

The segregation into the liquid during solidification can
rise to ~12 wt.% Y and ~20 wt.% Nb for alloy B, compared to
~12 wt.% Y and ~15 wt.% Nb for alloy C. Regarding the Nb
content, the drop in the segregation level in the final phase of
solidification is due to the formation of the Nb-rich Laves and
d and the Y-rich NizY. The Laves and & phases can, posteriorly,
be solubilized during the homogenization heat treatment,
commonly applied for alloy 718. However, it is important to
consider that the homogenization heat treatment for this
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(a) (b) (c)

Fig. 3 — SEM images of the microstructure of alloys A (a), B (b) and C (c) (backscattered mode). For alloys B (b) and C (c), it is
possible to evidence the associated precipitation of the primary (Nb, Ti) (C, N) (white particles) with the Ni,;;Y, (bulky, light
gray particles). The small, needle like particles:  phase.

(c) (d)

Fig. 4 — EBSD mappings of the Ni;;Y, particles: (a) and (c): band contrast images of the B and C samples, respectively; (b) and
(d) phase maps of the B and C samples, respectively. Red: fcc matrix; Green: Ni;;Y>.
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Fig. 5 — a) microstructure of sample C, showing the
associated precipitation of the (Nb,Ti) (C,N) and Ni;Y,
particles. The small and disperse light gray particles:

d phase. The yellow arrows indicate the particles analyzed
by EDS; (b) yttrium sulphides; (c) Ni;;Y, particle; (d) (Nb,Ti)
(C,N) particle.

alloy may have to be shifted to lower temperatures to avoid
localized liquation, due to the lower liquidus temperature
induced by the combined effect of Nb and Y segregation. Upon
cooling, the Ni5Y is transformed to the Ni;;Y, phase. While, for
alloy B, the transition is sharp at circa 945 °C, for alloy C, the
NisY to Ni;;Y, transformation occurs between 930 and 880 °C.
For alloy B, the predicted mass fraction of Ni;;Y, is less than
0.2%, while for alloy C, it is ~4.0%. Despite that the solubili-
zation temperature was defined in the NizY range, upon
cooling, there is a drive to the transformation to Nij;Y5.

A previous work [15] evidenced the Ni;;Y, phase in hot
forged bars after solubilization heat treatment. Wang et al.
[38], investigating 0.1 wt.% Y addition in alloy 718 produced by
rapid solidification observed NizY in the as-cast strip. After
homogenization, cold rolling and annealing heat treatment at
950 °C for 3 h, the authors evidenced Ni,;Y, particles. Cao et al.
[39], analyzing the effect of Y contents up to 0.1 wt.% on pu-
rification and carbide morphology of a cast superalloy K4169 —
which has a very similar composition to alloy 718 — observed
Ni;;Y, as well. These findings sustain the assumption that the
NizY phase may occur for very high cooling rates after
melting, being promptly replaced by the more stable Ni;;Y,
phase. This phase presents a hexagonal crystal structure (no
related structurbericht, spacegroup: P6s/mmc) [40,41].

Regarding the precipitation of the y” and & phases, no
relevant variations were observed between all alloys for the
solubility temperature: ~1040 °C for 3 and ~920 °C for y”; and
mass fraction: ~6.8% for 3 at 975 °C and ~7.0% for y” at 720 °C.
For the vy’ phase the solubility temperatures are 780, 801 and
771 °C for alloys A, B and C, respectively, while the mass
fraction at 720 °C was 2.2, 3.0 and 1.8%, respectively.

3.2. Microstructural characterization

The microstructures observed with backscattered mode of sol-
ubilized alloys are shown in Fig. 3. Alloy A consists of (Nb,Ti)
(C,N) strings and d particles on grain boundaries. The Y modified
alloys presented the precipitation of the (Nb,Ti)C particles
associated with the Y-rich particles. The Y-rich particles were
previously defined by Guimaraes et al. [15] as Ni;Y,, with a
hexagonal structure and a = 0.8320 nm and ¢ = 0.8042 nm. Fig. 4
shows the EBSD mappings of the Y-rich particles, corroborating
its identification as Ni;;Y,. On one hand, there is associated
precipitation with the primary (Nb,Ti) (C,N) particles. During
solidification, there is strong segregation of Nb and Y to the
melt. Mattern et al. [42] reported an extensive immiscibility in
the Nb-Y system, leading to the formation of Nb-rich and
Y-rich regions and, consequently, Nb-rich and Y-rich phases.
This was observed for alloys B and C (Fig. 3).

On the other hand, the Ni;;Y, was also observed as fine
particles, mainly along grain boundaries for sample B and as
inter and intragranular coarse particles for sample C. It is
important to note that, as previously evidenced through
thermodynamic calculations, the higher Y content led to a
higher mass fraction of the Ni;;Y, phase. In addition to this
phase, Y-rich sulfides were also identified by EDS (Fig. 5). Cao
et al. [39] also identified sulfides and predicted the formation
of Y-S, acting as a desulphurization product.
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Table 2 — austenite grain size and area fraction of 3 phase.

Sample Mean grain Area fraction (%)
size (um)

Due to the 3 sub-solvus solution heat treatment, the d par-
ticles are precipitated mainly along grain boundaries, pinning
grain boundaries and, therefore, preventing further grain

d (Nb,Ti) (C,N)  Niy;Y, growth. The area fraction of the Ni;;Y, and (Nb,Ti) (C,N)
A 20.6 + 1.9 051+ 019 0424032 _ particles were close to the values calculated through the
B 329+ 4.4 0.09 + 0.04 0.36 +0.14 0.18 + 0.10 thermodynamic calculations. Table 2 presents the mean grain
C 149 + 1.2 0.60 +0.20 0.32+0.31 3.16 + 0.36 sizes and d, Ni;;Y, and (Nb,Ti) (C,N) area fractions for A, B and
C samples.
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Fig. 6 — DSC curves during heating (a) and DSC normalized curves by subtracting the baseline heat flow (b) of alloys A, B and
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Table 3 — Mean and standard deviation values of the
Rockwell C hardness for the samples.

Sample A B C
37.2+0.3

Hardness (HRC) 374+ 1.0 39.3+0.9

The austenitic grain sizes of samples A and C were smaller
and the 3 area fractions were higher, while sample B showed a
bigger austenitic grain size and a smaller 3 area fraction. The
influence on the grain size would come both from solute drag
and Zenner drag, affecting the grain boundary mobility [43],
but the relevance of each would vary from sample to sample.
Regarding the Zenner drag imposed from the second phase
particles, for all samples, initially, its effect would come from
the (Ni,Ti) (C,N) strings formed during forging and from the
breakage of the primary (Ni,Ti) (C,N) particles. Particularly for
Y-alloyed samples B and C, an additional effect would come
from the Ni;;Y, phases precipitated, although this effect
would be sharply different between B and C samples due to the
sharp difference in the quantity and size of the precipitates.
However, as the 3 phase gradually precipitates along the grain
boundaries, the pinning effect increases and grain growth is
hindered. But for sample B, as the amount of 3 evidenced is
lower than for samples A and C, this effect is less relevant. For
the solute drag effect, the yttrium influence on the cleanliness
of the alloy, especially on oxygen and sulfur, might influence
grain boundary segregation and, therefore, grain boundary
mobility. As a result, sample B would congregate the condi-
tions for improved mobility of the grain boundaries, with mild
influences both from Zenner and solute drags, resulting in a
larger grain size. In this way, the Y addition contributes indi-
rectly to d precipitation due to its controlling effect on mean
grain size, which is associated with the grain boundary area
and acts as diffusion paths and sites for 3 phase nucleation
[44]. Consequently, the higher grain boundary area favored the
d precipitation on alloy C and the lower grain boundary area
reduced the 3 precipitation on alloy B.

3.3.  Thermal analysis

Fig. 6(a) shows the original DSC curves for the heating cycle of
the alloys A, B and C. As the alloys are in the solutionized
condition, the precipitation of v and y” is expected during
heating on DSC analysis. The first peaks are observed around
580 °C for alloys A, B and C and are attributed to the vy’ phase
precipitation. In the range between 640 and 780 °C, noticeable
exothermic peaks are evidenced and regarded as y” precipi-
tation. However, for alloy C, the peak is shifted to a lower
temperature (~700 °C) compared to alloys A and B (~740 °C).
The third set of exothermic peaks, around 900 °C for all cases,
is regarded to the transformation of y” to 3 phase and/or the
direct precipitation of 3 phase from the matrix. These findings
are consistent with the work of Niang et al. [45], which
addressed the transformations in alloy 718 via DSC. Despite
being not mentioned by the above-mentioned study of Niang
et al. [45], endothermic peaks were evidenced between the
second and third sets of peaks and attributed to the ¥’ and y”
dissolution [46,47]. Above around 1000 °C, both Y-added alloys
presented a different behavior from the reference alloy, as

shown in Fig. 6(b). Besides the dissolution of the & phase
(~1040 °C), the thermodynamic calculations indicated, for the
Y-added alloys, a partial melting. Based on the work of Mat-
tern et al. [42], which assessed the Ni-Nb-Y system, although
the projection of the liquidus surface would be higher for the
compositions adopted in this work, regions of local Y segre-
gation would lead to lower liquidus temperatures. Fig. 6(b)
presents the adjusted DSC curves by subtracting the baseline
heat flow. This methodology permits a more precise identifi-
cation of the initiation and end of the transformations.

The A, B and C curves showed similar behaviors. However,
the y” peak of curve C was significantly shifted to lower tem-
peratures. Since the y” precipitation is a nucleation, growth
and coarsening process, its kinetics is chiefly controlled by the
availability of nucleation sites and the diffusion rate of Nb
atoms [48]. The confluence of refined grain size and a higher
fraction of secondary phases, like Ni;;Y,, would favor nucle-
ation, which can be further improved by the fragmentation
and dispersion of the secondary phases, as observed in Fig. 3.
In addition, the Y addition would favor the refinement of the
dendritic structure [49], smoothing compositional gradients
along with the matrix. This is corroborated by the work of Cao
et al. [39], who pointed out that Y suppresses the diffusion of
carbide-forming elements to the liquid, like Nb. This results in
this element being more distributed and available for the
precipitation of the y” particles.

3.4. Hardness measurement

Table 3 presents the Rockwell C hardness measurements for
the aged A, B and C alloys. Sample C has a superior hardness
when compared to samples A and B. This improved hardness
would be supported by the earlier precipitation of the vy”,
which is the main hardening phase. A previous initiation of
precipitation would result in higher fraction and size of the
particles. It is important to note that aging heat treatment,
plus the heating rate and time of the test are insufficient to
reach a peak hardness. Furthermore, as previously indicated
in [15], both the smaller grain size and the higher amount of
Ni;;Y, particles have only a secondary role in the hardening
process of the alloy, as y” is the dominant hardening phase of
the alloy.

4, Conclusions

The influence of the yttrium addition on the microstructure of
the alloy 718 was studied. Based on the results and discussion
presented in this work, it can be concluded:

e For the Y-added alloys, in addition to the usual phases
present in the alloy 718, the Ni;;Y, phase was evidenced.
Two conditions were identified: 1) associated with the
(Nb,Ti) (C,N) and; 2) as isolated particles. For the alloy B,
these isolated particles occurred preferentially along grain
boundaries, while for alloy C, both inter and intragranular
precipitation was evidenced;

e The thermodynamic calculations indicated important
segregation of Y and Nb into the liquid during solidifica-
tion, substantiating the formation of the associated
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Nb-rich and Y-rich phases, evidenced for the Y-alloyed
samples;

Alloys A and C presented smaller austenitic grain sizes
compared to alloy B. This could be related to the improved
grain boundary mobility of alloy B, where a mild Y addition
would promote improved cleanliness of the grain boundaries,
therefore reducing the solute drag effect but not inducing
massive precipitation of Nij; Y, particles that could promote a
relevant Zenner pinning effect, which is considered for alloy
C. As a ramification of this effect, the 5 phase precipitation
was more prominent in alloys A and C, preferentially along
grain boundaries, resulting in a higher fraction of  for these
alloys and further hindering grain growth;

The peaks observed in the DSC curves were related to the
Y, ¥" and 3 precipitation and dissolution. For ¥’ and 3 pha-
ses, no relevant differences between peaks position and
width were given. However, for y”, alloy C presented a
curve shifted to lower initiation and peak temperatures.
This resulted in more prominent precipitation that
impacted strength, as corroborated by the superior
hardness of the aged sample.
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