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The effect of different yttrium addition on the microstructure and creep resistance of alloy 718 was evaluated
aiming to obtain superior creep properties. Creep tests were performed and microstructural characterization was
carried out on the samples before and after creep, using scanning, transmission and orientation imaging electron
microscopy. The results showed that yttrium addition increased the rupture time and decreased the minimum
creep rate. It was related to the microstructural changes caused by yttrium, such as the reduction of grain

boundary sliding due to the grain growth rate increasing, which generated fewer secondary cracks at the triple
points; the decrease in the stacking fault energy of the alloy that difficulted the slip mechanism. Moreover, Y
caused the improvement in cohesion and strengthening of grain boundaries, decrease in the initial fraction of &
phase, increase in the fraction of 3" boundaries and the additional contribution to boundary trapping due to

precipitation of the NisY phase.

1. Introduction

718 alloy (UNS N07718) is an austenitic precipitation hardened
alloy, widely used as components for high temperature structural com-
ponents for nuclear, oil & gas and aerospace industries, due to its
microstructural stability and excellent creep, tensile and corrosion
resistance under high temperature and harsh environments. The high Nb
content contributes to the precipitation of NigNb - y” phase (tetragonal,
DO45), which is the main strengthening phase, together with the Niz(Al,
Ti) -y’ phase (cubic, L15). The NisNb - & phase (orthorhombic DO,) may
form from y” phase and/or directly from the matrix, preferentially along
the boundaries of the austenitic grains. Additionally, primary (Nb,Ti)(C,
N) phases can occur as strings as a result of the thermomechanical
processing and the consequent fragmentation of these particles. Its
performance is compromised above 650 °C, due to the coarsening fol-
lowed by dissolution of the y” phase, favoring the stable & phase for-
mation, in addition to other phenomena, like oxidation assisted
intergranular cracking and dynamic strain aging, that embrittles the
alloy [1-4].

In this regard, studies have been dedicated on the application of rare
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earths in order to improve the mechanical properties and resistance to
degrading environments of austenitic alloys [5-8]. Among the rare
earths, yttrium (Y) has made an important contribution to improving the
strength and oxidation resistance of nickel based superalloys [9]. Most
studies are focused on the use of Y on cast or fabricated by additive
manufacturing routes [10,11]. However, a precise control of its addition
is mandatory, due to its inherent low yield during melting, its tendency
to segregate in the interdendritic liquid and to control the formation of
phases that can be detrimental to the ductility of the alloy, as the intense
precipitation of Ni-Y phases can act as preferential crack nucleation sites
[12-14]. Also, Y contributed to increasing the eutectic volume fraction
and modifying the carbide morphology. Li et al. [15] identified the
Ni;7Y2 phase on Ni alloys with 0.05-0.43 wt%Y. The authors observed
that the hardness increased up to 0.05 wt%Y, as consequence of the solid
solution strengthening by Y, due to its higher atomic radius, in com-
parison to Ni.

Recent publications investigated the effect of Y on the microstruc-
tural evolution and mechanical properties of the alloy 718 produced by
additive manufacturing [16-21]. Wang et al. [16] compared the alloy
718 produced by sub-rapid solidification with 0.1 wt%Y against no Y
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addition. The authors improved tensile properties of the 0.1 wt%Y alloy
and associated it with the refined grain size, due to precipitation of NigY
and Ni;7Y, along the grain boundaries and the higher fraction of &
phase. Palleda et al. [18] investigated the microstructure and
high-temperature mechanical properties of alloy 718 over a range of
0-0.58 wt%Y, fabricated by selective laser melting. They observed an
increase in the tensile and creep strain for alloys with up to 0.07 wt%Y,
due to the Y effect on & phase morphology and the increase in the grain
boundary cohesion. Kakehi et al. [20] also observed the increase of
creep rupture life of Y-added alloy 718 produced by selective laser
melting, due to the reduced oxygen content by the formation of Y203
and the suppression of & phase growth.

However, few studies addressed the Y addition on the wrought alloy
718, for which the behavior at high temperature under creep conditions
is not fully understood. Previous work by Guimaraes et al. [22] studied
the effect of forged and solubilized alloy 718 with 0.05 wt% and 0.6 wt%
Y contents on the microstructure and mechanical properties at room
temperature. The addition of 0.05 wt%Y contributed to a significant
increase in ductility compared to the Y-free alloy, which was associated
with the reduction of harmful elements, such as O and S. A higher Y
content of 0.6 wt% was harmful for the ductility of alloy 718, due to the
intense precipitation of Nij;Ys particles, which were preferential sites
for crack initiation, causing premature brittle fracture. Furthermore,
previous work by Silveira et al. [23] evaluated the phase transformation
in the forged alloy 718 with the same Y additions and observed that Y
alloying was also responsible for a lower § phase precipitation and
decreased the y” precipitation temperature. It should be emphasized that
the resulting wrought microstructure in alloy 718 is remarkably
different from the ones obtained by casting and/or additive
manufacturing. An impairing factor for the wide use of yttrium as
alloying element is its low yield during melting, which can be as low as
15 %. Additionally, Y tends to segregate in the interdendritic liquid and
can form phases with relatively low melting points. All these limitations
shall be tackled during fabrication of the alloy, such as the Y addition
after the deoxidation phases during the melting, as well as the homog-
enization heat treatment and thermomechanical processing at lower
temperatures, in order to avoid the localized melting. However, despite
these limitations, the potential for improvement on mechanical prop-
erties can significantly outweigh the processing challenges.

To further investigate the Y effect on wrought alloy 718, the present
study aims to assess the tensile properties and creep-rupture behavior at
650 °C of a hot rolled alloy 718 modified with two different Y contents,
compared to a reference composition, without Y addition. The micro-
structural evolution before and after creep is discussed. The Y addition
increased the creep rupture time, reduced the creep rate and the crack
propagation.

2. Experimental procedures

Three ingots were produced by vacuum induction melting (VIM): a
reference alloy, with the usual composition (a.k.a. Alloy “A”); and alloys
with aimed contents of 0.01 wt%Y (a.k.a. Alloy “B”) and 0.07 wt%Y (a.k.
a. Alloy “C”), respectively. The melting procedure and the sequence of
alloying additions was defined to result in a high Y yield (>60 %) in the
melt and low S and O contents of the heats. The ingots were homoge-
nized at 1050 °C and hot rolled at a strain rate of 0.15 s~ ! (for a true
strain of 0.7). The chemical compositions are given in Table 1, where it
was evidenced the lower O and S contents for all alloys, even for the no-Y
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alloy “A”, when compared to a previous study of our group [22,23]. The
trend of a slight oxygen pick-up and increase in its content for higher Y
additions was also evidenced in other works [8,24-26], however, the
performance of the alloy is improved, as O and S are effectively and
strongly trapped as oxides and oxisulphides. The specimens were
encapsulated in quartz under argon atmosphere and annealed at 975 °C
for 70 min, water quenched. The two-step aging treatment was per-
formed at 760 °C for 285 min, furnace cooled at 37 °C/h up to 650 °C,
held for 65 min and water quenched.

Tensile tests were performed at room temperature at a strain rate of 5
x 1072 s71. The creep rupture tests were performed at 650 °C and 605
MPa. The tensile specimens presented a gauge length of 26 mm and
diameter of 4 mm while the creep specimens had a gauge length of 25
mm and diameter of 6 mm. Two specimens were tensile tested and two
creep tested for each alloy.

Microstructural characterization of samples before and after the
creep rupture tests were investigated by scanning electron microscopy
(SEM), using X-ray energy dispersive spectroscopy (EDS) and electron
backscattered diffraction (EBSD) with 20-25 kV on SEM with field
emission gun (FEG). Sample preparation for SEM was performed on
regions sectioned parallel to the longitudinal axis of the tensile spec-
imen, approximately 1 mm from the fracture, mechanically ground with
sandpaper up to 1200 mesh, polished using diamond suspension (6, 3
and 1 pm) and colloidal silica (0.05 pm). Thin foils were prepared by
focused ion beam technique and TEM analyses were performed on a
Thermo Fisher Talos F200X transmission electron microscope operated
at 200 kV.

For the assessment of the grain growth kinetics, samples of the hot-
rolled condition were annealed at 1050 °C up to 96 h. This tempera-
ture was set to avoid the & phase precipitation (that would pin the grain
boundary migration), therefore, promoting a fast migration rate of the
boundaries. After the heat treatment, the samples were ground with
sandpaper up to 1200 mesh and polished up to 1 pm and etched with
Marble’s solution [27]. The grain size measurements were performed
on, at least 3 fields for each alloy and based on Heyn linear intercept
procedure described in ASTM E112 standard [28]. For comparison, the
grains sizes along the time were normalized by the initial grain size for
each alloy.

The EBSD scans were post-processed on MTEX toolbox [29]. With a
data cleaning procedure to remove noise and misidentifications. The
mean grain size was calculated from the EBSD mappings. The grain
boundary character distribution was evaluated, with the determination
of the low-coincidence site lattice (CSL) boundaries fractions, especially
the coherent and incoherent twins (33" with n = 1, 2 and 3), were
determined according to Brandon criterion [30].

Thermodynamic calculations were made with the Thermo-Calc®
software [31] with the thermodynamic database TCNI8 [32], based on
the chemical compositions of the alloys. One calculation was made
based on the Scheil solidification simulation, assuming complete diffu-
sion in the liquid and restricted diffusion in the solid and micro-
segregation during solidification. The objective was to assess the Nb and
Y segregation in the liquid during solidification and the terminal solid-
ification temperatures for alloys B and C, key to the following processing
steps, like the homogenization heat treatment and the thermomechan-
ical processing temperatures (for the complete Scheil diagrams of the Y
added alloys, please see the supplementary file). The second calculation
was made to consider homogeneous composition and the phases formed
along the temperature, more adequate for the post-homogenized

Table 1

— Chemical composition (wt.%) of the produced alloys.
1D Alloy Ni Cr Fe Ti Nb Al Mn Si Mo C S o Y
A 52.7 17.86 19.61 0.94 5.09 0.55 0.03 0.05 2.99 0.022 0.0017 <0.0010 0.000
B 52.4 17.68 20.68 0.94 5.01 0.40 0.04 0.05 3.01 0.024 0.0020 0.0010 0.011
C 52.7 17.75 19.91 0.93 5.13 0.42 0.03 0.04 3.02 0.025 0.0015 0.0018 0.067
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microstructures. The & phase fraction was calculated from the binar-
ization and thresolding of the backscattered SEM images using shape
descriptor maps on BioVoxxel Toolbox from ImageJ.

3. Results and discussion
3.1. Thermodynamic calculations

The thermodynamic calculations were, initially, made to provide the
solidus temperatures for the Y-alloyed samples, to properly estimate the
homogenization temperature and to assess the formation of the Ni-Y
phases and their proportions. The solidus temperature was estimated
as ~1150 °C for alloy B and ~1120 °C for alloy C. Furthermore, Fig. 1(a)
presents the thermodynamic calculations of the Nb and Y segregation
into the liquid during solidification for alloys A, B and C, where a higher
segregation potential of Nb and Y is evidenced, especially for alloy C,
reaching local concentrations well above the alloying addition. The Nb
segregation in the interdendritic liquid may lead to the formation of the
Nb rich phases, like primary Nb(C,N), Laves and &, while the Y segre-
gation is more prominent towards the very end of solidification,
resulting the local association with Ni and formation of the Ni-Y phases
like NisY or Nij;Yy [6,18]. For both Y-added alloys, the calculations
based on the Scheil-Gulliver equation, indicated that, during the solid-
ification path, the austenitic matrix (y), MC carbide ((Nb,Ti)C), Laves
(C14), & (NisNb) and ¢ would be formed [33], despite the latter (o) is
rarely evidenced in the as cast structure [34]. For the Y-alloyed samples,
in addition to the aforementioned phases, the NisY was estimated at the
end of the solidification. It was observed that the (Nb,Ti)C solidifies
before the Y-rich phase, acting as heterogenous nucleation sites, which
justify the frequently formation of carbides associated to NisY. Fig. 1(b)
shows the consolidated equilibrium step-cooling diagrams of A, B and C
alloys, considering the stable and metastable phases (i.e.: y' and y”).
Similar to the Scheil-Gulliver calculations, despite the estimative of the ¢
phase, it was not considered nor represented in Fig. 1(b), due to the fact
that it would occur only under high temperatures and very long time-
spans than the ones used in this study [35]. No relevant differences
between the alloys were observed for the transformation temperatures
and mass fraction of phase for the y-matrix, (Nb,Ti)C, M33Cg¢, 6 and y”.
Similar to the Scheil-Gulliver results, the final solidification temperature
was lower for the Y-alloyed samples, which is an important information
in order to set the appropriate temperature for thermomechanical pro-
cessing and avoid liquation failure. The y* phase showed a slight dif-
ference in the precipitation temperature and maximum mass fraction for
alloy A due to the higher Al content. For the Y-rich NisY, the maximum
fraction calculated was related to the Y content of the alloy. For alloy B,
the maximum fraction was estimated in ~0.10 %, while, for alloy C, the
fraction was ~0.28 %.

3.2. Microstructure analysis

Fig. 2 evidences an interdentritic region with Nb and Y segregation
and the presence of Nb-rich and Y-rich adjacent particles. The Nb-rich
region shows phases as Laves, § phase and (Nb,Ti)C primary carbides
and the Y-rich particle was associated with the NisY particle, as defined
by thermodynamic calculations [18,36].

After the homogenization, thermomechanical processing, solution
and aging heat treatments, the primary (Nb,Ti)C particles were evi-
denced and fragmented as strings, as expected for a hot rolled micro-
structure and shown in Fig. 3. The refining character of Y for the (Nb,Ti)
C particles was revealed, as the mean equivalent diameter of the parti-
cles was 5.5+ 0.5, 4.2 £ 0.4 and 5.1 £ 0.6 pm for alloys A, B and C [22,
36]. Also, no Laves particles were revealed, that supports the effec-
tiveness of the homogenization treatments after casting. The § particles
were induced during the sub-solvus solution heat treatment (970 °C),
with the precipitation directly from the matrix, mainly along grain
boundaries, in order to prevent its growth and, therefore, control final
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Fig. 1. Thermodynamic calculations for alloys A, B and C: a) Nb and Y segre-
gation through solidification, based on Scheil-Gulliver equation; (b) equilib-
rium step cooling diagram presenting the mass fraction of the phases formed.

grain size. Yttrium-rich oxides and sulphides were evidenced for samples
B and C, corroborating the strong trapping capacity of yttrium. This is an
important feature, as it lowers the content of free O and S atoms in the
matrix.

Rich Ni-Y particles were identified in both B and C alloys by trans-
mission electron microscopy as NisY, which has a hexagonal structure
with lattice parameters a = 4.883 A and ¢ = 3.967 A, as also reported by
Palleda et al. [18]. As previously shown, due to the high tendency of
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Fig. 2. (a) SEM image of an interdendritic region of the as cast alloy, on backscatter electrons mode, showing (Nb,Ti)C (yellow arrow), thiny & phase (black arrow),
Laves (white arrow) and NisY phase (blue arrow). The EDS mapping of the as-cast microstructure of sample C is also shown, where (b) Nb, (c) Ti, (d) Ni and (e) Y.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

(a) (b)

Fig. 3. SEM images of hot rolled samples showing blocky (Nb,Ti)C strings and needle like § particles of alloys A (a) and C (b) and the presence of NisY particles on

EDS mapping (c) on alloy C.

segregation of yttrium, the Y-rich particles are mainly concentrated
within the last solidified regions. Fig. 4 (a) shows the TEM bright-field
image of a NisY particle in alloy B, and Fig. 4 (b) its electron diffrac-
tion pattern corresponding to the [2 1 4] zone axis for the NisY crystal
lattice. The size of the main hardening precipitates, y”, was measured
from the TEM images along the major axis of the ellipsoidal disks
(please, refer to the supplementary file), with average sizes of 28 + 9, 30
+ 11 and 27 + 10 nm for alloys A, B and C, respectively. These values
were compared to the measurements made by Sundararaman et al. [37].
For the given aging temperature and time, the estimate size of the major
axis was of ~30 nm, very close to the present values. The similar sizes of
the y” particles for alloys A, B and C support the close strength values
(yield and tensile strength) measured by the tensile tests. Furthermore, Y

oxides and sulphides were identified by SEM-EDS, as shown in Fig. 5.

The mean grain size and the area fraction of the & phase was deter-
mined for A, B and C samples after processing and heat treatments. The
average grain size was 22 + 16 uym, 36 + 26 pm and 34 + 22 pm,
respectively, while the § phase fraction was 0,46 %, 0.16 % and 0.30 %
for alloys A, B and C. It was observed that the grain sizes of the Y-added
alloys were larger than the reference alloy A. Fig. 6 presents the grain
growth kinetics for the A, B and C alloys, obtained from heat treatments
at 1050 °C up to 96 h. As aforementioned, this temperature was defined
to avoid the influence of the § phase on the grain boundary migration.
The grain size was normalized from the initial value for each alloy. It can
be shown that the Y-alloyed samples showed a higher growth rate than
the reference Y-free alloy A.
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10 nm™

Fig. 4. TEM analysis of a Ni-Y particle in alloy B. (a) TEM bright-field image and (b) electron diffraction pattern corresponding to [214] zone axis for NisY.

(c)

Fig. 5. EDS of Y-rich particles, showing the presence of Y-sulphide and Y-oxide on both alloys B and C.

The grain size during thermomechanical processing can be
controlled by the solute drag and/or Zener pinning effects [38]. Impu-
rities as S and O are known to segregate along grain boundaries, which
decreases the boundary movement due to solute drag. The Y affinity
with these elements will induce the formation of yttrium sulfides and
oxides [9], and the concentration of free impurities in the matrix will
decrease, despite the overall concentration of S and O did not show an
equivalent decrease in the composition measured by spectroscopy.
Another point is that Y would interfere in the 8 precipitation. The Y atom
along grain boundaries would hinder the Nb diffusion, reducing the &
precipitation [8]. This could be corroborated by the lower fraction for

cps/eV

Spectrum 5 Y
C96_ENV 2026 35,99 64,01

Energy [keV]

(b)

cps/eV

50

1

] Spectrum O ¥
40- C97_01 1986 45,46 54,54
30
207 @
104

0 :
1 2 3 4 5 6

Energy [keV]

(d)

the Y-added alloys. The & phase is important to pin grain boundary
movement and, therefore, control the grain size of the matrix. Despite 8
precipitation was not the case for tests presented in Fig. 6, as it was
conducted above the 3-solvus temperature, its role is relevant for the
samples tested for creep and tensile, as the solution temperature was
defined as 970 °C, below the &-solvus, in order to control grain size, a
requirement for applications as components for the nuclear power
generation. The lower § fraction for the Y-added alloys was less effective
in hindering grain boundary movement during heat treatment. On the
other hand, the precipitation of the Ni-Y phase along grain boundary
would interfere with the boundary movement, due to the Zener pinning
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Fig. 6. Grain growth rate at 1050 °C for alloys A, B and C.

effect [39]. Considering the Y-added alloys (B and C), the effect of the
former effects was more intense than the limiting effect of the latter, as
the growth kinetics were far superior than the reference alloy A (no-Y).
Even for alloy C, with the higher Y content, the positive effects on the
grain boundary mobility, associated with the Y content, surpassed the
Zener pinning effect, as evidenced by the slightly higher mobility, as
compared to alloy B.

Fig. 7 shows the IPF maps of the alloys A, B and C, with the colors
associated to reference inverse pole figure for face-centered cubic (fcc)

structure, and the distribution of X3" boundaries (3, =9 and X27), that
are associated with low energy configurations and improved properties
[40]. The sum of the length fractions of £3" boundaries showed no
relevant variations between samples, although a slight decrease with the
Y addition was observed, with values of 51.1 %, 46.5 % and 44.2 %, for
Alloys A, B and C, respectively. The slightly higher fraction of the no-Y,
A sample can be regarded to the thermomechanical processing as, after
rolling the, the material was subjected to a heat treatment at 1050 °C for
30 min, in order to complete the recrystallization process, therefore

[001] [011]

(d)

Fig. 7. IPF maps of the alloys A (a), B (b) and C (c), showing the 23" boundaries distribution.

6
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permitting more interactions between the X3" boundaries and
increasing its fraction [41].

3.3. Mechanical properties

Table 2 describes the mean tensile properties at room temperature,
highlighting the ultimate tensile strength (UTS), yield strength (YS) and
elongation (el). No relevant variation was observed regarding the
strength and ductility between the alloys for the room temperature
tensile tests. A positive effect in ductility is associated to the Y alloying,
as described in previous works [18,22], as this is linked with the
reduction of harmful elements like sulfur and oxygen. For the alloys
fabricated for this study, proper attention was given to minimize the
content of these harmful elements, as evidenced by the chemical
composition presented in Table 1, therefore, no relevant differences
were observed for the S and O, as these elements presented very low
contents even for the no-Y, reference alloy A. Therefore, no major
improvement in room temperature ductility was evidenced due to the Y
effect. On the other hand, regarding the creep strength of the alloys, the
Y-added alloys (B and C) presented expressive improvements, by
increasing the creep rupture time and, consequently, decreasing the
average creep rate. For the creep deformation, alloy A showed the
highest values, as alloy B presented a considerable decrease in defor-
mation, that were almost fully recovered for alloy C, when compared to
the no-Y specimens (Al and A2 specimens — Fig. 8). Table 3 presents the
creep properties of the alloys (time and strain at rupture, and creep rate)
and Fig. 8 depicts the creep curves for A, B and C (for each alloy 2
specimens were tested).

The primary stage of creep is relatively short for all three alloys. For
the secondary and tertiary creep stages, the longer durations of these
stages for B and C alloys becomes evident. Research on additive man-
ufactured samples of Y-alloyed hasteloy X [11] and alloy 718 [36]
showed similar improvement on creep properties with Y alloying.

3.4. Analysis of the post-creep specimens

The fractographies of alloys were analyzed by SEM on secondary
electron mode and are presented in Fig. 9. It was observed that alloy A
(no-Y) showed a typical creep intergranular fracture with some regions
containing ductile dimples, as depicted in Fig. 9a to c. The ductile
dimples were associated with the decohesion and fragmentation of the
precipitates and intragranular & and (Nb,Ti)C particles. The regions with
intergranular fracture facets were decorated with shallow dimples and
slip bands, that can be related to the larger creep deformation of alloy A.
Fig. 9d to f shows the fracture morphologies of alloy B. Distinct trans-
granular and intergranular regions were evidenced, but the intergran-
ular facets were dominant, with less prominent indications of slip bands
or shallow dimples and the ductile regions presented creep voids along
the grain boundaries. Fig. 9g to i depicts the fractography of alloy C, also
with a dominant intergranular fracture mode. On the fracture facets,
indications of slip and shallow dimples were evident, related to the su-
perior creep deformation when compared to alloy B. In the limited re-
gions with dimple morphologies, creep voids were observed along grain
boundaries, like alloy B. It is important to emphasize that the predom-
inance of the intergranular mode increased with the rupture time and
yttrium content. The works of Drexler et al. [42] and Asadi et al. [43]
presented deformation mechanisms maps for alloy 718. Considering the

Table 2
Mean tensile properties at room temperature.
Alloys Tensile properties
UTS (MPa) YS (MPa) el (%)
A 1295 + 57 1076 + 78 19+2
B 1296 + 10 1127 £ 11 16 £2
C 1306 £ 11 1097 +£1 17 +£1
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Fig. 8. Creep curves at 650 °C and 605 MPa, for alloys A, B and C. The numbers
1 and 2 indicate the specimens tested.

Table 3
Average creep properties at 650 °C and 605 MPa.

Alloys tg (h) € (%) & (%/h x 107%)
A 398.3 +48.8 54+20 23+0.3
B 617.0 £ 98.0 3.8+05 1.3+£0.6
C 893.0 £ 75.0 6.1 +£0.7 1.2+0.1

creep test parameters employed in this study (stress and temperature),
the resulting creep rates for alloys A, B and C are close to the threshold
value between power law creep and diffusion creep. Therefore, it is
indicated that the Y addition gradually changed the main creep mech-
anism, from controlled by dislocation glide and climb (Alloy A) to
controlled by grain boundary migration or stress assisted vacancy
migration [43].

Fig. 10 presents the SEM images of the longitudinal section of the
post-creep samples. For all alloys, the cracks emanated from the surface
of the specimens. The alloy A (Fig. 10a to c) presented a much higher
number of secondary cracks, when compared to the Y-added alloys B
and C. These cracks were associated with the linking of the creep voids
from the fragmentation and decohesion of the (Nb,Ti)C particles and the
8 phase along grain boundaries. Oxidation was evidenced into the
cracks, associated with Cr, Al and Fe. As aforementioned, for alloys B
and C, although the cracks were associated with similar morphologies as
alloy A, its frequency was considerably lower. Along the grain bound-
aries, the interface of the matrix with the § particles were more resistant
to decohesion and, consequently, increased the resistance to nucleation
of voids that could evolve to cracks with time and deformation. For alloy
B (9d to 9f), the post-creep samples maintained a morphology of fine &
phase. For alloy C (9g to 9i), its longer time to rupture promoted the
transformation of the particles of § to a needle-like morphology, but this
change in morphology did not impact significantly the creep void for-
mation along the interface with the matrix and consequent linking and
crack formation and propagation.

The deformation of the post-creep specimens was also investigated
by SEM, EBSD and TEM. The deformation was concentrated along the
grain boundaries, triple points and the strings of (Nb,Ti)C and, for the Y-
added alloys, also around the NisY particles, leading to stress concen-
tration and void formation due to the fragmentation of the particles and/
or decohesion, with consequent evolution to cracks. This was corrobo-
rated by the oxide formation on the vicinity of cracks and particles.
Fig. 11 shows the voids and the Cry03 formed on the vicinity of (Nb,Ti)C
and § particles due to the slip bands formed, as well as along grain
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(9)

(i)

Fig. 9. Fractographs of the creep specimens of alloys A, B and C. Alloy A: (a—c). (a): general view of the fracture; (b): mixed fracture mode (dimples and inter-
granular); (c): detailed view of the intergranular fracture, with reminiscent ductility on the facets; alloy B (d-f); (d): general view of the fracture; (e): detail of the
intergranular fracture with very shallow dimples and secondary cracks; (f): detailed view of the region with dimples, with microvoids formed along grain boundaries;
Alloy C (g-i). (g): general view of the fracture; (h): intergranular fracture, with secondary cracks; (i): detail of the intergranular fracture with shallow dimples and slip

bands over the facets.

boundaries. The work of Fan et al. [44] showed that the nucleation and
growth of Crp03 is favored in the vicinity of Nb-rich particles. Fig. 12
details the deformation and cracks close to the fracture of the post creep
specimen of alloy C. The Image Quality and Kernel Average Misorien-
tation (KAM) maps showed the deformation concentrated along the
encounters of the slip bands and grain boundaries, triple points and the
strings of second phases like (Nb,Ti)C, 6, and NisY particles. No sec-
ondary cracks were evidenced along the twins and their propagation
followed an intergranular path along high angle random boundaries.
The deformation inside the grains, due to strain accommodation of re-
gions like triple points and the fragmentation and decohesion of the
second phases would contribute to the crack propagation.

Considering the yttrium contents added and the processing of the

alloys, it is possible to attest the beneficial effects of the yttrium addition
on the creep strength of the alloy 718. Its role on the microstructure can
be regarded to various contributions. The initial contribution occurs in
the melting process of the alloy. As emphasized in the introduction,
yttrium has a strong affinity for oxygen and sulfur, trapping these
deleterious elements as oxides (Y203), sulfides (YS/Y2S3) and oxisulfides
(Y20,S) [8]. The yttrium addition reduces the content of free O and S
atoms in the matrix, which contributes to the cohesion of the
matrix-particles interfaces, therefore making the void formation more
difficult, which is important to creep stage III, as evidenced especially
for alloy C, where the creep deformation was close to alloy A values
[45]. Furthermore, the lower content of deleterious elements would
favor the cohesion of grain boundaries and their mobility, increasing the
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(e)
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Fig. 10. SEM images of the cracks of the creep specimens of alloys A, B and C. Alloy A: (a-b) showing detail of the cracks, with propagation along grain boundaries.
Decohesion of the (Nb,Ti)C particle (red arrow) and slip bands inside the grains (white arrow); Alloy B: (c—d); (c): detail of a secondary crack form from decohesion of
the (Nb,Ti)C and voids formed along grain boundaries; (d): micro voids formed along & phases; Alloy C: (e-f); (e): crack propagation along the grain boundary and
decohesion and fracture of a string of (Nb,Ti)C and NisY particles; (f) The & particles are evidenced, some with needle like morphology, but with few voids formed
along its interfaces. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

resistance to the intergranular cracking [36].

A second important effect of yttrium is on the reduction of the
stacking fault energy and, therefore, on the creep properties. Wang et al.
[46] showed that Y promoted the reduction of the stacking fault energy
(SFE) on the fcc 90CulONi alloy. Tian et al. [47] studied the effect of SFE
on creep of Ni-base superalloy with Co addition. They report that the
dissociation of a/2 <110> matrix dislocations is predominant over

dislocation movement during creep deformation of materials with lower
SFE. The dissociation process would be favored by the Suzuki segrega-
tion of yttrium in stacking faults promoted by the dissociation, as evi-
denced in Mg-Zn-Y alloys [48], resulting in the formation of extended
stacking faults and microtwins during the secondary and tertiary creep
stages. The extended stacking faults and microtwins would difficult
cross slip and impose additional barriers to the mobile dislocations,
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(h)

Fig. 11. (a) TEM image on the grain boundary of alloy A with particles of & and an adjacent chromium oxide particles formed (blue arrows). The white arrows
indicate the slip bands; (b—f): EDS mappings: (b) Nb; (c) Ni; (d) O; (e) Cr; (f) C, (g) Al; (h) SEM image of alloy C showing slip bands intersecting a (Nb,Ti)C, with the

creep voids formed from fragmentation and decohesion. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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Misorientation (")
o 5

Fig. 12. Image quality (a and c) and Kernel average misorientation maps (b and d) of alloy C, close to the primary fracture. Intense deformation is evidenced at the
encounter of slip bands and grain boundaries, around the second phases ((Nb,Ti)C, NisY and &) and triple points. The white arrow indicates a region of intergranular

deformation, due to accommodation of strain close to a triple point.

therefore increasing the creep strength of the alloy [47].

Another relevant contribution of the yttrium is to change the pre-
cipitation of the second phases, like the primary (Nb,Ti)C size and dis-
tribution and the fraction of the § phase, in addition to other phases
formed, as Y203 and NigY. As already mentioned in this work, the car-
bide size was refined by the yttrium addition, which was also corrobo-
rated by other works [22,36]. These carbides are distributed as intra and
intergranular particles and aid the creep resistance of the alloy. Palleda
et al. [36] postulated that the (Nb,Ti)C and Y503 particles interact with
moving dislocations, restricting their motion. The authors also evi-
denced that the carbides promoted serrated grain boundaries, affecting
grain boundary sliding. You et al. [49] reported that a high strain is
observed around the carbides during creep, which was evidenced in this
work (Fig. 12). Fine and distributed particles of the (Nb,Ti)C would
reduce local strain concentration and promote a more effective obstacle
to dislocations, favoring creep life. The (Nb,Ti)C also presents an
important role to difficult grain boundary sliding and hindering dislo-
cation motion, although it may act as a stress concentrator and promote
crack formation [20,50]. Despite the lower fraction of 5 for the Y-added
alloys, its role is still relevant. An appropriate amount of initial  phase,
as obtained in the present work, at the grain boundaries extends rupture
time by delaying grain boundary sliding and increasing the extension of
stage II [46]. And, due to the longer creep times for alloys B and C, & is
formed from the y” — & reaction [36,49,51], with a needle-like
morphology, compensating the initial lower fraction.

4. Conclusion

This work studied the effect of adding different amounts of Y to the
alloy 718 (0.011 and 0.067 wt%Y) on microstructural evolution and
tensile and creep tests, when compared to a reference, no-Y alloy 718.
The conclusions are divided into the aspects of Y-effect on the micro-
structural evolution and the mechanical properties:

Regarding the microstructural evolution:

11

e The as-cast microstructure showed segregation of Nb and Y into the
interdendritic liquid and the formation of adjacent Nb and Ti rich
phases as well as Y-rich phases, which can be associated to NisY.
After homogenization and hot rolling, the (Nb,Ti)C and NisY
remained in the microstructure as joint strings. The v/, y” and & were
induced through subsequent heat treatment;

The Y induced the refinement of the (Nb,Ti)C particles and decreased
the fraction of the initial § phase after heat treatment. However, the &
phase was further induced during the creep tests due to the long time
and tensile stress;

The grain growth was faster for the Y-alloyed material, associated
with the trapping of S and O, with a reduction of the solute drag
effect, increasing the mobility of the grain boundaries. The highest
mobility was for alloy with 0.067 wt%Y, indicating that the influence
of a higher Y content on the reduction of the solute drag was superior
to the potential Zenner pinning from the additional NisY particles;

With reference to the Y influence on mechanical properties:

e For the room temperature tensile properties, no significant impact
was observed for the mechanical properties;

The creep strength was significantly increased with the Y addition,
with the largest increase for the 0.067 wt%Y. The fracture shifted to a
predominant intergranular mode, associated with the change of the
creep mechanism from power law to diffusion creep. Such im-
provements were associated with: the decrease in the stacking fault
energy of the alloy making slip more difficult; change in (Nb,Ti)C
and § fraction and morphology, as well as precipitation of NisY and Y
sulphides and oxides, providing additional obstacles to dislocation
motion and reducing strain localization; increase in the second
phases and grain boundaries cohesion.
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