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ORIGINAL RESEARCH ARTICLE

Effects of Different Si Content and Thermal Stories
on the Secondary Phase Formation, Hot Ductility,
and Stress Rupture Properties of Alloy 718
Investment Castings

ANDREA NIKLAS, FERNANDO SANTOS, RODOLFO GONZALEZ-MARTINEZ,
PEDRO PABLO RODRIGUEZ, DANIEL BERNAL, ALBERTO COBOS,
LEXURI VAZQUEZ, and PEDRO ALVAREZ

Herein, the effects of microstructure on high-temperature properties (hot ductility and stress
rupture life) were investigated in alloy 718 investment castings manufactured with different Si
contents (0.051, 0.11, and 0.17 wt pct) and different cooling rates (0.52 °C/s and 1.65 °C/s). For
the casting with a low cooling rate, an additional solution treatment step was added to the
standard pre-weld heat treatment. Even small amounts of residual Laves phase (0.14 to 0.35 wt
pct) adversely affected both the hot ductility and stress rupture properties. Hot ductility tests
indicated that the presence of Laves phase led to an earlier decrease in hot ductility in
on-heating tests and retarded ductility recovery in on-cooling tests. Both effects are usually
associated with poorer weldability and greater hot cracking susceptibility. Ductility recovery
was also affected by grain size and aspect ratio: columnar and smaller grain sizes showed better
ductility recovery behavior. Stress rupture tests indicated that stress rupture life and elongation
decreased with increasing Si content, due to the presence of a semicontinuous network of Laves
phase at grain boundaries instead of intergranular 6 phases. This effect was much more
pronounced in stress rupture than in hot ductility tests. The presence of residual Laves phase
was associated with higher Si content and lower cooling rates. The additional solution treatment

®

Check for
updates

step of 2 hours at 1052 °C did not eliminate the Laves phase completely.
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I. INTRODUCTION

ALLOY 718 is the most widely used Ni-based
superalloy, because of its outstanding mechanical per-
formance at working temperatures as high as 700 °C
under high structural loading and corrosive condi-
tions.!! It was originally developed in the wrought
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condition by Eiselstein from the International Nickel
Company in 1958. Currently, it is widely used in
investment casting parts. Its remarkable mechanical
strength at high temperatures is attributed to the
precipitation of Nb-rich y” (Ni;Nb) and y” (NizAl and
Nis(Ti, Al)). These coherent precipitates strengthen the
FCC y matrix composed of Ni, Cr, and Fe.!

The plate or needle-shaped 6 phase (Ni;Nb) can form
during solidification or solution heat treatment, or after
prolonged exposure at high temperatures above the
working temperature, due to transformation of the
metastable 7" phase, thus decreasing the mechanical
properties of alloy 718. The ¢ phase is found primarily
as plates growing on the (111) planes or nucleating at
grain boundaries. The microstructure of alloy 718 can
also be composed of carbides (Nb(Ta)C, TiC, M¢C),
nitrides (TiN), and Laves and sigma phases. Carbides
and nitrides are considered inert, but the topologically
closely packed (TCP) phases, Laves, and sigma phases
impair the mechanical propertles[ 2l Moreover, the
formation of these phases during solidification decreases
the content of Nb in the matrix and hinders the
precipitation of desired 7" precipitates. Finally, these
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phases may induce incipient melting during high-tem-
perature exposure and cause hot cracking during weld-
ing, because they have lower melting points than the
matrix. The incipient melting temperatures associated
with the presence of Laves phases have been reported to
be between 1160 °C and 1180 °CE for alloy 718.

The Laves phase has Fe, Ni, Cr, Nb, and Ti atoms in
its structure, and its stoichiometric chemical formula is
(Fe,Ni,Cr),(Nb,Ti). The formation of Laves and MgC
phases is usually associated with high Si content and
high-temperature homogenization heat treatments.
Thus, current manufacturing process specifications have
been designed to avoid the formation of these detri-
mental phases by limiting Si content and homogeniza-
tion temperatures.

The precipitation of secondary phases, such as car-
bides, nitrides, and Laves phases, highly depends on the
segregation of chemical elements, particularly Nb, Mo,
and Ti, during solidification from the liquid state.
Segregation of Nb is the main determinant of the
presence of some of these phases in the final solidifica-
tion microstructure. Segregation during the casting
process directly depends on the cooling rate: faster
cooling rates lead to a finer dendritic structure that
affords better homogenization. The solidification of
alloy 718 starts at approximately 1360 °C with the
formation of lean austenitic dendrites depleted in Nb,
Ti, and Mo, which migrate to the liquid located in
interdendritic regions. Local enrichment in these ele-
ments leads to the formation of the described secondary
phases between dendrites. Solidification is completed at
approximately 1180 °C with the formation of y/Laves
eutectic from the terminal liquid. Further cooling in the
solid-state promotes the precipitation of the é phase (6
to 8 pct Nb) below 1050 °C, of the y” phase (4 pct Nb)
at 960 °C to 700 °C and finally of the )" phase at
approximately 750 °C.”)

The Laves phase generated after casting impairs the
high-temperature mechanical properties of alloys 718;
therefore, this phase must be dissolved during the
manufacturing process through dedicated thermal treat-
ments. In fact, to ensure the high structural performance
at temperatures from 450 °C to 700 °C, the y” and y’
phases must be the prevalent and stable phases. There-
fore, the Laves phase must be dissolved through
adequate homogenization at temperatures from 1065
°C to 1080 °C for long soaking times before completion
of the precipitation aging treatment.

The formation and presence of secondary phases also
greatly influences the weldability properties of alloy 718.
This property is very important, because many parts,
such as gas turbine blades and hot parts of aircraft
engines, must be joined or repaired during the manu-
facturing process. Good weldability properties arise
from the slow y” (Ni3zNb) precipitation kinetics com-
pared to that of 9" (NizAl and Ni;(Ti, Al)) in precipi-
tation-hardened alloys.

Susceptibility to liquation cracking during welding is
commonly evaluated with the hot ductility (Gleeble)
test.” " In this test, both strength and ductility are
measured at high temperatures. Data are obtained by
testing samples after heating them to different
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temperatures (on-heating) and cooling them down from
a given peak temperature (on-cooling). The temperature
at which a metal alloy completely loses its strength,
while it is heated under a constant tensile load, is called
the nil strength temperature (NST). The nil ductility
temperature (NDT) refers to the peak temperature at
which the area reduction of the surface after breaking is
0 pct, whereas the ductility recovery temperature (DRT)
is the temperature at which 5 pct of the area reduction is
recovered after cooling from a temperature close to the
NST. The DRT is determined from on-cooling testing
conditions; in this case, strain is applied only when the
final testing temperature has been reached.

Thompson ez al.” have studied the effects of different
heat treatments (as-received, solution annealed, and age
hardened) on the hot ductility of wrought 718 alloy and
have found that the solution heat treatment results in a
microstructure that rapidly recovers ductility during
on-cooling tests; therefore, this material is considered to
have elevated resistance to hot cracking during welding.
The role of heat treatment in the decreased on-cooling
ductility recovery has been suggested to be associated
with the amount and distribution of Nb on the liquated
grain boundaries. Furthermore, eutectic Laves phases
have been found adjacent to NbC precipitates, as an
artifact of the cooling process!”"'” caused by constitu-
tional liquation of NbC. Anderson er all'” have
suggested that the numerous eutectic Laves islets are
responsible for the decrease in the on-cooling ductility of
alloy 718.

Andersson er al''" have studied the effects of
different solution heat treatments on hot ductility in
wrought alloy 718 and Allvac 718Plus with the hot
ductility (Gleeble) test. They have concluded that
constitutional liquation of NbC assisted by the ¢ phase
occurs and deteriorates the ductility. The Laves phase
was not observed in any heat treatment conditions in the
parent material. Ductility loss was observed in the
coarse grain size state, whereas the material with high
amounts of 6 phase on the grain boundary showed an
increase in ductility because of a grain boundary pinning
effect. Decreased on-cooling ductility was attributed to
the accumulation of trace elements on grain boundaries.

The influence of homogenization treatments on hot
ductility in cast 718 and cast ATI® 718Plus®, as well as
the effects of Nb and minor elements on liquation
characteristics, have been studied by Singh er al.”'*! For
both alloys, the extent of liquation was found to
determine the hot ductility of the material. Enhanced
homogenization of Nb decreased the solidus tempera-
ture, thus leading to extensive melting of grain bound-
aries in the long dwell time heat treatments (1190 °C/
24 hours). This aspect might have been further facili-
tated by the presence of minor elements such as Si, S, P,
and B contributing to the suppression of the liquation
temperature along the grain boundaries. For the heat
treatment at lower temperature and shorter time
(1120 °C/4 hours), liquation was caused primarily by
melting of the partially dissolved Laves phase and
constitutional liquation of MC carbides. The heat
treatment at 1190 °C/4 hours, without Laves phases,
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exhibited extensive constitutional liquation of NbC
carbides and partial grain boundary melting.

Apart from the requirement for good weldability, the
application of alloy 718 castings in the aircraft engines
requires elevated creep and stress rupture properties.
The effects of the minor elements P, S, and Si on the
microstructure and stress rupture properties in wrought
718 alloy have been investigated by Guo ez al.l'*! In that
study, S and Si had no notable effects on the stress
rupture properties in the tested range, whereas a peak in
stress rupture life and ductility was achieved at 0.013 wt
pct P. When the Si content was raised from 0.024 to
0.035 pct, the formation of Laves and MC phases on the
grain boundaries increased while the precipitation of &
phase decreased. Despite the presence of harmful Laves
phases at the grain boundaries, no decrease in stress
rupture properties was observed, due to increased
oxidation resistance. In addition, Schirra et al.'"*l have
investigated the effects of Si content on Laves phase
formation and stress rupture properties in wrought 718.
They have observed that the amount of intergranular
Laves phase increases as the Si content is raised from
0.11 to 0.30 wt pct. However, rupture and creep life were
not affected by the presence of these residual amounts of
Laves phase at grain boundaries but appeared to be
strongly associated with the grain size.

The negative effect of the Laves phases on the
mechanical properties at room temperature (ultimate
tensile strength and ductility), the stress rupture prop-
erties (rupture life and elongation) and the elevated
temperature fatigue crack growth resistance in cast +
HIP alloy 718 has been investigated by Schirra ez al.l'¥
In that study, cast bars were slowly solidified (2 °C/
minutes) over a range from 1371 °C to 1177 °C to attain
high levels of Laves phase in the microstructure, thus
resulting in the precipitation of large globular aggregates
in the interdendritic regions. Examination of stress
rupture properties indicated that the material with high
Laves content exhibited a 2.4 times lower in rupture life
and a 1.6 times lower rupture elongation than the
Laves-free material.

Finally, the influence of Laves phases on the room
temperature tensile, creep, and thermomechanical fati-
gue of Inconel 718 fabricated through different additive
manufacturing processes, i.e., powder bed fusion and
directed energy deposition, has recently been studied in
detail.">"'7) Despite the extremely high cooling rates and
rapid solidification during additive manufacturing pro-
cesses, which results in fewer segregation issues than
investment casting, the microstructure of as-built addi-
tive manufactured components usually contains Laves

phases that must be dissolved by dedicated thermal
treatments to ensure good tensile strength, ductility,
fatigue, and creep properties. In terms of ductility,
granular Laves phases have been found to be more
favorable than long striped Laves phases. Moreover,
improvements in creep properties after heat treatment
have been associated with the dissolution of Laves phase
and precipitation of d-phase plates, which avoid motion
of dislocations.

The aim of the present work was to advance knowl-
edge and understanding of the effects of small amounts
of residual Laves phases on the high-temperature
properties of alloy 718 investment castings. Minor
amounts of Laves phases with different morphologies
and distributions (interdendritic region and grain
boundaries) were obtained by varying the Si content
and solidification rate and adding another solution heat
treatment to the conventional pre-weld heat treatment.
In terms of hot ductility, this work completes the
analysis of the weldability results published previ-
ously,"® by analyzing the microstructures of tested
samples. In the previous study, a hot cracking mecha-
nism activated during laser beam welding of alloy 718
investment castings was described. This mechanism is
more closely associated with the welding morphology
than with the Si content and residual Laves phase
resulting from different chemistries and thermal
treatments.

II. EXPERIMENTAL
A. Material

Investment casting castings were manufactured by
incorporation of 20 test samples as flat plates of
150 x 50 x 10 mm in each mold. The casting process
was as previously described in detail.l'®

The chemical composition of the different castings is
shown in Table I. Of note, casting O (low Si content)
was manufactured by using high purity ingots as raw
material. In casting P (high Si content), Si was inten-
tionally added during vacuum melting, and chemically
adjusted ingots (28 kg in total) were manufactured in a
first melting step. Casting E corresponded to the
conventional chemical composition and casting process,
whereas the cooling rate during solidification was
decreased in castings N and NP, with equivalent
chemical composition, by incorporation of a ceramic
blanket over the cast parts. The cooling rates between
800 °C and 500 °C, as experimentally determined by

thermocouples, were 0.52 °C/second and 1.65 °C/
Table I. Chemical Compositions of Alloy 718 Casting Heats in Weight Percentages
Casting Ni C Si Mn P S Fe Cr Mo Ti Al Nb + Ta
(0] 51.9  0.047  0.051 < 0.050 < 0.010 < 0.005 21.1 17.8 3.02  0.89 047 4.75
E 52.1 0.049  0.11 0.037 < 0.010 < 0.005 20.4 176 2091 098  0.59 4.92
P 51.7  0.038 0.17 < 0.050 < 0.010 < 0.005 21.1 17.7 3.02  0.89 046 4.85
N/NP 52.5 0.058 0.12 0.038 < 0.010 < 0.005 20.3 17.7 2.88 077 047 4.38
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second for the molds with blanket (casting N/NP) and
without blanket (casting O/E/P), respectively.

After the parts were shot blasted, they were subjected
to the following heat treatment sequence: homogeniza-
tion, pre-HIP, HIP, post-HIP, solution heat treatment,
and short precipitation treatment (Table II). The
homogenization and solution heat treatments were
performed according to the AMS 5383F:2018 standard,
whereas the HIP heat treatment was performed accord-
ing to specification V.AC:9922 from GKN Aecrospace
Trollhdttan (Sweden). Of note, to preserve confidential-
ity regarding the HIP treatment, only a temperature
range can be given. An additional pre-HIP treatment
consisting of solutionizing at 1052 °C for 2 hours
followed by air cooling was applied only to the slowly
cooled casting NP. The goal of this treatment was to
dissolve residual Laves phases that remained present
after the homogenization treatment. Unpublished
results obtained in previous work performed with the
rapidly solidified casting have indicated that this tem-
perature is effective for dissolving residual Laves and
also J phases if present. The short two-step Precipitation
heat treatment, as reported by Schirra,'” was per-
formed only for the stress rupture tests to obtain the
high mechanical properties at elevated temperatures,
whereas the ductility tests were performed in the
solution heat-treated state.

The different thermal conditions of the castings are
summarized in Table III.

B. Hot Ductility Tests

Hot ductility tests of five casting heats were per-
formed in a Gleeble 3800D thermomechanical simulator
(DYNAMIC SYSTEMS INC., Poestenkill, NY, USA)
owned by West University in Sweden. Here, 6 mm
(= 0.025 mm, + 0.01 mm) diameter cylindrical shape
samples were finely turned from 10 mm thickness
casting plates after the corresponding thermal treat-
ments. The test samples were extracted from the plate in
the longitudinal direction. The hot ductility testing setup
and guidelines included in the Gleeble Users Training
2010 handbook were applied. The sample geometry
(Figure 1(a)) was comparable to that in the testing
specifications included in procedure B of Reference [20]
and differences in sample length were minimal. The NST
temperature was determined only in casting E, focusing
the overall hot ductility assessment of the five castings
on on-heating and on-cooling tests. A heating rate of
111 °C/second from room to testing temperatures was
used in on-heating tests, whereas samples were heated to
1195 °C at the same heating rate and subsequently
cooled at 50 °C/second to the different testing temper-
atures used in the on-cooling trials (Figure 1(b)). Tem-
perature profiles were recorded with a K-type
thermocouple welded to the surface of each testing
sample in the area between clamps. The samples were
pulled to fracture at a 55 mm/second stroke rate. The
percentages of area reduction from the initial 28.3 mm?
(i.e., 6 mm diameter) was measured to determine duc-
tility at the different testing temperatures.
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Table III. Thermal Conditions of the Castings
Casting Cooling Rate Solutionizing at 1052 °C/2 hours HIP and Solution Heat Treatment
O,E P 1.65 °C/second (without blanket) no yes
N 0.52 °C/second (with blanket) no yes
NP 0.52 °C/second (with blanket) yes yes
+0.000
121.500 mm 26.000 ) 0osMM
16 Max. temperature = 1195°C
=]
15.25 M6 X 1.00-6g THREAD © Cooling rate = 50°C/s
g
IS
5]
| 91.00 mm | .
: +0.000 ; = B
‘ ’ (X/z 6.000 0.025 mm Heating rate = 111°C/s
I |

(a)

Time

(b)

Fig. 1—(a) Hot ductility test sample geometry for on-heating and on-cooling tests (top), and NST tests (bottom) and (b) thermal cycle for

on-cooling tests.

C. Stress Rupture Tests

Stress rupture tests were performed at a temperature
of 650 °C with a constant stress of 689 MPa, according
to standard ISO 204. A creep testing machine (T800),
designed by SVUM, a.s., Czech Republic, was used for
the tests. The dimensions of the stress rupture test
specimen are shown in Figure 2. The test samples were
extracted from the plates in the longitudinal direction.
This test was performed on the low silicon alloy (casting
O) and high silicon alloy (casting P). Three specimens
were tested for each alloy. Student’s 7-test was used to
evaluate the differences in numerical results.

D. Microstructure Characterization

Fracture surfaces and longitudinal sections of hot
ductility and stress rupture test samples were character-
ized by field emission scanning electron microscopy
(FESEM) with a ZEISS Ultra Plus microscope (CARL
ZEISS AG, Oberkochen, Germany). Energy-dispersive
X-ray (EDX) spectroscopy analysis was conducted with
a field emission scanning electron microscope to deter-
mine the chemical compositions of precipitates and
phases. The chemical composition of the Laves phases
and other precipitates was determined through EDX
analysis. For the metallographic analysis, longitudinal
cross sections were prepared from the test samples by
grinding and polishing through standard procedures.
The area percentages of carbides were determined
through the analysis of five images obtained by optical
microscopy with a LEICA MEF4 microscope (LEICA
MICROSYSTEMS GmbH, Wetzlar, Germany) at 100
times (HAZ and BM) in Leica application suite V4.2.
The area percentages of Laves phases + carbides were
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Fig. 2—Dimensions of the stress rupture test specimen.

determined through SEM at 500 times. Finally, the
Laves phase area percentage was obtained by subtrac-
tion of the carbide area percentage obtained by optical
microscopy from the area percentage of Laves
phases + carbides obtained by SEM.

The grain size was revealed through etching of hot
ductility on-cooling test samples by using Kalling 2
reagent. Dimensions of at least five grains were analyzed
for each casting heat in the stercomicroscopy images
obtained at 20 times. The grain size was determined
from the horizontal and vertical mean intersection
lengths between two grain boundaries.

The solidus and liquidus temperatures of the five
castings were determined by thermodynamic calculation
with Thermo-Calc software (using the TCNI10 and
MOBNI4 databases) and experimentally through differ-
ential scanning colorimetry (DSC). Scheil simulations
were performed at cooling rates of 1.65 °C/second and
0.52 °C/second, considering back diffusion of solute
elements (Ni, C, Si, Mn, Fe, Cr, Mo, Ni, Ti, and Al) in
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Fig. 3—Secondary phases observed in the base metal of (a) casting O, (b) casting E, (¢) and (d) casting P, (¢) and (f) casting N, (g) and (h)

casting NP.

the primary phase. Additionally, C, as an interstitial
element, was considered as fast diffuser. DSC measure-
ments were performed with NETZSCH STA 449 F3
Jupiter DSC (NETZSCH, Selb, Germany) thermal
analysis equipment at a constant heating/cooling rate
of 10 °C/minute.

METALLURGICAL AND MATERIALS TRANSACTIONS A

III. RESULTS

A. Microstructures of the Base Metal

The microstructures of the homogenization, HIP, and
solution heat-treated base metal of the five castings are
shown in Figure 3 and summarized in Table IV. The

VOLUME 54A, JULY 20232675



main secondary phases observed in all samples are NbC
carbides located on grain boundaries and in the inter-
dendritic regions and ¢ phases along the grain bound-
aries, as well as minor amounts of TiMoC and
carbosulfides.

Additionally, in casting P, which had the highest Si
content, small residual amounts of Laves phases with
globular morphology were also observed in the inter-
dendritic regions (Figure 3(d)), as well as a semicontin-
uous network of fine elongated Laves phase along grain
boundaries (Figure 3(c)). Likewise,!'>'¥ previous stud-
ies have indicated that in wrought 718 alloys with higher
Si content, the grain boundary ¢ phase is substituted by
a Laves phase. In the current study, both Laves and ¢
phases observed at the grain boundaries were likely to
have precipitated during the solution treatment at
954 °C rather than during solidification process. The
homogenization treatment + HIP treatments were per-
formed at temperatures sufficiently high to rapidly
dissolve such fine 6 and Laves phases. The time—tem-
perature—transformation (TTT) diagram of alloy 718!
shows that precipitation of both phases occurs below
1050 °C. However, during the solution heat treatment at
954 °C for 1 hour, the § phase shows a faster precipi-
tation kinetics and thus no Laves phases would be
expected in the microstructure.

Casting N and NP with low solidification rates
revealed areas with accumulation of globular Laves
phases, needle-shaped ¢ phases, and NbC carbides in the
interdendritic regions formed due to segregation and a
slow solidification rate (Figures 3(e) and (g)). Occasion-
ally, these regions coincided with a grain boundary. In
these strongly segregated regions, the applied

homogenization, HIP, and solution heat treatments
were apparently unable to dissolve the Laves and ¢
phases formed during the investment casting solidifica-
tion process.

The area percentage of Laves before and after heat
treatment is presented in Table V. Of note, casting P,
which had the highest Si content, showed the highest
Laves phase amount in the as-cast condition. Moreover,
the heat treatment (homogenization, multi-stage
HIP + solution heat treatment) dissolved the Laves
phase in casting O and E, whereas in castings P, N, and
NP, residual amounts of Laves phase remained present.

The grain sizes of the five castings are shown in
Table VI. The grains of the slowly solidified casting N
and NP were coarser and showed more equiaxed
morphology, whereas grains in castings O, E, and P
with standard cooling rates during solidification showed
a marked columnar shape. Of note, the grain length and
aspect ratio of the hot ductility test samples (transverse
sections) were slightly smaller than those measured
previously"™ on the original 10 mm thick plates (lon-
gitudinal sections), probably because the hot ductility
test samples were machined to a diameter of 6 mm, and
thus, part of the grains were cut off. Otherwise, no
significant differences were observed between the trans-
verse and longitudinal sections.

A more detailed description of microstructures (grain
size, Laves phase composition, and microsegre%ation) of
the five castings has been reported previously.!'®!

Table IV. Secondary Phases and Their Locations, Observed in the Different Samples After Heat Treatment

NbC Globular Laves Fine Elongated Laves 0 0 Carbosulfide TiMoC
Casting ID + GB ID + GB GB ID GB ID + GB ID + GB
(0] X — — X X X
E X — — X X X
P X X X X X X
N X X — X X X X
NP X X — X X X X

ID: interdendritic, GB: grain boundaryReprinted from Ref. [18], under the terms of the Creative Commons CC BY license.

Table V. Area Percentages of Globular Laves Phase in As-Cast Condition and After Heat Treatment [Homogenization (H), Hot
Isostatic Pressing (HIP), Solution Heat Treatment (S)]

Casting State Area Percent Laves

(0] as-cast 2.20
H + HIP + post-HIP + S *

E as-cast 2.40
H + HIP + post-HIP + S *

P as-cast 3.50
H + HIP + post-HIP + S 0.35

N as-cast 2.60
H + HIP + post-HIP + S 0.19

NP pre-HIP 2.10
H + pre-HIP + HIP + post-HIP + S 0.14

Grain boundary Laves could not be quantified, because of their small size. Reprinted from Ref. [18], under the terms of the Creative Commons

CC BY license.*Laves phase was not detected.
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Table VI. Grain Size (Mean Width and Length with Standard Deviation) of Transverse (Hot Ductility Samples) and Longitudinal
Sections (As-Cast Plate; Data Reprinted with Permission from Ref. [18], Under the Terms of the Creative Commons CC BY
License)

Casting Section Mean Width (mm) Mean Length (mm) Aspect Ratio Morphology
(0) transverse 1.0 £ 0.16 3.0 £ 0.40 3.0 columnar
longitudinal 1.1 £0.35 3.0 £0.92 3.1 columnar
E transverse 0.7 £ 0.12 2.3 £0.18 2.9 columnar
longitudinal 1.0 £ 0.46 3.2 £0.97 3.2 columnar
P transverse 0.9 £ 0.25 2.6 + 0.89 2.9 columnar
longitudinal 1.1 £0.33 3.3 +£0.78 3.0 columnar
N/NP transverse 1.7 +£ 0.26 2.5+ 0.42 1.5 coarse, slightly columnar
longitudinal 2.1 £0.34 34 +£0.71 1.5 coarse, slightly columnar
100 ¢ Casting O (low Si) 150 Casting O (low Si)
90 90 _
20 O Casting E 30 ® Casting E
. . X # Casting P (high Si)
_70 —— %5~ <Casting P(highSi} 70 .
X = - X )/_\' H = Casting N (low solidification
c 0 Casting N (low solidification = 60 rate)
-8 . rate) g 50 & ) Casting NP (low solidification
E "?' Casting (low solidification E P S W rate + new heat treatment
e N\, rate #new heat treatment) | g40 4
g g 30
< K <
20 & 20 T e x
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0 8 ¢ 0 ‘ ¥ ’\‘!
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C))

Temperature (°C)

(b)

Fig. 4—Comparison of (a) on-heating and (b) on-cooling curves of castings E, O, P, N, and NP. (a) Reprinted from Ref. [18], under the terms
of the Creative Commons CC BY license and (b) uses data from the same source.

B. Hot Ductility

Hot ductility curves of the five casting heats, deter-
mined in on-heating and on-cooling test conditions, are
displayed in Figure 4. Samples were tested after HIP
and solution heat treatment. The hot ductility curves
depict the area reduction percentage measured in the
broken samples tested at different temperatures. For the
sake of comparison, grade 3 polynomial fitting of the
experimental data was applied. The five castings showed
high ductility (> 55 pct area reduction) at temperatures
as high as 1000 °C. Castings E and O (low Si content)
had comparatively higher values. Above 1000 °C, the
ductility of every casting heat decreased rapidly to
values near 0 pct at 1150 °C. At intermediate temper-
atures between 1000 °C and 1150 °C, castings E and O
(low Si content) showed slightly better performance in
terms of ductility; therefore, the fitting curves were
somewhat displaced to the right, i.e., to higher temper-
atures. Consequently, these two alloys had higher
incipient melting temperatures.

The on-cooling curves showed more difference
between castings than the on-heating curves. Casting
O (low Si content) recovered ductility very quickly,
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reaching a 64 pct area reduction at 1100 °C. Notably,
the thermal cycle in these on-cooling testing conditions
entailed rapid heating to the peak soaking temperature
of 1195 °C and subsequent rapid cooling to the testing
temperatures. The peak temperature was selected based
on NST values previously determined in casting E
samples.['®!

As shown in Figure 4(b), the ductility recovery rate
depended strongly on the Si content. The alloy with the
lowest Si content (casting O) displayed a better and
quicker ductility recovery behavior during on-cooling
tests. The ductility recovery performance of castings N
and NP, which had slower cooling rates during casting,
was much poorer, and showed a very limited increase in
area reduction at testing temperatures down to 1000 °C
(Figure 4(b)). DRT and brittle temperature range
(BTR) values, estimated from the hot ductility curves
of the five castings, are shown in Table VII. BTR is a
parameter usually used to analyze the hot cracking
susceptibility of superalloys during welding.”2%*?! It is
defined as the difference between the peak temperature
used in on-cooling tests and DRT, that is, the temper-
ature at which a 5 pct area reduction is recovered again.
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Table VII. Weldability Parameters Obtained from Hot Ductility tests
Casting  Peak Temperature (°C) DRT (°C) BTR (°C)  Maximum Ductility After Cooling  Ductility Recovery Rate
(0) 1195 1150 45 64 pct at 1100 °C very fast
E 1195 1145 50 69 pct at 1050 °C fast
P 1195 1090 105 46 pct at 1000 °C intermediate
N 1195 1110 85 14 pct at 1000 °C very low
NP 1195 1110 85 24 pct at 1050 °C very low

Reprinted from Ref. [18], under the terms of the Creative Commons CC BY license.

Table VIII. Stress Rupture Properties of the Samples from Casting O (Low Si Content) and P (High Si Content)
Casting  Time to Rupture (hours) ¢ (hours) Elongation (Percent) ¢ (Percent) Reduction of Area (Percent) o (Percent)
(0] 65.25 3.37 6.90

57.25 3.37 10.11

46.00 4.60 10.18
Average 56.17 9.67 3.78 0.71 9.06 1.87
P 43.50 4.04 4.73

28.25 2.00 5.20

41.75 3.20 5.99
Average 37.83 8.35 2.60 0.85 5.30 0.64

Time to rupture and elongation are not statistically different.
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Fig. 5—Stress rupture properties: (a) time to rupture and (b) elongation of fully heat-treated (homogenization + HIP + post-HIP + solution
heat treatment + precipitation heat treatment) Inconel 718 with low and high Si content.

C. Stress Rupture Tests

The stress rupture properties were determined on
casting O (low Si) and P (high Si) and are presented in
Table VIII and Figure 5. When the Si content increased
from 0.051 to 0.17 wt pct, the rupture life, elongation,
and percentage of area reduction decreased by 32.7 pct,
31.2 pct, and 41.5 pct, respectively.

IV. DISCUSSION

A. Hot Ductility

1. On-heating tests
Experimentally determined on-heating hot ductility
curves are compared in Figure 4(a). Each sample from
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the five castings tested up to 1000 °C showed high
ductility and area reduction percentages of 55 to 68 pct.
In samples from castings N and NP, which had slower
cooling rates during solidification, coarser and less
columnar grains had lower area reduction values. The
corresponding fracture surfaces of these samples
(Figure 6) revealed a ductile failure mode dominated
by microvoid coalescence. Fracture surfaces are compa-
rable for the samples taken from different castings.

At 1100 °C, the area reduction decreased in all
references to values between 26 and 37 pct in castings
O (low Si) and E(medium Si), respectively, and between
9 and 15 pct in castings P (high Si), N, and NP (slow
solidification rate), which had residual Laves phase in
their microstructures after heat treatment. The
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Casting O

Casting P

Casting N

Fig. 6—Fracture surfaces of on-heating samples pulled at 1000 °C: (a) casting O, (b) casting E, (c) casting P, and (d) casting N.

corresponding fracture surfaces of these samples
(Figure 7) showed a smoother morphology and less
evidence of microvoids than fracture surfaces of castings
tested at 1000 °C, particularly in castings P, N, and NP
(Figures 7(c) through (e)).

At 1150 °C, hot ductility was completely lost in the
five castings heats. The fracture surfaces at this testing
temperature (Figure 8) revealed a smooth morphology
indicating extensive grain boundary melting and the
presence of unreacted carbides in every sample.

As summarized in Table V, the amount of Laves
phase measured in castings N, NP, and P in the
solution-annealed condition was between 0.14 and 0.35
pct. In the samples from these three castings, the onset
of the ductility decrease during on-heating hot ductility
tests was triggered at slightly lower temperatures, and
corresponding fitting curves were marginally displaced
to the left (Figure 4(a)). Notably, the dashed lines in
Figure 4 indicate the trends of these three castings with
residual Laves phase content. This early loss of ductility
is associated with incipient melting of Laves phase,
which is a rapid event that does not require a substantial
reaction time to form the liguid, in contrast to consti-
tutional liquation of NbC.**?* Therefore, the Laves
phase can readily melt upon heating at very fast rates,
such as those used in the current hot ductility tests
(111 °C/second). The Laves phase impairs both weld-
ability and the mechanical properties of alloy 718, as
often reported in castings with substantial volume
fractions of Laves phase and NbC.!**%
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2. On-cooling tests

Differences in hot ductility performance among the
five castings were much more evident in on-cooling than
on-heating curves (Figure 4(b)) and corresponding
microstructures. At the highest testing temperatures,
grain boundary melting was observed in the microstruc-
ture, thereby resulting in a brittle fracture without any
measurable area reduction. Castings O (low Si) and E
(medium Si), both of which were free of Laves phase in
the parent base metal, had relatively shorter BTR and
faster ductility recovery rates. In these two castings,
ductility was fully recovered at temperatures close to
1100 °C, reaching the original values well above 60 pct
of the area reduction (Table VI). Fracture surfaces of
samples tested at 1100 °C (casting O) and 1050 °C
(casting E) revealed ductile fracture by void coalescence
(Figure 9).

In contrast, castings N and NP were characterized by
high BTR (85 °C), and very low ductility recovery rate
and capability, with very low area reduction percentages
(<25 pct) even at low temperatures. The fracture
surfaces of these castings showed the persistence of a
liquid film at grain boundaries, even at 1000 °C
(Figures 10(d) and (e)). Thompson et al.l”V have reported
that the ductility loss during cooling in alloy 718
increases proportionally to the volume of intergranular
liquid formed during heating. This extremely limited
ductility recovery behavior is suggested to be due to the
coarser grain sizes observed in these two heats with
slower solidification cooling rates, as previously
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(e)

Casting E

Casting N

Casting NP

Fig. 7—Fracture surfaces of on-heating samples pulled at 1100 °C: (a) casting O, (b) casting E, (c) casting P, (d) casting N, and (e) casting NP.

described in detail."® Large grain sizes enhance the
continuity of liquid resulting from incipient melting at
grain boundaries, thereby decreasing the interfacial area
between solid-state y grains.”

Finally, casting P (high Si content) had the widest
BTR (105 °C) and showed intermediate recovery rate
and capability with respect to the other castings.
Extended BTR was associated with higher amounts of
residual Laves phase observed as a semicontinuous
network along grain boundaries before testing
(Tables IV and V). The effect of Si content on HAZ
cracking of 718 alloys was previously investigated, it has
been concluded that HAZ cracking is favored if high Si
content is combined with high Mn or C content, due to
the decrease in solidus temperature.® Therefore, both
the semicontinuous film of Laves phase on grain
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boundaries and the higher Si content contributed to
increasing the volume fraction of intergranular liquid
formed at the peak temperature of 1195 °C in casting P
samples. The fracture surfaces of the sample from the
casting pulled at 1050 °C showed areas with ductile
fracture mode and isolated smooth areas indicating the
presence of liquid film (Figures 9(c) through (e)). In the
smooth areas also, indications for constitutional NbC
liquation were observed, showing Nb-enriched areas
close to NbC carbides (Figures 9(d) and (e)).

At 1000 °C, ductility was largely recovered in castings
O, E, and P, whereas the slowly solidified castings N and
NP showed still the presence of liquid film on the
fracture surface (Figure 10).
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Casting N

Casting NP

Fig. 8—Fracture surfaces of on-heating samples pulled at 1150 °C: (a) casting O, (b) casting E, (c) casting P, (d) casting N, and (e) casting NP.

Furthermore, in all on-cooling test samples pulled at
1150 °C, eutectic Laves phases were observed on the
longitudinal cross sections close to NbC carbides
(Figure 11). Such phases have also been observed by
other researchers!'”* and are believed to be artifacts of
the on-cooling test that form after constitutional liqua-
tion of the NbC precipitates. Evidence of constitutional
NbC liquation was observed on the fracture surface of
casting P pulled at 1050 °C, revealing Nb-enriched areas
close to NbC carbides (Figure 9(d)). The high Nb
content of these areas provided favorable conditions
for the precipitation of Laves phases upon subsequent
cooling. The EDX-based analysis of the chemical
composition of the eutectic Laves phases confirmed that
they formed during the on-cooling process, because their
chemical composition was close to that of the globular
Laves phase detected in the as-cast samples (Table IX).
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After HIP and solution heat treatment, the globular
interdendritic Laves phase observed in three of the
castings had higher Mo (13.08 wt pct) than that in the
as-cast state (Mo = 7.86 wt pct). This Mo enrichment
during heat treatment has been attributed to the lower
diffusivity of Mo in the austenite matrix compared to
other elements composing the Laves phase.!'® Eutectic
Laves phases associated with NbC constitutional liqua-
tion were observed in all samples tested at 1150 °C and
may contribute to the null ductility determined at this
temperature in on-cooling hot ductility tests for the
different casting batches.

Therefore, apart from the melting of Laves phases,
hot ductility is also affected by constitutional liquation
of NbC carbides. Singh er al"” have suggested that
constitutional liquation of MC carbides is affected by
the solidus temperature and local concentration of Nb
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Casting P: T = 1050°C.

Casting P: T = 1050°C.

Casting N: T =1100°C

Casting NP: T = 1050°C

Fig. 9—Fracture surface of on-cooling samples (a) casting O, (b) casting E, (¢) casting P: area with ductile features (d) casting P, showing area
with liquid film present at the moment of fracture, (e) casting P: detail of (d), showing constitutional liquation of NbC with adjacent
Nb-enriched areas, (f) casting N, and (g) casting N and (g) casting NP, showing evidence of liquation.

around the Nb carbides. They have attributed the
extensive grain boundary melting observed in Nb
homogenized samples to a lower solidus temperature
because of the homogenization treatment.

To analyze the effects of Si and cooling rate on the
solidus temperature and solidification range, we per-
formed thermodynamic diffusion-based simulations and
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DSC measurements. Table X shows the solidus and
liquidus temperatures obtained in simulations and
experimental tests. With increasing Si content, the
solidus temperature decreased, and the solidification
range considerably increased. This tendency was also
observed in the DSC experiments. The lowest solidifi-
cation temperature determined by DSC was observed in

METALLURGICAL AND MATERIALS TRANSACTIONS A



Fig. 10—Fracture surface of on-cooling samples. (a) casting O, (b) casting E, (¢) casting P, (d) casting N, and (e) casting NP.

the high Si alloy, followed by the slowly solidified
castings N and NP. Thus, in these castings (P, N, and
NP), the hot ductility loss was affected by both Laves
phase melting and the earlier onset of constitutional
NbC liquation, due to their lower solidus temperatures,
which in turn led to enhanced formation of liquid on the
grain boundaries in the on-heating tests.

B. Stress Rupture Tests

Stress rupture samples of both castings (O and P)
showed an intergranular fracture mode after exposure to
a temperature of 650 °C and a stress of 689 MPa. In
both castings, many fine disk-shaped y” precipitates,
distributed uniformly over the y matrix, were observed,
thereby indicating that the aging heat treatment had
been performed correctly. The difference in stress
rupture life and ductility between castings O and P
was explained by the different precipitates observed
along the grain boundaries. Casting O (low Si content),
with longer stress rupture life and higher elongation,
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showed serrated intergranular ¢ phase needles, whereas
in casting P (high Si content), the grain boundary was
decorated by a small rounded and elongated Laves
phase (Figures 12 and 13). The latter casting also
showed a secondary crack propagating along the grain
boundary decorated with Laves phases (Figure 13). The
chemical compositions of the different precipitates were
determined through EDX spot analysis (Table XI). It is
worth to mention that due to the small size of the
precipitates, the analysis results might have been
affected by interference of the EDX interaction volume
with the matrix, and thus, certain amounts of matrix
elements can appear in the chemical compositions of the
precipitates. NbC carbides, 6 and Laves phases had a
higher Nb content than the y matrix, and the Laves
phases additionally a higher Mo and Si content. The
NbC carbides had the highest Nb content and small
quantities of other carbide-forming elements such as Ti,
Cr, Fe, and Mo.

A plate-like d-phase protruding from grain bound-
aries into the surrounding y matrix grains has been
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Fig. 11—Eutectic Laves phase observed at NbC carbides of on-cooling samples pulled at 1150 °C: (a) casting O, (b) casting E, (¢) casting P, (d)

casting N, and (e) casting NP. Longitudinal section.

Table IX. Chemical Compositions of Different Laves Phases Observed in Casting P Tested at 7 = 1050 °C in the Heat-Treated
State (Homogenization (H) + Hot Isostatic Pressing (HIP) + Post-HIP + Solution Heat Treatment (S)) and in the As-Cast

State
Laves Phase Composition (Weight Percent)
Morphology State Al Si Ti Cr Fe Ni Nb Mo
Interdentric Globular H + HIP + post-HIP + S 0.05 2.06 0.53 11.80 13.01 30.95 28.52 13.08
Eutectic Laves H + HIP post-HIP + S 0.28 1.31 0.94 12.92 13.62 40.19 22.89 7.86
Interdentric Globular as cast 0.13 1.29 0.95 11.15 11.95 34.63 32.11 7.80

reported to eﬁ?ectivel;r divert initiation cracks from weak
grain boundaries.”®*”) Moreover, the presence of brittle
Laves phases with the same orientation as the grain
boundary, could facilitate crack initiation and propa-
gation. In a modified M718 alloy with high Mo content,
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Da-Wei et al.”® have observed that crack initiation and
propagation occur at the interface between the grain
boundary Laves phase and the austenitic matrix, thus
diminishing stress rupture properties. Crack propaga-
tion through Laves phases and diminished stress rupture
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Table X. Solidus and Liquidus Temperatures Determined by Scheil Simulation and DSC Measurements

Scheil Simulation DSC
Heating Cooling
. . . Tsol Ti; AT Tso1 Ti; AT Tso1 T;; AT
Si (Weight  Cooling  Laves S oy o o o o o o o
Ref. Percent) Rate Area Percent ) ) C) Q) 0 ¢C) O 0 )
(0) 0.051 1.65 — 1120 1340 220 1239 1373 134 1223 1361 138
E 0.110 1.65 — 1100 1336 236 1235 1368 133 1211 1358 147
P 0.170 1.65 0.35 1078 1338 260 1227 1367 140 1207 1358 151
N 0.120 0.52 0.19 1100 1340 240 1231 1367 136 1215 1359 144
NP 0.120 0.52 0.14 1231 1368 137 1214 1356 142

Casting O

Casting P

Fig. 12—Longitudinal cross sections showing the phases present at the grain boundaries in (@) casting O and (b) casting P.

properties in cast + HIP alloy 718 have also been
reported by Schirra er all'¥. However, in that study,
Laves phases were located in the interdendritic region
and had considerably larger sizes and volume fractions
than those in the current study. No pronounced effects
of grain boundary Laves phases on stress rupture
properties have been observed in wrought materi-
als.!'314 Schirra er al.'¥ believe that, in these materials,
the high-temperature properties are more associated
with the grain size than the presence of Laves phases on
grain boundaries. But in investment castings, the grain
size i1s much larger and could provide a less torturous
crack propagation path; thus, the presence of grain
boundary Laves phases is expected to be more evident.

The formation of grain boundary Laves phases is
associated with the Si content. Si is well known to
promote the formation of Laves phases. Increasing the
Si content leads to a greater volume fraction and
apparently increases the stability of the primary Laves
phase.!®!'*!¥ With increasing Si content in the alloy, the
Si content in the Laves phase also increases and is higher
than that of the matrix. Furthermore, higher Si content
(0.21 wt pct or higher) has been reported to promote the
formation of Laves and MC phases on grain boundaries
and to decrease the precipitation of intergranular J
phase.'*?) In the current study, grain boundary Laves
phases were observed only in casting P, which had the
highest Si content of 0.17 wt pct, whereas the other
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alloys revealed ¢ phases on the grain boundary. Guo
et al"¥ have suggested the following explanation for the
suppression of § phase precipitation: after homogenizing
treatment, the Si content in the matrix increases because
of the dissolution of the primary Laves phase, thus
resulting in more severe lattice strain and a large driving
force for diffusion of Si into the grain boundary during
thermomechanical processing and heat treatment. With
increasing Si content, the segregation of Si at the grain
boundary is enhanced. The Laves and MC phases with a
high Si content nucleate more easily at the grain
boundary than the § phase with low Si content.

V. CONCLUSIONS

In the present work, the influence of different Si
contents (0.051, 0.11, and 0.17 wt pct), solidification
rates (0.52 °C/s and 1.65 °C/s), and pre-weld heat
treatment (2 h of additional solution heat treatment
before HIP) on the microstructure and high-temperature
properties (hot ductility and stress rupture) were inves-
tigated in alloy 718 investment castings. The following
conclusions can be drawn:

e The Laves phase content in the as-cast states
increased with increasing Si content and decreasing
solidification rate.
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Fig. 13—Longitudinal cross section of stress rupture samples, showing the morphology of the phases precipitated on the grain boundaries (GB)
close to the fracture surface () and (b) casting O and (c¢) and (d) casting P, presenting a secondary crack propagating along the grain boundary.

Table XI. Chemical Compositions (in Wt Percent) of Different Phases Observed in the Longitudinal Cross Sections, Obtained
Through EDX Analysis

Phase Composition (Weight Percent)
Al Si Ti Cr Fe Ni Nb Mo

Phase Location

Y matrix 0.12 0.14 0.87 18.13 21.01 5099 510 3.25
NbC grain boundary 0.01 0.08 7.24 097 1.01 213 87.24 1.30
o (Figure 12(a)) grain boundary 0.36 0.32 135 14.51 16.62 52.82 11.41 2.61
Laves (Figure 12(b)) grain boundary 0.28 1.80 0.79 14.53 17.58 37.26 18.24 9.53

Laves (Figure 13(d)) grain boundary laves present at secondary crack 0.35 1.60 0.72 1540 1828 41.08 14.75 7.83

After homogenization, HIP, and solution heat
treatment, residual content of Laves phase (< 0.35
pct in area) was observed only in the samples with
highest Si content (0.17 wt pct) and slow solidifica-
tion rate (0.52 °C/second). In the slowly solidified
castings, the application of an additional pre-HIP
heat treatment for 2 hours at 1052 °C was not
sufficient to eliminate the Laves phase completely.
Small amounts of residual Laves phases (0.14 to 0.35
wt pct) adversely affect both hot ductility and stress
rupture properties.

Hot ductility tests indicated that the presence of
residual Laves phase led to an earlier decrease in hot
ductility in on-heating tests and retarded ductility
recovery in on-cooling tests.

In castings with high Si content (0.17 wt pct) and low
solidification rate (0.52 °C/second), incipient
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melting of Laves phases contributed to the early
ductility decrease. The ductility loss in samples with
low and conventional Si content (0.051 and 0.11 wt
pct) was attributed to constitutional NbC liquation.
In on-cooling tests of samples with the highest Si
content (0.17 wt pct), the lower ductility recovery
temperature (DRT) and expanded brittle tempera-
ture range (BTR) were attributed to areas with
persistent grain boundary liquation observed on the
fracture surface due to the incipient melting of the
residual Laves phase.

In the slowly solidified samples, with coarser grain
sizes and smaller aspect ratios, the very slow
recovery rate and very limited ductility recovery
capability were associated with longer liquid conti-
nuity along grain boundaries after incipient melting
and constitutional NbC liquation.
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Stress rupture properties

e Stress rupture properties (life and ductility)
decreased by approximately 30 pct when the Si
content was raised from 0.051 to 0.17 wt pct. This
decrease was attributed to the formation of a
semicontinuous network of elongated Laves phase
along grain boundaries. The sample with low Si
content had serrated intergranular é phase needles
protruding from grain boundaries into surrounding
matrix grains. This microstructure was more effec-
tive in preventing crack initiation and propagation
along grain boundaries than the one with Laves
phase on the grain boundaries.
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