TOPICAL COLLECTION: PROCESSING AND APPLICATIONS OF SUPERALLOYS

In-Situ Monitoring of Phase Transition ®

Check for

and Microstructure Evolution in Ni-Based
Superalloys by Electrical Resistivity: Direct
Comparison With Differential Scanning Calorimetry

and Application to Case Studies
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In this study, resistivity measurements are made during continuous heating and cooling on four
different Ni-based superalloys of different grain structures and with different phases (i.e., " and
carbide). The results are directly compared with differential scanning calorimetry (DSC) profiles
to identify the material’s resistivity response. The resistivity measurements have been performed
using an electro-thermal mechanical testing (ETMT) system having a capability of heating and
cooling a sample at a rate of up to 100 K/s by Joule heating, which is not possible with standard
heating methods used in previous in-situ microstructure analysis approaches. By comparing
different precipitate variations and thermal histories, y” volume fraction and precipitate number
density are found to be the most important factors determining the resistivity of the materials.
In-situ resistivity measurement was applied to several case studies to show that it can provide
microstructural information in complex high temperature experiments.
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I. INTRODUCTION

NI-BASED superalloys offer mechanical and envi-
ronmental durability for high temperature applications
such as the hot section of aero engines, power generating
gas turbines, and turbochargers.!""? Heat treatment is an
essential part of manufacturing of Ni-based superalloys
due to the large number of alloying elements that confer
superior properties.!'** While some applications do not
require heat treatment and the material is used as-cast,
multi-step heat treatments are usually applied as this
microstructural optimization gives substantial improve-
ment in mechanical properties. Thus, solvus and lig-
uidus temperatures must be defined in order to
solutionize and homogenize the y/y” system superalloys
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during solution heat treatment, or to apply a subsolvus
heat treatment depending on applications. The kinetics
of ¢ precipitation and growth are also of interest for
adjusting precipitate size during aging treatments. Tra-
ditionally, thermal analyses such as differential thermal
analysis (DTA) and differential scanning calorimetry
(DSC) are used as the first step to determine heat
treatment conditions.> !

In-situ measurement techniques such as neutron and
synchrotron X-ray diffractometry are also utilized in
order to understand microstructure evolution and phase
transitions during continuous heating/cooling, y” volume
fraction and y/y” lattice misfit at different temperatures,
and microstructural change during deformation of
Ni-based superalloys."'”1" These are very powerful
methods and they have provided substantial contribu-
tions to understanding in this research field. The most
significant point detracting from these methods is the
relatively limited access to these experimental facilities
and their operating costs.

Electrical resistivity measurement is an in-situ method
that can detect microstructural changes at various
temperatures. It has been used to assess material
properties in different metallic systems such as Al, Ti,
and Zr alloys."® 2" In the case of Ni-based sugeralloys,
it can be used to characterize %rain growth,*? volume
fraction of the 3§’ phase,”*?* and dissolution and

precipitation kinetics of 7’ phase.?**>! However,
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Table I. Chemical Composition of Experimental Alloys in Wt pct (Ni Bal.)
Alloy Co Cr Mo W Ta Fe Ti Nb Re Hf Si C B Zr
Waspaloy 12.33  19.5 3.81 144 133 3.02 0.04 0.005  0.05
AD730® 888 16.19 3.14 279 4.2 244 364 1.12 0.01 0.011  0.032
STALIS 524 1506 097 383 821 0.03 444 0.01 0.95 0.18  0.035
CMSX-4® 9.74 625 062 659 695 0.03 588 0.99 3.31  0.087

electrical current can accelerate recovery and recrystal-
lization, and it can, in principle, affect the })hase
transformation process in metallic materials.?** Sev-
eral studies have made attempts to extract microstruc-
tural information from Ni-based superalloys through
electrical resistivity measurement.?*?32>2331 Other
studies directly compared DSC and resistivity for
analyses of physical proFertles but data on superalloys
are particularly limited.!"”2"3*3% Qverall, the analyses
so far have been limited to specific and fundamental
uses, and there is a need for comprehensive understand-
ing to make the best use of this method.

In this study, the resistivity of four different Ni-based
superalloys was measured during continuous heating
and cooling using an electro-thermal mechanical testing
(ETMT) system that uses the Joule effect for controlling
specimen temperature.>>! Results are compared with
the standard DSC method to rationalize the resistivity
response caused by the microstructural changes in the
materials. Different heating and cooling rates were used
in order to understand factors that can affect the
resistivity of the materials. In this way, it is shown that
measurement and analysis of resistivity changes helps to
understand a material’s state in a non-destructive
way.*# Finally, three different case specific experiments
that take advantage of in-situ resistivity measurement
are presented and discussed to illustrate how the results
can be used to interpret microstructural evolution.

II. EXPERIMENTAL METHODS

A. Materials

A total of four different Ni-based superalloys, Was-
paloy, AD730® (AD730 is a registered trademark of
Aubert & Duval), STAL15 and CMSX-4® (CMSX-4 is
a registered trademark of Cannon-Muskegon) were
characterized in this study. The analyzed compositions
of the materials are in Table I, their processing histories
are given in Table II, and their initial microstructures
are shown in Figure 1. Waspaloy is an age-hardened
superalloy produced by the cast and wrought process
and it is one of the most widely used alloys for turbine
disc and ring seal apphcatlons in gas turbines.’”-%!
Waspaloy bars were received in the as heat-treated state.
AD730® is a cast and wrought alloy having superior
high temperature performance compared to Waspaloy,
nevertheless, with good hot workability.?%*% AD730®
was recelved in the form of as-forged billet. STALI1S is
single crystal (SX) superalloy designed for industrial gas
turbine application with very good resistance to
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environmental degradation and contains carbon for
casting defect tolerance.*'*?) CMSX-4® is another SX
superalloy with balanced high temperature mechanical
properties and hence is one of the most popular
Ni-based SX superalloy used for turbine blades of aero
engines.*’) The two types of SX superalloys were
received as fully heat-treated bars. In addition to the
Ni-based superalloys above, commercially pure Ni
(purity 99.45 pct) was also used in this study.

B. In-situ Resistivity Measurement Using
Electro-Thermal Mechanical Testing (ETMT) System

Figure 2 illustrates the setup of the ETMT system for
measuring resistivity during heating and cooling. Spec-
imens were extracted from the bars or billet using
electric discharge machining (EDM) 1nto the geometry
shown in Flgure 2(a) This 1 x 1 mm? cross section was
chosen to minimize temperature variation from the core
to the surface of the specimen.”*** Four sides of the
specimen gauge were polished to P4000 grade SiC
abrasive paper to remove the surface layer affected by
EDM. Either a R-type thermocouple or a K-type plus
R-type dual thermocouples were used for controlling the
temperature. The R-type thermocouple has a £ 10 K
error at 1100 °C due to its sensitivity to thermal-electric
voltage that can be disrupted by electrical current that
cannot be avoided in the Joule heating method (parasitic
voltage effect).*”! Because of the high electrical current
density (especially at temperatures above 1200 °C),
thermal electric voltage can be influenced easily, and
this may cause an inaccurate temperature reading up
to + 25 K. Additionally, two Pt (99.99 pct) wires were
used to measure the -electrical potential difference
instead of dlumel (Ni-2Al-2Mn-1Si) wires used in the
prev1ous study 1 Because all the tests were performed
in air, Pt wires were chosen for better oxidation
resistance and durability at very high temperature above
1200 °C. All wires used in this study have 0.125 mm
diameter and were supplied by Goodfellow as qualified
thermocouple wires. The tips of thermocouples were
made into a 0.5 mm diameter bead by inert gas arc
welding. Thermocouple beads were spot-welded at the
gauge center and the two Pt wires were spot-welded
1.5 mm away from each side of the thermocouples. This
3 mm center part between two Pt wires was considered
as gauge section for tensile straining and resistivity
measurement. Specimen thickness and width were mea-
sured by a micrometer prior to the experiments.
Figure 2(b) shows a sample after attaching all wires.
Configuration of the ETMT system with a miniature

METALLURGICAL AND MATERIALS TRANSACTIONS A



Table II. Processing History of Experimental Alloys

Alloy Type Received State

Heat Treatments Remarks

Waspaloy cast and wrought 16.4 mm diameter bar

1010 °C/4 h/water quench

heat-treated

AD730® cast and wrought 10 inch billet
as-forged
STALI1S investment single 25 mm diameter bar
crystalline casting heat-treated
(bridgman casting)
CMSX-4® investment single 14 mm diameter bar

crystalline casting
(bridgman casting)

heat-treated

— 843 °C/4 h/air quench (AQ)

— 760 °C/16 h/AQ

1300 °C/5 h/AQ
— 1100 °C/6 h/AQ
— 850 °C/20 h/AQ

1321 °C/2 h/AQ
— 1140 °C/6 h/AQ
— 870 °C/20 h/AQ

ETMT samples were taken
from 30 mm away from
outer diameter

crystallographic misorientation

< 5 deg from (001)

crystallographic misorientation
< 5 deg from (001)

(b) AD730"

Fig. 1—Initial microstructure of experimental superalloys used in this study. (a) Waspaloy, (b) AD730®, (c) STALI15, (d) CMSX-4®.

specimen held by water-cooled grips is shown in
Figure 2(c).

Before heating for the resistivity measurements, each
specimen’s temperature distribution was checked using a
FLIR 655sc infrared (IR) thermal camera equipped with
T198059 close-up IR lens having a spatial resolution of
50 um. Specimen surfaces were coated with LabIR®
HERP-HT-MWIR-BK-11 thermographic spray paint to
achieve a high emissivity surface. The specimen position
was carefully set to ensure the highest temperature of the
parabolic temperature distribution across axial direc-
tion*®! is located at the spot-welded thermocouple.
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Whilst the thickness and width of the resistivity
measurement section has been measured by a microm-
eter, the length of the measured section is fixed at 3 mm.
However, during heating, the material will experience
thermal expansion; the thermal expansion coefficient of
Ni-based alloys is in the range of 1.3 to 1.7 x 107°/°C.
Because the thermal expansion is not linear, measure-
ment is needed for accuracy especially for detection of
phase transition temperatures. The thermal strain was
measured by digital image correlation (DIC) using an
iMetrum non-contact video extensometry system with
VideoGauge software, which was used in previous
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Fig. 2—Experimental setup of resistivity measurement using miniature testing specimen and the ETMT system. (¢) geometry of a specimen
having 1 mm x 1 mm section. (b) Miniature specimen after spot welding K-type thermocouple (TC), R-type TC, and Pt wires for measuring
electrical potential difference. (¢) Miniature specimen held by water cooled grips at both ends.

studies.***! VHT flame proof high temperature spray
paint was used to apply speckle patterns on the sample
surface to track the thermal strain. This video exten-
sometry setup can measure the specimen’s strain up to
1100 °C due to the temperature capability of the paint
and incandescence.

Experimentally measured thermal strains of AD730®
and CMSX-4® are shown in Figure 3. They show
reasonably good agreement with the results from
CMSX-4® obtained using dilatometry by Epishin
et al*" Thermal strain &7 above 1100 °C was extrap-
olated using curve fitting Eq. [1] from the study by
Epishin ez al*"

er(T) = a+ bT + ce’” 1]

Fitting parameters obtained for the present study are
a= — 9.049 x 1074, b = 1.524 x 107°/°C,
¢ =6384 x107° and d = 577 x 1073/°C, and T is
the temperature of the material in °C. The same fitting
equation using temperature in K gives an almost
identical fitting parameter for 5. The fitting parameter
b is in the same order as the thermal expansion
coefficient of Ni-base alloys (1.3 to 1.7 x 107°/°C)
which validates that this fitting is practical. Resistivity
was then obtained by applying Eq. [1] for calculating the
thermal expansion of the measurement volume at the
temperature of measurement.

Tensile plastic straining was also performed on
STALI15 and CMSX-4®. Samples were heated in the
ETMT system (equipped with a 5 kNN load cell) by Joule
heating, and the same video extensometry system with
DIC was used for strain measurement within a 3 mm of
gauge center consistent with our other studies.2®4¢!
Deformation rate was controlled by a displacement
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Fig. 3—Thermal strain of AD730® and CMSX-4® measured by
video extensometry during heating in the ETMT at 5 K/s. Result
from the study by Epishin er al.l*"Vis also plotted for comparison.

measured by a linear variable displacement transducer
(LVDT).

C. Differential Scanning Calorimetry (DSC)

DSC was conducted using a Netzsch DSC 404 F1
Pegasus (heat flux type DSC) having temperature and
sensitivity calibrated using 6 pure metals (In, Bi, Zn, Sn,
Al, Au) as references. Superalloy samples were polished
to P2500 grit SiC abrasive paper to have a 60 to 70 mg
mass and they were placed inside a PtRh crucible/lid
with an Al,O; liner in a PtRh chamber. Heating and
cooling rates were 10 K/min (0.17 K/s) under an argon
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atmosphere. The baseline was measured using an empty
crucible and the same heating/cooling cycle prior to
measurements on superalloy samples. In addition, phase
equilibria were calculated using ThermoCalc software
and the TTNi8 database for all four alloys. Calculated
values were used to aid in the identification of phase
transition temperatures following DSC and resistivity
measurements.

D. Microstructure Characterization

Specimens after thermal and mechanical experiments
were polished up to 1 um diamond suspension and

finished by colloidal silica  suspension  for
600
5KI/s \
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Fig. 4—Resistivity of commercially pure Ni measured during two
different heating/cooling rates, 5 and 0.33 K/s (20 K/min).
Temperature was measured by a K-type thermocouple up to 400 °C
and by an R-type thermocouple above 400 °C.

microstructural characterization. Three different field
emission gun scanning electron microscopes (FEG-
SEM) were used for different techniques. Electrolytic
etching was employed using 15 pct phosphoric acid at
3 V to expose 7’ precipitates and a JEOL JSM-6500F
was used to obtain secondary electron images (SEI) of
the y/y” microstructure. Electron channeling contrast
images (ECCI) were obtained using a Zeiss Crossbeam
540 FEG-SEM with Gemini 2 column. ECCI images
were acquired at an accelerating voltage of 30 kV and
probe current 5 nA with a stage tilt of 10 deg. A Zeiss
Merlin FEG-SEM with Gemini 2 column and a Bruker
electron backscatter diffraction (EBSD) system was used
for confirming that recrystallization had taken place in
one of the case study experiments explained in a
subsequent section.

III. FUNDAMENTAL RESULTS
ON RESISTIVITY MEASUREMENTS

A. General Resistivity Response During the Heating
and Deformation of Ni-Based Materials

The resistivity of metallic materials generally increases
monotonically with increasing temperature due to
phonon vibration as observed for commercially pure
Ni shown in Figure 4.***! Two heating and cooling
rate experiments were performed on pure Ni at 5 and
0.33 K/s (20 K/min). For both rates, curves were
overlapping during all period and showed a kink at
323 °C, which represents the Curie temperature of this
material. Because the purity of this Ni sample was not
particularly high (99.45 pct), the Curie temperature is
slightly lower than the theoretical one of 354 °C. The
resistivity variation above the Curie temperature
revealed linear behavior with increasing temperature.

Figure 5 shows various measurements that can be
done by the ETMT system. Resistivity of superalloys
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Fig. 5—(a) Resistivity of STAL1S during heating at 0.17 K/s. Temperature was measured by R-type thermocouple. (b) Tensile test on STAL1S
at 950 °C with strain rate 1.7 x 107> s~ (plastic regime) up to 6 pct plastic strain. Electrical resistance (black), displacement by LVDT (red),
engineering strain by DIC (violet), engineering strain by resistance (cyan) and engineering stress (blue) are presented as a function of time (Color

figure online).
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Fig. 6—DSC profile (black curve) and resistivity (red curve) of Waspaloy («), AD730® (b), STAL15 (¢), and CMSX-4® (d), at heating rate of
0.17 K/s (10 K/min) as a function of temperature. Temperature was measured by R-type thermocouple (Color figure online).

during continuous heating typically presents three dif-
ferent sections, as is shown in Figure 5(a) which is
demonstrated on STAL1S5 Ni-based SX superalloy at a
heating rate of 0.17 K/s: increasing resistivity with
constant y/y” phase microstructure, decreasing resistivity
due to y” dissolution, and linear increasing resistivity of vy
phase solid solution. Different STAL1S5 sample was
deformed in tension at 950 °C with a strain rate of 1073/
s up to 6 to 7 pct plastic strain as shown in Figure 5(b).
LVDT displacement is the controlling mode that has
linear increment during the test. Both electrical resis-
tance and engineering strain shows linear increments in
the plastic regime, whereas the elastic regime is not
having constant deformation rate due to intrinsic
temperature distribution effect of high temperature tests
in the ETMT system.*” The strain measured by DICH®
and strain calculated from the electrical resistance*® are
overlapping that giving identical values to each other.
Because extension of electrical potential measuring
section affects electrical resistance heavily, microstruc-
tural change during the deformation could not be
detected by the resistivity. This STAL1S5 sample after
interrupted tensile test was then used for one of the case
studies in later section.
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B. Direct Comparison of DSC and Resistivity
for Detecting Phase Transition

The heating thermograms of DSC analysis on four
different superalloys are shown in Figure 6 with resis-
tivity profiles at the same heating rate, 0.17 K/s (10 K/
min). Arrows are pointing at different peaks and
inflections of curves to indicate phase transitions. Peaks
and inflections were identified using the first derivative
of curves. Waspaloy and AD730® exhibit multiple
peaks in the DSC profile before complete 7" dissolution.
STAL15 and CMSX-4® have a more pronounced 7y’
dissolution due to a higher )" volume fraction and less
variety of precipitate types. A summary of phase
transitions detected by DSC and resistivity measure-
ments is given in Table III.

In the heating of Waspaloy in the DSC (Figure 6(a)),
the endothermic peak at 1044 °C is the 3" solvus
including intergranular precipitates.*”! The peak before
the y” solvus at 997 °C is consistent with the dissolution
of M»;Cg carbide phase.[*”! This behavior during heating
is reflected in the resistivity curve which has multiple
inflections. The decreasing resistivity at 775 °C indicates
the onset of )" phase dissolution. During 7" phase

METALLURGICAL AND MATERIALS TRANSACTIONS A



Table III. Summary of Phase Transition Temperatures (°C) Obtained by ThermoCalc TTNi8 Database (Calculated Equilibrium),
DSC (Heating Rate 0.17 K/s) and Resistivity (Heating Rate 0.17 K/s)
Alloy Method Liquidus  Solidus MC Y Onset of y” Dissolution ~ M3B,  M»3Cg Plo u
Waspaloy TTNi8 1364 1266 1304 1022 964 664
DSC 1396 1287 — 1044 760 997
resistivity 1023 775 976
AD730® TTNi8 1347 1258 1275 1113 1079 953 847 698
DSC 1st 1345 1247 1325 1112 765 1080 819
resistivity 1107 830 1008
STALI1S5 TTNi8 1357 1296 1324 1152 1030
DSC 1st 1361 1302 1350 1179 800
resistivity 1184 853
CMSX-4®  TTNi8 1373 1307 1268 1212
DSC 1st 1385 1335 1277 840
resistivity 1255 821
1300 * 200
%)  CMSX-4 heating —
05’ * CMSX-4 cooling *%e
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Fig. 7—(a) 7" solvus and re-precipitation temperatures of four superalloys after cooled at 5 K/s from supersolvus temperatures (solid lines) and
as-received state (dashed lines) defined by resistivity. (b) Difference between T (7" solvus) and T, (7 precipitation) defined by resistivity as a

function of heating and cooling rates.

dissolution, there is a small transition at 976 °C, which
probably corresponds to M,3Cq carbide dissolution.
This carbide dissolution is in good agreement with the
previous study reporting grain boundary cavitation after
overheating at 1000 °C.°%

Like Waspaloy, AD730® (Figure 6(b)) also has DSC
peaks corresponding to dissolution of M,3C¢ and )’
phases at 1042 °C and 1112 °C, respectively. The solvus
temperature of M,3Cq was identified as a small kink
during decreasing resistivity at 1008 °C and that of y” is
the peak shown at 1107 °C in the resistivity curve.
Minor M;3B, boride is known to precipitate in
AD730®,"% and its solvus was found in the DSC data
with a small peak between those of M,3Cy and § at
1079 °C, while it was difficult to distinguish in resistivity.

Waspaloy and AD730® have another common
behavior of the resistivity curve inflection between
600 °C and 650 °C (Figures 6(a) and (b)). For exam-
ple, Waspaloy has the DSC peak at 598 °C and dip
between two upward resistivity peaks at 620 °C.
AD730® has the resistivity curve inflection at 626 °C
that matches with the DSC peak at 627 °C. These

METALLURGICAL AND MATERIALS TRANSACTIONS A

seem to indicate a microstructural event potentially
caused by dissolution or coalescence of very fine )’
precipitates with diameter less than 50 nm according
to other studies.***®" ThermoCalc TTNi8 database
predicts a p phase transition at 664 °C for Waspaloy,
however, this is unlikely to occur since carbides are
only possible minor phase in Waspaloy unless it is
aged for more than 2000 hours.!

SX superalloys, STAL1S5 (Figure 6(c)) and CMSX-4®
(Figure 6(d)), have less complicated DSC thermograms
and resistivity profiles compared to those of the poly-
crystalline (PX) superalloys. The y” solvus temperatures
were clearly identified for both STAL15 and CMSX-4®
in the two different methods. ThermoCalc predicted the
dissolution of P/u phases at below 1212 °C for
CMSX-4®; however, it is unlikely to be observed during
heating at rate of 0.17 K/s. In fact, neither a peak nor a
transition in the curve was found in both DSC and
resistivity. Generally, 2nd generation SX superalloys
have good enough y/y” stability to avoid the formation
of such topologically close-packed (TCP) phases for at
least 10 hours at 1000 °C.[5*33)

VOLUME 54A, MAY 2023—1555



Table IV. Heating and Cooling Cycles Applied to Waspaloy

Cycle Heating/Cooling Rate Purpose Figures
(1) 5K/s microstructure reset
(i) 5K/s benchmark Figures 8, 10, 11(a), black
(1i1) 50 K/s compare with 5 K/s (2) and 10 K/min (5) after 5 K/s Figures 8, 10, red
Figure 11(b), black
(iv) 5K/s compare with 5 KJ/s after 5 K/s (2) Figure 11(b), red
W) 10 K/min compare with 5 K/s (2) and 50 K/s (3) after 5 KJs Figures 8, 10, blue
(vi) 50 K/s compare with 50 K/s after 5 K/s (3) Figure 11(b), blue

The resistivity of the four alloys were measured using
different heating and cooling rates (0.17, 5, 50 K/s) to
compare the kinetics of y” dissolution and re-precipita-
tion. Solvus and re-precipitation temperatures were
measured after cooling from supersolvus temperature
at 5 K/s in the ETMT system. In addition, those for
Waspaloy and AD730® were also obtained from
as-received material. Solvus and re-precipitation tem-
peratures are plotted in Figure 7(a) and the difference of
solvus and re-precipitation temperatures is plotted in
Figure 7(b). The results show typical behavior of
delayed dissolution for faster heating rates and larger
magnitudes of undercooling for faster cooling rates.
Both Waspaloy and AD730® reveal a higher y” solvus in
as-received state compared to that after cooling at 5 K/
s. Particularly at the fastest heating rate 50 K/s, com-
plete dissolution of the y” phase in AD730® occurred at
a higher temperature than the " solvus of STALIS.
Most probably, a very large primary 7" in Figure 1(b) is
the reason for delaying complete dissolution in
AD730®. Alloys with a lower 9" solvus (Waspaloy,
AD730®) have large differences in solvus and re-pre-
cipitation temperature compared to SX superalloys
(STALI1S5 and CMSX-4®) with higher solvus tempera-
tures. The smallest difference for CMSX-4® is likely to
be due to a faster diffusion at very high temperature that
eases dissolution and re-precipitation.

C. Relationship Between Initial Microstructure
and Heating Rate in Waspaloy

General resistivity responses are described in the
previous subsection with a heating rate of 0.17 K/s
(10 K/min). This section explains details of microstruc-
ture and resistivity behaviors during different heating
and cooling rates which were studied for Waspaloy.
Multiple heating and cooling cycles can create an
irreversible effect on the microstructure and resistivity
of a material.® In this study, we confirmed that
repeated heating and cooling cycles at 5 K/s created a
reversible microstructure for Waspaloy (i.e., repeated
cycles of 5 K/s give identical resistivity profiles) which
will be explained later in this section. Therefore, 5 K/s
was determined to be a benchmark and used prior to
different heating rates to compare the effect of different
heating and cooling rates.

Six cycles of heating and cooling were performed on
the same Waspaloy sample (cycles are listed in Table IV)
without detaching any wires and without removing the
sample from the ETMT machine to keep measurements
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Fig. 8—Resistivity of Waspaloy during cooling down from 1200 °C
at different cooling rates, 50, 5, and 0.17 K/s. Temperature was
measured by R-type thermocouple.

consistent. Regardless of heating and cooling rates, the
sample was heated up to 1200 °C and kept at that
temperature for 60 seconds before cooling. Cycle (i) is to
remove the effect of the as-received microstructure,
which is described as a “‘reset” of the microstructure.
Cycle (ii)) is a 5 K/s heating and cooling cycle that
creates a benchmark for comparisons. Cycle (iii) was
heated at 50 K/s and cycle (v) was heated at 0.17 K/s
with previous cycle cooled at 5 K/s. Cycle (iv) was
heated at 5 K/s with previously cooled at 50 K/s. Cycle
(vi) was heated at 50 K/s with previously cooled at
0.17 K/s. Resistivity profiles and microstructures of
Waspaloy from experiments described in Table IV are
shown in Figures 8 through 11.

Figure 8 shows a plot of resistivity vs temperature
for Waspaloy during three different rates (0.17, 5, and
50 K/s) of cooling from 1200 °C. In the supersolvus
regime, resistivity decreases linearly as was observed for
the heating curve in Figure 6(a). An instantaneous
increase of resistivity indicates re-precipitation of 7’
phase. Re-precipitation peaks in Figure 8 clearly show
that faster cooling rate delays the y” precipitation onset
as summarized in Figure 7(a). During cooling, only the
slowest cooling condition at 0.17 K/s gives two upward
peaks as shown in Figure 8. The transition at 656 °C
and the small peak at 563 °C are indications of possible
nano-scale tertiary " precipitate nucleation and those
temperatures agrees well with the 2" burst of 3’
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Fig. 9—Precipitate scale microstructure of Waspaloy after cooling from 1200 °C with different cooling rates using the ETMT. (a) As-received
material with standard three step aging treatments. (b) Cooling rate at 50 K/s. (¢) Cooling rate at 5 K/s. (d) Cooling rate at 0.17 K/s (10 K/min).
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Fig. 10—Resistivity of Waspaloy during hearting up to 1200 °C at
different hearing rates, 50, 5, and 0.17 K/s. The material was
previously cooled down from 1200 °C at 5 K/s (microstructure
shown in Fig. 8(c)). Temperature was measured by R-type
thermocouple (Color figure online).

nucleation in slow cooled Rene88DT.P Another study
on a powder metallurgy alloy reported that tertiary
precipitates can nucleate when the cooling rate is lower
than 3 K/s.** On the other hand, at faster cooling rates
5 and 50 K/s, such a peak was absent thus suggesting a
monomodal precipitate size distribution.

METALLURGICAL AND MATERIALS TRANSACTIONS A

To confirm the interpretation of the resistivity
responses during cooling from 1200 °C at different
cooling rates, the microstructure of Waspaloy, both
as-received and following different thermal histories,
were examined using the SEM (Figure 9). 50 K/s
(Figure 9(b)) and 5 K/s (Figure 9(c)) have monomodal
precipitate size distributions as suggested by resistivity
plots in Figure 8. At a cooling rate of 0.17 K/s in
Figure 9(d), there are seen to be both large secondary
and very fine precipitates in the matrix, which agrees
with an inflection interpreted as very fine 7" formation in
Figure 8. Such very fine precipitates in Figures 9(b) and
(d) are not clearly visible in the SEM. This is believed to
be because etching removed the y matrix to expose y’
precipitates and the very fine precipitates could not be
easily retained when the matrix was removed.

The effect of the heating rate on Waspaloy after it had
been cooled down at 5 K/s (Figure 9(c)) was compared
and the results are shown in the resistivity-temperature
plots of Figure 10. Regardless of heating rate, two
upward peaks are apparent in Figure 10. All the peaks,
including the y” phase dissolution, are shifted toward
higher temperature as the heating rate increases. All
three heating rates indicate a lower temperature peak at
578 °C (0.17 K/s), 639 °C (5 K/s) and 671 °C (50 K/s).
These lower temperature peaks are suggesting possible y”
precipitate reactions such as nucleation/dissolution/co-
alescence of the very fine scale ones during all the
heating rates investigated.
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Fig. 11—Resistivity of Waspaloy with different initial microstructure during hearting up to 1200 °C. Heating rates at 5 K/s () and 50 K/s (b).

Temperature was measured by R-type thermocouple (Color figure online).

Using microstructures obtained by different cooling
rates (Figure 9), the effect of precipitate sizes on
resistivity-temperature plots was compared at a fixed
heating rate, 5 K/s (Figure 11(a)). Prior cooling at
50 K/s resulted in a higher resistivity during heating
compared to prior cooling at 5 K/s up to 902 °C. The
number density of " precipitates is expected to be higher
when the material has been previously cooled with a
very rapid rate (Figures 9(b) vs (c)),’®" and this poten-
tially created nano-scale 7" precipitates that become a
source of large electrical resistance.****! The major 7’
dissolution (second peak at 780 °C) started at a lower
temperature with higher resistivity for the material
cooled at 50 K/s. Similar precipitation reactions were
previously observed in an additively manufactured
Ni-based superalloy without 7" phase and in supersat-
urated state.®”) Because of substantially high number
density of very fine y” precipitates, Ostwald ripening was
probably very active at the second peak that decrease of
resistivity started earlier by combination of decreasing
precipitate number density and " volume fraction. The
complete dissolution temperature was, however, the
same for the two different thermal histories because the
heating rate was not fast enough that their microstruc-
ture became identical at 902 °C before the complete
dissolution. Moreover, the two cooling curves in
Figure 11(a) are completely overlapping, which proves
that the microstructure has been fully solutionized at
1200 °C and that an identical microstructure was
obtained during cooling regardless of prior thermal
history. This validates the assumption that 5 K/s can
“reset” the Waspaloy microstructure regardless of its
previous state.

A similar comparison was made using prior cooling
rates at 5 and 0.17 K/s and the subsequent heating rate
was fixed at 50 K/s (Figure 11(b)). Resistivity-tempera-
ture plots were initially the same and then started
deviating at approximately 630 °C. The significant
difference appeared in the major y” dissolution, both
onset and completion of y” dissolution shifted to higher
temperature for coarser microstructure. It is predicted
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that a 0.17 K/s cooling created a coarser microstructure
with a larger fraction of the )’ phase compared to
cooling at 5 K/s and that resulted in a much higher
dissolution temperature as longer time is expected for
phase transformation to take place.

IV. APPLICATION OF IN-SITU RESISTIVITY
MEASUREMENTS FOR CASE SPECIFIC STUDIES

Resistivity measurements were utilized for monitoring
microstructure behavior during different types of case
specific experiments and the results are reported in this
section. The first one is on Waspaloy; it demonstrates an
in-situ detection of 9" re-precipitation during heating
cycles of the type seen in multi-pass welding. To
rationalize the effect of dislocations and microstructure
evolution on resistivity, two other case specific experi-
ments were designed and performed on Ni-based SX
superalloys, STAL15 and CMSX-4®. Experimental
strategies, main results, and discussions regarding inter-
pretation of resistivity responses are presented in this
section.

A. Multi-pass Welding Simulation of Waspaloy

Welding is an important refurbishment technology for
high temperature turbine applications, where casings,
seals, blades, and other components’ life can be effec-
tively extended.’* % The industrial challenge here is
associated with defects, such as strain-age cracking,
ductility exhaustion, and creation of a residual stress
field, induced by precipitate evolution.”® Therefore, to
best inform processing and appropriate control of
microstructure, the precipitation evolution during ther-
mal cycling must be better understood. For industrial
relevance, a heating and cooling rate in the order of
100 K/s in between the last ageing temperature and near
solidus point,'®"! j.e., approximately 700 °C to 1200 °C
was employed. Such experimentation is rarely done
because the thermal cycling rate is normally beyond the

METALLURGICAL AND MATERIALS TRANSACTIONS A



1250 1200
Heating/cooling rate: 100 K/s
4 5 1100
1200 |-
E
(@] 1000
=
2 1150 |
=
7] 900
[
Q
14
1100
800
Waspaloy
1050 700
15

Temperature (°C)

1250

1200
E
@]
=
2 1150
=
®
[7]
0
14
1100 - First major nucleation
1050 1 1 1 1
700 800 900 1000 1100 1200
Temperature (°C)
(b)

Fig. 12—(a) Resistivity (black) and temperature (red) during heating cycles on Waspaloy mimicking multi-pass welding. (b) Same resistivity was
shown as a function of temperature. Dotted lines in (b) shows linear part that indicates resistivity behavior of solid solution. Temperature was

measured by R-type thermocouple (Color figure online).

capability of a conventional resistance furnace, and
in-situ monitoring of hardening precipitates (y” or y”)
typically relies upon sufficient time for data collection
during synchrotron radiation experiments.!'%1%1¢!

Having the above in mind, we utilized the ETMT
system to gain insight into the aforementioned scenario,
where both in-situ monitoring of phase transition and
high thermal cycling rates can be achieved. Waspaloy, a
y" strengthened weldable superalloy, was taken as an
example to study the multi-pass welding in the solid
state. The material was heated and cooled at 100 K/s
with target temperatures in following order:
1150 °C — 925 °C (cycle 1) — 1075 °C — 875 °C (cy-
cle 2) > 1025°C —» 825°C (cycle 3) —» 975°C —
775 °C (cycle 4) — 925 °C — 725 °C (cycle 5) — RT.
This temperature profile was intended to mimic heating
during multi-pass welding of the material, similar to the
Gleeble testing system that uses DC heating method.
Resistivity and temperature vs time plots from this
simulated multi-pass welding trial are shown in
Figure 12.

Cycles 1 to 3 show similar resistivity peak where
temperature is ranging between 875 °C and 1150 °C.
The resistivity peak increased after the 4th cycle, which
had a heating sequence from 825 °C to 975 °C. Since
cycles 1 and 2 were above the re-precipitation temper-
ature of this material, y” precipitates are unlikely to be
present in this material after the 2nd cycle. Nucleation
temperature during cooling is at 870 °C according to the
resistivity-time plot of the cooling cycle at 50 K/s in
Figure 8. Therefore, limited precipitate nucleation is
expected in the 2nd cycle as the material was cooled
more rapidly at 100 K/s. Waspaloy was then heated up
to 1025 °C during the 3rd cycle, which is very close to
the solvus and minor nuclei can dissolve again. Dotted
lines in Figure 12(b) are indicating linear resistivity that
represents solid solution during the heating and the
cooling. A significant increase in resistivity from this
linear solid solution response was observed between end
of the 3™ cycle from 834 °C to the beginning of 4th cycle
up to 878 °C (see Figure 12(b)) meaning that
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precipitates were allowed to nucleate and grow as the
material was at a sufficiently high temperature for
microstructure evolution. Resistivity again decreases
during heating of 4th cycle as y” dissolution starts again
and reaches to the same level as the 3rd cycle. However,
in another test with the same heating cycles, resistivity at
975 °C (maximum temperature for 4th cycle) was higher
than the 3" cycle at the same temperature. This suggests
that the dissolution was not completed because 975 °C is
below 7" solvus. Considering the previous study on the
overheating effect,**** mechanical properties should be
significantly different if the alloy after 3rd, 4th, and 5th
cycles are compared because the in-situ resistivity
measurement suggests that they have different ” pre-
cipitate sizes and/or volume fraction.

B. Recrystallization of Pre-strained SX Superalloy

The next case study focuses on how resistivity
measurements can be used in a rejuvenation study.
Rejuvenation treatment is a repair method used for
restoring the microstructure of cast superalloys after
long thermal exposure that coarsens their microstruc-
ture.® This method first applies re-solution treatment
to dissolve y” precipitates for stress relaxation and
dislocation annihilation. Then, a standard aging treat-
ment was applied to restore optimal microstructure.
Creep properties of Ni-based SX superalloy can be
extended by this method.!®3-¢4

For this rejuvenation study, the temperature 950 °C
was selected since deformation type at this temperature
can trigger recrystallization at a relatively low strain
magnitude.?”*>%! After the tensile pre-straining shown
in Figure 5(b), the same material was heated using the
ETMT with the following rejuvenation treatment; 5 K/s
to 1100 °C — 1 K/s to 1225 °C — 30 minutes dwell at
1225°C - 5K/s to 1100 °C — 6 hours dwell at
1100 °C — 5 K/s to 100 °C. The rejuvenation temper-
ature was chosen based on the DSC data (Figure 6(c)).
The microstructure of the STALIS sample after
pre-straining and rejuvenation heat treatment was
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Fig. 13—Results on rejuvenation heat treatments performed on STALILS using the ETMT system. (¢) EBSD inverse pole figure referring to the
loading direction after rejuvenation treatment. () Normalized resistivity of STAL1S during rejuvenation treatment, without plastic deformation
(black) and with 6 pct plastic deformation (PD) at 950 °C (red). Resistivity was normalized using value when temperature reached 1225 °C.
Solid and dotted curves are showing heating and cooling sequence, respectively. (c¢) Electrical resistance of pre-strained STALIS during
rejuvenation heat treatment consists of supersolvus re-solutioning at 1225 °C for 30 min and aging treatment at 1100 °C for 6 h (Color

figure online).

analyzed using EBSD and recrystallization was observed
throughout the sample cross section (Figure 13(a)).
Clearly, the dislocation density developed during 6 pct
tensile deformation was high enough to trigger the
recrystallization during the re-solution heating up to
1225 °C. To identify the occurrence of recrystallization,
the same straining was performed again on STALIS, but
heating was up to 1125 °C this time. This sample also
had recrystallized grains, which confirms that recrystal-
lization occurred during heating sequence.

For the direct comparison, STALIS5 alloy without
pre-strain was also heated in the same procedures.
Normalized resistivity curves of these two samples
during heating, dwell, and cooling are shown in
Figure 13(b). The resistivity was normalized using the
value at 1225 °C where complete 9" dissolution and
stress relaxation are expected. The dotted part of the
resistivity curves in Figure 13(b) shows the profile after
the re-solution treatment at 1225 °C. Two materials
without/with plastic deformation have identical resistiv-
ity curves during the cooling down phase. During the
heating sequence, a large deviation between the two
materials is observed up to 995 °C (colored area in
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Figure 13(b)), and pre-strained material shows different
distinctive transition peaks as pointed by arrows. Details
of resistivity change during dwells at 1225 °C and
1100 °C are shown in Figure 13(c). The -electrical
resistance at 1225 °C and at 1100 °C have shown
increments during the entire period regardless of
pre-strain. Since the material was fully (or at least
mostly) solutioned at 1225 °C, increasing resistance at
1100 °C is referring to " precipitation and growth.

From resistivity profiles in Figure 13(b), and the
fact that recrystallization was triggered during the
heating sequence, the difference in normalized resistiv-
ity in Figure 13(b) is probably caused by the disloca-
tions introduced during pre-straining. The normalized
resistivity of the two materials (without/with pre--
strain) followed the same profile after 1000 °C until
the onset of cooling because the recrystallization
eliminated dislocations during the heating phase. In
summary, this type of experimental design’** has
considerable potential as it will help to identify
occurrence of recrystallization (during heating or
dwell) for future studies on recrystallization of single
crystal superalloys.
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Fig. 14—Results of heat treatment applied to CMSX-4® after
introducing 7 pct tensile plastic deformation at RT with strain rate
of 3 x 107° s, (a) Resistivity and LVDT displacement during the
heat treatment at 1100 °C for 6 h. (b)) SEM image of sample after
RT plastic deformation and heat treatment at 1100 °C for 6 h.
White arrows are pointing at pores. (¢) ECCI of the same sample in
(b). White and black arrows are pointing at 7y/y" interfacial
dislocations and tertiary 7" precipitates in the y matrix, respectively.
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C. Dislocation Network and Microstructure Evolution
Induced by Pre-straining

The development of a y/y” dislocation network and
evolution of the microstructure is well-established
behavior during high temperature aging of Ni-based
SX superalloys. Here we investigate the effect of
pre-straining-induced microstructure evolution. This
concept is taken from pre-straining studies on Ni-based
SX superalloys that showed elastic strain around slip
bands that accelerates the development of a y/y” inter-
facial dislocation network and y” precipitate coarsen-
ing.[0¢7%1" Tensile deformation was performed on
CMSX-4® at room-temperature (RT) using the ETMT
system and interrupted at 7 pct plastic strain. The same
CMSX-4® sample was then heat-treated at 1100 °C for
6 hours by DC current in the ETMT to develop a
dislocation network and coarsen precipitates.

The change in electrical resistivity with time during
heat treatment at 1100 °C for 6 hours after the tensile
plastic deformation at RT is shown in Figure 14(a)
along with the displacement measured by the LVDT.
The decreasing resistivity is most probably due to the
decreasing volume fraction of y” phase. This material
was previously heat-treated at 870 °C in the as-received
state to optimize the 7" volume fraction (65 to 70 pct).
The equilibrium volume fraction at 1100 °C is lower
at ~ 50 pct.'%?32%7 The increasing LVDT displace-
ment indicates that the whole system, including the
sample and water-cooled grips, needs approximately
1000 seconds to stabilize; however, it did not affect the
result. If the displacement affects the resistivity, it should
increase due to an elongation of measurement length,
which was not the case for this experiment.

Figure 14(b) is a low magnification microstructure
after the heat treatment at 1100 °C for 6 hours on the
pre-strained sample. It is significant that a large number
of pores are seen at the interdendritic area as pointed by
arrows. According to a previous study, pores can
nucleate and grow during microstructure evolution
associated with dislocation climb.! After the heat
treatment, and as expected from the experiment design,
a high density of y/y” interfacial dislocation networks
(white arrows), coarsened 7" precipitates, and tertiary )’
precipitates within y matrix (black arrows) are visible in
the ECCI image of this sample (see Figure 14(c)).l*”
These features are all in accordance with previous

studies on re-strain  effect on Ni-based SX
superalloys.[®>
Microstructure  observation revealed following

changes after the heat treatment at 1100 °C: increase
of dislocation density; increase of precipitate number
density; pores that nucleated and grew during disloca-
tion development. From the fundamental results on
Waspaloy, presented in a previous section, the distribu-
tion of finer y precipitates strongly affects the resistivity
of the material. Although Figure 14(c) reveals a large
amount of fine tertiary 7y’ precipitates, these formed
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during cooling from the experimental temperature and
so did not affect the in-situ resistivity measurement at
1100 °C. Because metallurgical defects such as disloca-
tions and pores become source of electrical resistance,
they can increase resistivity during heat treatment. On
the other hand, only the decreasing 7 volume fraction
from 70 to 50 pct should decrease electrical resistivity in
this experiment. Because resistivity continuously
decreased as shown in Figure 14(a), it can be concluded
that decreasing volume fraction of )’ precipitates at
1100 °C is the most responsible factor determines
resistivity response.

V. DISCUSSION

Different factors that influence electrical resistivity of
Ni-based superalloys are introduced in the different
experiments conducted throughout the study. Conse-
quently, different resistivity responses were observed in
both the fundamental resistivity measurement and the
case specific studies. In this section, the contribution of
those factors is compared using results obtained and
analyses from other studies. In addition, the benefits of
in-situ monitoring of microstructure transitions by
electrical resistivity are discussed.

A. Relationship Between Microstructure Transition
and Resistivity

First, when the resistivity of commercially pure Ni in
Figure 4 and that of superalloys in Figure 6 are com-
pared, pure Ni has a significantly lower resistivity than
the resistivity of alloys after complete dissolution of the
v" phase. It is widely known that solid solution of
alloying element decreases electrical conductivity, in
another words, it increases resistivity of metallic alloys.
On the other hand, the effect of alloy composition was
difficult to determine from limited results. Because
resistivity of fully solutioned FCC has linear tempera-
ture-resistivity relationship like pure Ni, extrapolated
resistivity can be used to compare different alloys.
Extrapolated resistivity of Waspaloy, AD730®,
STAL15, and CMSX-4® at 1300 °C in Figure 6 will
be 1470,1505, 1421, and 1440 nQ m, respectively. These
numbers suggest that the resistivity of Ni-based super-
alloys increases with grain boundaries (PX superalloys)
or with higher alloying element fraction (AD730® for
PX and CMSX-4® for SX). This seems consistent with
the fact that grain boundaries can increase the resistivity
of metallic alloys.*” However, notable resistivity differ-
ence was not found between recrystallized and non-re-
crystallized STAL1S in our case study. In addition,
repeated heating of PX superalloys did not change
resistivity at super solvus temperatures as shown in
Figures 8, 10, and 11 although grain growth was
observed in a sample after multiple heating cycles. In
fact, grain boundary effect appears only if a grain size is
below 100 nm,"*? which is by far smaller than grain size
of PX superalloys used in this study. Therefore, com-
positional effects of all alloys can be directly compared
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using extrapolated resistivity at 1300 °C, which does not
show a clear relationship between the alloy composition
and the resistivity. It can be concluded that effects of
both grain size and alloy composition of solid solution y
phase on the electrical resistivity are not a significant
factor.

The precipitate size distribution and number density
of precipitates need to be considered as revealed in
Figures 8, 10, and 11. Resistivity was originally thought
to be a simple function of y” volume fraction, and this is
true for high volume fraction SX superalloy like
CMSX-4® after precipitate aging (typically between
1100 °C and 1150 °C) and stabilization aging (around
870 °C).**) However, a multi-modal precipitate size
distribution will change the resistivity response during
heating and cooling.**** The results show a decrease of
resistivity at temperature lower than onset of main )’
dissolution when a nano-scale 7" precipitate dissolves
(Figure 11(a)). This suggests that not only the volume
fraction of ordered L1, phase, but also the area density
of semi-coherent y/y” interfaces is a source of electrical
resistance.

The y/y” interface being a resistivity source leads to
another hypothesis that the magnitude of 7y/y" lattice
misfit can influence the resistivity. Both CMSX-4® and
STALI1S5 have the highest resistivity at around 850 °C in
Figure 6; moreover, CMSX-4® has a much higher
value. Lattice misfit of these alloys between 800 °C
and 900 °C are similar (-0.1 pct) according to the
literature (also lattice parameters of both y and y” phases
are similar).!""*!Y On the other hand, CMSX-4® has a
higher y” volume fraction of 70 pct compared to that of
STALIS5 (60 pct) at the same temperature range.*!477!]
Therefore, the area density of 7y/y" interfaces which
electrical current passes through is a factor that affects
the resistivity of Ni-based superalloys, and the effect of
y/y” misfit is negligible. Overall, the y” volume fraction is
the dominating factor as CMSX-4® has the highest
resistivity of all four materials (according to Thermo-
Calc using the TTNi8 database, y” volume fraction for
AD730® and Waspaloy at 750 °C is 40 and 25 pct,
respectively). Within the same material, the number
density of )" precipitates has a larger effect on the
material’s resistivity. The details of this size distribution
effect neced to be carefully analyzed in future using
precipitation kinetics and diffusion models.*>"?

While different generations of precipitates are respon-
sible for change of resistivity during continuous heating
and cooling, and it can be analyzed in wide range of
heating and cooling rates (0.1 to 100 K/s) in the ETMT
system, attention must be paid to current inertia effect at
the initiation of heating and end of cooling when the
rate is relatively high (typically below 700 °C for 50 K/s
and below 900 °C for 100 K/s). When electrical current
is applied, depending on its intensity, temperature
response has very small lag to the target temperature
during initiation of heating. Also, when the material
temperature is not following the programmed cooling
rate, applied electrical current will be decreased drasti-
cally. These effects are especially apparent in Figure 8
where applied electrical current decreased rapidly after
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700 °C because the actual cooling rate could not follow
programmed rate of 50 K/s, that leads to resistivity that
is not representing microstructural response.

B. Re-precipitation During a Joule Heating

Contribution of other precipitates such as carbides
and borides also needs to be considered. As explained
using Figure 6, resistivity transition at M,3Cy carbide
was observed for alloys with carbon content, Waspaloy
and AD730®. However, during cyclic heating experi-
ments in Table 1V, resistivity transition for carbide was
not observed during any of heating and cooling.
Possibility is that incoherent phases that preferably
precipitate in grain boundary could not re-precipitate at
the original location due to an electrical current effect as
reported in the study by Nicolay ez a/.*® If minor phases
that generally distributes in grain boundaries alterna-
tively precipitated within a grain because of the current
effect, their effect on resistivity can be smaller or similar
to that of intragranular )" precipitates but very low
fraction that does not have much influence on overall
resistivity value.

Indeed, y” precipitates are the most important con-
tributor of the resistivity. It has been shown many times
that resistivity drastically increases with ordered L1, ¢
phase precipitation. This is due to the effect of sublattice
Al that increasing phonon vibration entropy of ordered
L1, phase compared to that of disordered FCC
phase.!””) To understand more on the kinetics of )’
precipitation during cooling under the Joule heating,
AD730® was repeatedly heated and cooled between
1000 °C and 1150 °C at different cooling rates ranging
between 0.008 (0.5 K/min) and 100 K/s to define y’
re-precipitation temperatures. Results plotting 7" re-pre-
cipitation temperatures of Waspaloy and AD730® are
shown in Figure 15. Re-precipitation temperatures of
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Waspaloy and AD730® both showed difference between
two methods, DSC and resistivity, that cannot be
explained by the intrinsic error of temperature measure-
ment using R-type thermocouple.*”) AD730® seems to
have re-precipitation temperature saturation at 1018 °C,
which is by far lower than re-precipitation at 1079 °C
detected by DSC or equilibrium temperature 1113 °C
calculated by ThermoCalc. Although the difference is
not as large as AD730®, this is the same for Waspaloy
having lower re-precipitation temperature in the resis-
tivity method. As summarized in Table III, difference
between resistivity and DSC on y” dissolution is within
the range of the intrinsic error, and it is difficult to say
that the electrical current accelerates dissolution kinetics
or changes phase equilibrium. It seems that, only during
the cooling, re-precipitation kinetics or phase equilib-
rium has been affected by the electrical current leading
to a decreased 7" precipitation temperature.

C. Comparison of Different In-Situ Methods at High
Temperature

As discussed, defining " precipitate dissolution or
nucleation temperatures for different heating and cool-
ing rates is clearly the advantage of in-situ resistivity
measurement using the ETMT. For example, similar
observations were made using synchrotron diffractom-
etry even with a combination with mechanical test!'*'?;
however, the heating and cooling rate is usually limited
to 0.5 to 10 K/s due to the heating method. On the other
hand, resistivity can be used to find re-precipitation
temperatures in very wide range of cooling rates as
shown in Figure 15. This can also be extended to solvus
vs re-precipitation relationship like Figure 7. Especially,
faster heating/cooling rates are much more important
considering rapid solidification and cooling in additive
manufacturing, as-cast application, and solution heat
treatment. Complex and faster temperature control
capability was essential part of the case studies. Also,
relatively small miniature sample and cost of the
experiment can be considered as advantages in compar-
ison to other methods. Indeed, as discussed in the
previous subsection, re-precipitation mechanism seems
to be affected by the electrical current and may not be
representative of material’s physical properties, which
needs further study to understand the mechanisms.

In the current understanding, however, electrical
resistivity measurement can be used to monitor
microstructure only when the elastic/plastic deforma-
tions are absent since electrical potential measurement
distance has a dominant effect (see Figure 5(b)). Com-
bination of complex heating profiles with mechanical
tests are specialty of the ETMT system.[?>30:3475777]
Because of the limitation, the resistivity could not yet
ready for in-situ monitoring of superalloy’s microstruc-
tural behavior during high temperature tests with
relatively high deformation rate. Chance is that it can
be used in low strain tests such as creep or stress
relaxation tests where time dependent microstructure
change is more important for understanding material
properties and strain effect can be removed if strain is
measured by non-contact video extensometry. Reliable
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deconvolution between (relatively large and rapid)
plastic deformation and complex microstructural
change is the challenge requiring further scholarly
attention. Overall, depth of achievable information by
resistivity is not at the level of other methods such as
synchrotron diffractometry and high-resolution micro-
scopy. Comparisons and trade-offs are summarized in
Table V. Combination of different methods is indeed
very useful for comprehensive in-situ characterization of
materials.

VI. CONCLUSIONS

Electrical resistivity measurements were made during
heating and cooling on commercially pure Ni and four
different Ni-based superalloys (Waspaloy, AD730®,
CMSX-4®, and STALI15) using an ETMT system that
uses Joule heating for temperature control. Results are
compared with the more conventional DSC approach to
characterize the materials’ resistivity response and some
case studies utilizing in-situ resistivity measurement were
presented. The following specific conclusions can be
drawn:

1. Resistivity can be used to determine phase transi-
tion events such as dissolution and (re-)precipita-
tion of phases (and Curie temperature) during
heating and cooling of Ni-based superalloys. The
phase transition behavior was compared with cal-
culated equilibrium temperature and phases from
ThermoCalc, and it showed consistency with DSC
results during heating. On the other hand, 7’
precipitation temperatures during continuous cool-
ing using the ETMT were displaced from that
observed by DSC, which suggests the effect of
electrical current on changing precipitation mecha-
nisms. One major advantage is detection of a phase
transformation during rapid heating up to 100 K/s.
This allows gaining fundamental understanding in
phase transformations beyond the capacity of a
conventional furnace arrangement (up to 1 K/s)
which are limitations in calorimetry type
techniques.

2. A wide range of heating/cooling rates (0.05 to
100 K/s) and different thermal histories were tested
to evaluate dissolution and precipitation kinetics.
Resistivity behavior during continuous heat-
ing/cooling  provides information regarding
microstructural change mainly related to 7" phase.
However, sources of electrical resistance variation is
rather complicated and they include crystal defects
and secondary phases. The number density and
volume fraction of 7" precipitates have the major
influences on resistivity. The case study on pre-
strained STAL15 showed that dislocation also
affects the resistivity to some extent. Detailed study
must be conducted in future to quantify their
specific contributions.

3. Three different case studies are presented to demon-
strate that in-situ resistivity measurement can

METALLURGICAL AND MATERIALS TRANSACTIONS A

provide some indications of phenomena that
occurred during thermal processing. Major re-pre-
cipitation was defined during simulated multi-pass
welding on Waspaloy. Stress relaxation and recrys-
tallization were suggested during rejuvenation of
pre-strained Ni-based SX superalloy STALI1S.
Change of y” volume fraction has been proven to
have dominant effect on the resistivity during
microstructural evolution and dislocation develop-
ment of pre-strained CMSX-4®. Hence, it is shown
that resistivity measurement in the Joule heating
ETMT system can be utilized as a practical in-situ
method for qualitative  understanding  of
microstructural behavior during complex high tem-
perature tests.
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