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� Tensile tests with prior overheating
on Waspaloy were performed
utilizing precise temperature
controlling capability of electro-
thermal mechanical testing system.

� Overheating at 1000 �C with a cooling
rate of 50 K/s severely decreased
tensile properties at 700 �C.

� Significant dissolution of precipitates
at 1000 �C is the reason of tensile
property loss.

� Sufficient re-precipitation and growth
for tensile property can occur during
slower cooling at 1 K/s.

� Microstructural response during the
thermal history can be observed
using in situ resistivity measurement.
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a b s t r a c t

During service of a gas turbine engine, components may suffer instant overheating which is a concern to
safe operations. Effect of short overheating on the tensile properties of a Ni-based superalloy Waspaloy
has been studied due to its significant importance for practical applications. The results have shown that
a combination of near supersolvus overheating at 1000 �C with very rapid cooling at a rate of 50 K/s is
most detrimental case to the tensile properties of the material. This is attributed to the absence of c0
and carbide re-precipitation and growth during cooling period. Microstructure change during overheat-
ing and cooling has been deduced using in-situ resistivity measurements. This work provides evidence
that multilateral measurements including resistivity can shed light on the failure controlling parameters.
� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nickel-based superalloys are a class of high temperature mate-
rial employed for the hot section of jet engines and industrial gas
turbines [1]. The structural integrity is delivered by its long term
microstructure stability and its superior resistance to time-
dependent deformation and environmental degradation, such as
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creep, fatigue and oxidation. The mechanical properties of Ni-
based superalloys are evaluated usually by tensile/compressive
test with a monotonic strain rate at a fixed temperature, isother-
mal creep test, and fully reversed or tensile fatigue test. To take
into account of operating condition that is more representative
during service, complex instrumentation can be carried out to
interrogate the behavior of thermo-mechanical fatigue, dwell fati-
gue, and non-isothermal creep properties.

A crucial challenge for superalloys during engine operation is
overheating of the turbine section, an event which is not uncom-
mon. Short and instant overheating can occur in contingency
power operation of aero-engines, such as single engine operation
(so-called One Engine Inoperative, OEI regime), emergency landing
abort, and rapid acceleration in military operation. For example,
the tip of a turbine blade can be exposed to overheated tempera-
ture as high as 1260 �C [2], which is more than 200 �C higher than
its designed temperature. Studies on overheating effect have been
performed predominantly for alloys designed for blade applica-
tions [3–8], where overheating usually emerges. Only limited liter-
ature has addressed this issue for lower c0 containing alloys, for
example, disk and sealing applications. In fact, sealing failure in
high pressure turbine section can lead to cooling air leakage, which
ultimately leads to uncontained failures which is unfortunately
fatal [9].

From the background explained above, the overheating effect
on Waspaloy was assessed against the tensile yielding behaviour
at 700 �C, which is strongly linked to the low cycle fatigue perfor-
mance–the failure mode of sealing rings. Waspaloy is still one of
the most heavily used superalloys for disk and sealing rings [10]
despite the fact that it is a typical cast & wrought superalloy that
first entered into service in 1950s [11]. Although it has been stud-
ied extensively [12–14], there is still a need to understand the
abnormal scenarios for better life predictions and failure analyses.
Due its industrial relevance, high temperature behaviors of Was-
paloy are studied in recent publications as well [15,16]. Three crit-
ical overheating parameters, including overheating temperature,
cooling rate from overheating, and holding time before loading
were examined using an Instron electro-thermal mechanical test-
ing (ETMT) system. The innovative device allows for in-situ moni-
toring of c0 evolution and integrated instant heat treatment &

testing capability, hence any influence coming from ‘quenched &

reheated’ is avoided. Consequences of specific thermal history are
discussed with relevance to microstructure characteristics using
resistivity measured throughout the test. This work examines the
materials’ tolerance to abnormal operation from an industrial-
design relevant perspective.
2. Experimental Methods

2.1. Experimental material: Waspaloy

Round bars of Waspaloy was acquired from Neonickel (UK)
obtaining a dimension of 16.4 mm in diameter and 200 mm in
length, where the analyzed chemical composition (provided by
Table 1
Analyzed chemical composition of Waspaloy (Ni bal.).

Elements wt% Elements wt%

Co 12.33 B 0.005
Cr 19.5 Cu 0.02
Al 1.33 Mn 0.01
Fe 1.44 Si 0.02
Mo 3.81 Zr 0.05
Ti 3.02 P 0.004
C 0.04 N2 0.0023

2

supplier) is given in Table 1. The material prior to machining was
fully heat treated in three steps, i.e. 1010 �C/4 h/water quench (so-
lution anneal), 843 �C/4 h/air quench (stabilization) and 760
�C/16 h/air quench (aging). As characterized, the parent grain size
(disregard twins) is �35 lm exhibiting no dominating texture.

To decide overheating temperature for this study, ThermoCalc
equilibrium simulation using TTNI8 database and differential scan-
ning calorimetry (DSC) using NETZSCH DSC 404 F1 Pegasus were
conducted. Waspaloy sample having a 3 mm � 3 mm � 1 mm
dimension and surface polished to P4000 grit SiC abrasive paper
was prepared for DSC and the sample was placed in a Pt crucible.
DSC was operated with a heating rate of 0.17 K/s (10 K/min) and
argon atmosphere. Specific heat capacity Cp of Waspaloy was
obtained by calibration using a sapphire piece having similar mass
to the Waspaloy sample, heated in the same Pt crucible. The c0 sol-
vus of the material was determined as 1044 �C according to DSC
measurement shown in Fig. 2. The simulated c0 solvus is 1022 �C
(Fig. 1), which is reasonably accurate. DSC and simulated values
are given in Table 2. To compare the DSC result and resistivity
response of the material during heating, one sample was heated
at 0.17 K/s (same rate as DSC) in ETMT system and resistivity
was measured. Detail of ETMT system is described in the following
subsection.
2.2. Tensile tests with overheating using ETMT system

Mechanical properties with application of overheating is mea-
sured by judicious use of an Instron ETMT system with a 5 kN load
cell. The machine has an integration of two control channels for
simultaneous command of mechanical deformation and tempera-
ture [17], which allows a simulation of thermal history of the pro-
cessing route and assessment of the associated properties [18]. The
specimens were extracted from the bars using electric discharge
machining (EDM) into dogbone shape of 40 mm length, where
the cross-sectional area in the gauge section is 1 � 1 mm2. The
specimen is then grounded using abrasive media up to 4000 grit
and then spot-welded at the center with a K-type thermocouple
for control of temperature. A K-type thermocouple generally can
be used temperatures up to 1260 �C and its accuracy is greater of
2.2 �C or 0.75% in ANSI standard. The specimen is heat up using
direct current by Joule’s effect that enables a heating and cooling
rate of 100 K/s. The water-cooled grips are placed 16 mm apart
to develop an equilibrium temperature distribution �3 mm at
the centre, which is considered as the gauge section [19]. Strain
development is evaluated using an iMetrum non-contact video
extensometry system. To enable tracking of local displacement,
speckle patterns were applied on the specimen surface using
VHT flame proof high temperature spray paint. Image data was
acquired at a frequency of 10 fps and subsequently analysed using
the VideoGauge software package [20].

The testing program is illustrated schematically in Fig. 3. Over-
heating is typically performed separately to high temperature
mechanical test as shown in Fig. 3(a) [4]. In this study, ETMT sys-
tem is utilized to perform overheating and tensile test sequence
without interrupting high temperature environment Fig. 3(b). Each
test is consisted by two parts: (1) free expansion with overheating
and cooling and (2) isothermal deformation at 700 �C. Three key
variables of industrial relevance were explored to account for ther-
mal history effect on deformation, namely overheating tempera-
ture (900 & 1000 �C), cooling rate (1 & 50 K/s) and holding time
(5 & 1000 s).

Overheating temperatures were decided from thermal analysis
result as previously shown in Fig. 2, where 1000 �C can be
described as a temperature slightly below the c0 solvus. Cooling
rates are chosen to as an upper and lower bound of the cooling rate



Fig. 1. Equilibrium phase diagram of Waspaloy between 600–1600 �C obtained using ThermoCalc software with TTNI8 database.

Table 2
Comparison of DSC thermal analysis result and ThermoCalc simulation using TTNI8
database.

DSC (�C) TTNI8 (�C)

Liquidus 1369 1364
Solidus 1287 1266
MC - 1304
c0 1044 1022

M23C6 - 964
r/l 598 664

Fig. 2. DSC profile of Waspaloy at heating rate of 0.17 K/s (10 K/min).
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that might occur in the real situation. Cooling rate at component
surface is typically 5 K/s in case of air cooling [21] , and this value
may increase to some extent if forced convection applies. On the
other hand, cooling rate for the bulk part is in the order of 1 K/s,
which has been used in many studies [22–24]. The details of ther-
3

mal history can be found in Table 3. The overheated specimens
were also compared to the reference materials, i.e. without over-
heating. Three repeats were completed in each condition for statis-
tical significance.
2.3. In-situ resistivity measurement

In addition to thermocouple for controlling temperature, two
wires made by Ni95(Al + Mn + Si)5 used as potential contacts were
spot welded 1.5 mm away from each side of the thermocouple for
resistivity measurement to account for the 3 mm gauge section.
For the calculation of the resistivity, sample’s cross-sectional area
was measured by micrometer and the length was fixed to 3 mm.
Before heating up to overheating temperature, samples were
dwelled for 5 s at 150 �C to avoid instant ramp up of a current.
Resistivity value at the dwelling temperature of 150 �C was used
to normalize the obtained resistivity. The resistivity was used for
strain measurement in other studies using ETMT system [19].
However, in this study, the resistivity change will be used to inter-
pret evolution of c0 precipitation and phase transition during prior
overheating sequence where external load was absent
[17,19,25,26]. This enables in-situ monitoring of microstructure
change throughout overheating and cooling period before applying
tensile deformation, in a non-destructive manner.
2.4. Microstructure characterization

Microstructure of the material after testing were characterised
using a Zeiss Merlin field emission gun scanning electron micro-
scope (FEG-SEM). The images were acquired at an acceleration
voltage of 15 kV and probe current of 5 nA. To better reveal the
microstructure, in particular the c0 precipitate, electrolytic etching
was employed for post metallography preparation using 15% phos-
phoric acid at 3 V DC. Secondary electron (SE) micrographs were
collected for each sample after deformation.



Fig. 3. Testing diagram showing temperature history of a specimen. (a) Conventional overheating experiment. (b) Overheating experiment in this study using ETMT system.

Table 3
Summary of prior overheating conditions and tensile test results.

Name Prior overheating Tensile test at 700 �C, strain rate = 10�3/s

Heating
rate (K/s)

Temperature
(�C)

Cooling
rate (K/s)

Dwell
time (s)

0.2% proof
stress (MPa)

Ultimate tensile
strength (MPa)

Strain at
failure (%)

NoOH 50 - - 5 885 1028 36
1000–50 50 1000 50 5 646 849 18

1000–50-D 50 1000 50 1000 665 893 25
1000–1 50 1000 1 5 785 992 40
900–50 50 900 50 5 754 945 36

⁄ Result values are averages of three tests.
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3. Results

3.1. Resistivity during monotonic heating

Resistivity during monotonic heating at a rate of 0.17 K/s was
measured using electric current and voltage up to 1200 �C and
shown in Fig. 4 with the same DSC profile which was shown previ-
ously in Fig. 2. Four peak temperatures are identified and labeled to
the resistivity curve in Fig. 4. In Fig. 4, one can see that initially
resistivity increases as temperature increases, a common behavior
for metallic material [17]. Bottom peak of resistivity at 1023 �C is
assumed to be complete dissolution of c0 phase as the precipitate
is usually a source of resistance [17]. Before the temperature
reaches the solvus, resistivity decreases and increases again, creat-
4

ing two upper peaks. First upper peak at 568 �C corresponds to
onset of r/l dissolution, which is in good agreement with DSC pro-
file. Second upper peak is onset of c0 dissolution. This is also indi-
cated by unstable DSC profile starting around 800 �C up to c0
solvus.

Direct comparison of DSC thermal analysis and resistivity mea-
surement using same heating rate shows corresponding responses
created by phase transformation of the material.
3.2. Tensile tests with prior overheating

Tensile tests with different prior overheating and cooling histo-
ries were successfully performed using the ETMT system. The
results of the tensile tests are illustrated in Fig. 5(a, b), and summa-



Fig. 4. DSC profile and normalized resistivity of Waspaloy at heating rate of 0.17 K/s (10 K/min).

Fig. 5. Tensile test results of Waspaloy tested at 700 �C and strain rate at 10�3/s with different prior overheating and cooling histories. (b) is a magnified scale of (a). 0.2 %
proof stress, ultimate tensile strength, and strain at failure are summarized in (c).
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rized in Table 3 and Fig. 5(c). Compared to the reference specimen
labeled as NoOH in Fig. 5, overheating had the effect of decreasing
the flow stress in all cases. Of all the conditions examined, an over-
heating at 1000 �C with fast cooling rate of 50 K/s (1000–50 and
5

1000–50-D) conferred the most detrimental effect on the mate-
rial’s yield strength. Ductility of 1000–50 and 1000–50-D varied
large including ones showing much lower value compared to that
of material without overheating (Fig. 5(a)). Dwelling at 700 �C for
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1000 s before applying tensile load resulted in having identical
proprieties to the test with a short dwell of 5 s. Specimens with
lower overheating temperature (900 �C, 900–50) or slower cooling
rate (1 K/s, 1000–1) showed decreased yield stress compared to the
reference; however, overall tensile properties were not heavily
affected.

3.3. Resistivity during overheating and tensile test

The normalized resistivity of a deformed section was calculated
and plotted with temperature and engineering stress in Fig. 6.
Fig. 6 proves that temperature was accurately controlled within
�3 �C from the target temperature during the test, including heat-
ing and cooling periods. In the same figure, engineering stress is
plotted as a function of testing time. Because the test was per-
formed in displacement controlled mode, testing time indirectly
represents strain of a specimen, and hence, a stress–time curve
has similar shape to a stress–strain curve.

All resistivity profiles in Fig. 6 show similar features as Fig. 4
including two upper peaks during heating up to overheating target
of 900 or 1000 �C and resistivity drop after reaching target temper-
atures. During overheating at 1000 �C, resistivity showed slight
decreasing trend for three materials 1000–50 (Fig. 6(a), 1000–
50–D (Fig. 6(b)), and 1000–1 (Fig. 6(c)) and start increasing again
during cooling period. Faster cooling conditions (cooling rate
50 K/s, Fig. 6(a)) present very short period of increasing resistivity.
During dwell at 700 �C in Fig. 6(b), resistivity increased until 200 s,
and decreased slightly until the start of the tensile deformation.
When the material was subjected to the slower cooling (cooling
rate 1 K/s, Fig. 6(d)), resistivity start increasing with very small
slope at 990 �C as indicated by dotted line, and shows large jump
after 909 �C creating saturated curve like dwelling in 1000–50-D.
For the lower overheating condition, resistivity gradually decreases
after reaching 900 �C (Fig. 6(d)) and become stable at certain point.
Magnitude of increasing resistivity for 900–50 during cooling is the
smallest of all. Resistivity increases during the elastic regime of the
tensile deformation, and the resistivity slope changes to higher
increasing rate for the plastic regime. Similar resistivity behaviors
were observed during tensile deformation for all specimens
regardless of prior overheating conditions.

The first derivative of resistivity is plotted in Fig. 7 and was used
to estimate the temperature that changes the resistivity curve
drastically. Since the heating rate up to overheating temperature
is same for all conditions, all profiles are showing same feature
until two peaks (24 s) during heating sequence. For 50 K/s cooling
rate (1000–50), resistivity started increasing at 87.5 s which corre-
sponds to 943 �C, followed by the large jump at 88.6 s / 892 �C
(Fig. 7(a)). Similar behavior was observed for 1000–50-D as this
sample has the same temperature control steps as 1000–50
(Fig. 7(b)). If a specimen was cooled slower at 1 K/s, very small
resistivity increment started at 94.2 s / 990 �C and large jump
started at 176.2 s / 909 �C (Fig. 7(c)). Small increase of resistivity
started at 86.6 s / 791 �C during cooling sequence of 900–50
Fig. 7(d). Dotted lines in Fig. 7 are indicating initiating point of ten-
sile deformation which is expressed as increase of resistivity that
corresponding to straining of the measured section.

3.4. Microstructure analyses

The microstructures of specimens after tensile testing were
observed at an area 0.5 mm away from the fracture surface. Repre-
sentative precipitate scale microstructure images are shown in
Fig. 8. The original material without any overheating (Fig. 8(a))
had two size distribution of intragranular c0 precipitates, intergran-
ular primary c0, and carbides which were confirmed by energy dis-
persive X-ray spectroscopy (not presented here). The bimodal
6

intragranular precipitation size distribution has been reported in
Waspaloy and similar class of alloys in different studies
[12,27,28,13]. Lower temperature overheating at 900 �C (900–50,
Fig. 8(b)) and overheating at 1000 �C with slower cooling at 1 K/s
(1000–1, Fig. 8(c)) had similar precipitate distribution to the orig-
inal material without overheating (NoOH). A rapid cooling at 50 K/s
from 1000 �C shown as Fig. 8(d, e) had the least quantity of visible
secondary c0 precipitates (diameter between 50–150 nm) inside
grains compared to other specimens. Furthermore, tertiary c0 pre-
cipitates were observed inside grains of all specimens except for
1000–50 in Fig. 8(e). Materials having overheating at 1000 �C with
cooling rate of 50 K/s (Fig. 8(e, f)) had cavitation along grain bound-
aries that spread all over the deformed section as shown in Fig. 8
(d). 1000–50 and 1000–50-D had less connectivity of intergranular
primary c0 precipitates and carbides compared to other three
materials after the tensile tests. Comparison of these microstruc-
tures confirms that overheating at 1000 �C dissolved large fraction
of c0 precipitates and carbides in the Waspaloy used in this study,
and 50 K/s cooling rate was fast enough to prevent significant re-
precipitation and growth of these precipitates.
4. Discussion

To the authors’ best knowledge, this is the first study that has
analyzed the effect of an overheating on the material’s mechanical
proprieties, in a consecutive process with accurate temperature
control. The advantages of the ETMT system has been effectively
utilized to achieve this complex test with in situ resistivity mea-
surement that helps to understand microstructural behavior dur-
ing the prior overheating. Mechanical properties of overheated
Waspaloy and validation by the multi-scale measurement are dis-
cussed further in this section.
4.1. Effect of prior overheating on precipitate morphology

As mentioned in the introduction, previous studies on the effect
of overheating have concentrated mainly on blade alloys at sub-
solvus [5,6] or incipient melting temperature [3,29]. For example,
prior supersolvus overheating has been performed by Tong et al.
for cast and wrought Ni-based superalloy; this showed that short
supersolvus overheating decreases material’s tensile and creep
properties [4]. Another study by Andersson et al. has shown effect
of different sub to supersolvus heat treatment temperatures on
Waspaloy to understand material’s ductility above 900 �C [13]. In
the study by Andersson et al., significant loss of ductility was
reported after supersolvus treatment at 1080 �C due to a dissolu-
tion of c0 and M23C6 precipitates.

In the present study, microstructure of the 1000–50 specimen
after the deformation (Fig. 8(d, e)) indicates that overheating at
1000 �C promotes dissolution of c0 phase, and faster cooling rate
of 50 K/s prevented growth of c0 precipitates. Dissolution of c0 pre-
cipitates was expected from DSC (Fig. 2), ThermoCalc simulation
(Fig. 1), resistivity measurement (Fig. 4), and the alloy’s original
solution treatment temperature at 1010 �C. Strength of this type
of superalloys is known to be determined by size and distribution
of c0 precipitates [27,14,30,31]. Therefore, it can be readily under-
stood that the decreased tensile strength of 1000–50 specimen is
due to the absence of intragranular secondary c0 precipitates, con-
sistent with previous study by Tong et al. [4]. Because 1000–50-D
did not show significant difference in tensile properties compared
to that of 1000–50, precipitate growth during longer dwell for
1000 s at 700 �C is assumed to be sluggish that it had only a minor
contribution to the microstructure evolution (Fig. 8(f)). Indeed,
standard aging treatment of Waspaloy requires heat treatment at
843 and 760 �C for much longer duration to generate ideal precip-



(a)

(b)
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1000-1

900-50

Engineering stress

Resistivity

Temperature

Resistivity

Temperature Engineering stress

Resistivity

Temperature

Engineering stress
1000-50-D

1000-50
Resistivity

Temperature

Engineering stress

Fig. 6. Diagrams showing relationship of resistivity, temperature, and engineering stress to time of an experiment. (a) Overheating at 1000 �C and cooling rate at 50 K/s
(1000–50). (b) Overheating at 1000 �C and cooling rate at 50 K/s followed by 1000 s of dwell at 700 �C (1000–50-D). (c) Overheating at 1000 �C and cooling rate at 1 K/s (1000–
1).Dotted line is indicating transition of resistivity decreasing to increasing. (d) Overheating at 900 �C and cooling rate at 50 K/s (900–50)..
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Fig. 7. First derivative of resistivity curve of is plotted as a function of a time. Original resistivity curves of 1000–50 (1), 1000–50-D (b), 1000–1 (c), and 900–50 (d), are from
Fig. 6(a), Fig. 6(b), Fig. 6(c), and Fig. 6(d), respectively. Dotted lines are indicating initiating point of tens.ile deformation.
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itate mythologies. Such observations are also in accordance with
the previous study showing 700 �C is too low to develop effective
quantity of c0 precipitate [4].

Indeed, cavitation in the grain boundaries (Fig. 8(d-f)) can also
contribute to the property degradation, which was reported in
the study by Andersson et al. [13]. Identifying a solvus of M23C6

is difficult from DSC result due to unsteadiness between 800–
1000 �C (Fig. 4), however, it is likely that absence of intergranular
primary c0 and carbides are caused by near-solvus overheating at
1000 �C and the rapid cooling at 50 K/s. Intergranular cavitation
can be considered as a reason of ductility loss for 1000–50 and
1000–50-D. However, as the size of an error bar for overheated
materials in Fig. 5 shows, the ductility is not constant in three test
results. Reason behind this large scatter can be related to a slight
decrease in temperature measurement accuracy of K-type thermo-
couple at 1000 �C (0.75% by ANSI standard) as explained in the
experimental section. ±7.5 �C at this temperature potentially influ-
ences intergranular microstructure drastically [16]. Therefore, dee-
per characterization is necessary for clear explanation to the large
ductility scatter of 1000–50 and 1000–50-D.

4.2. Understanding microstructure transition by resistivity response

The importance of the present study is that specimen’s cooling
rate from the overheating temperatures is controlled precisely
8

with measuring the resistivity. This controlled experiment pro-
vides details of what has occurred during heating/cooling steps,
which is important information for industrial purposes.

The data in Fig. 7 and Fig. 4 can be used to rationalize the mate-
rial’s microstructural response during the thermal history. Normal-
ized resistivity in Fig. 4 and Fig. 6(c) are plotted together in Fig. 9.
The resistivity drop starting at 868 �C during over heating period in
Fig. 9 mainly corresponds to dissolution of c0 precipitates as
reported in studies using CMSX-4 single crystal Ni-bases superal-
loy [17,19]. The following resistivity decrease during overheating
period suggests that c0 precipitates continue to dissolve at this
time. As labeled in Fig. 7, temperature at which resistivity starts
increasing again is 943 and 952 �C for 1000–50 and 1000–50-D,
respectively. The temperature at which resistivity increases is
higher (990 �C) when the cooling rate is lower (1 K/s). Increasing
resistivity is indeed representing growth of c0 precipitates. How-
ever, at the same time, the temperature that resistivity increases
is lower for 50 K/s, meaning that effect of undercooling had been
captured here in case of 1000–50 and 1000–50-D. Resistivity jump
indicated in Fig. 7(c) at 176.2 s (909 �C) is initiation of regime hav-
ing sluggish c0 growth behavior. Saturation of resistivity during
dwell after 250 s for 1000–50-D (Fig. 6(b), Fig. 7(b)) suggests
microstructure evolution at 700 �C is limited, which agrees with
the tensile test result showing identical properties to 1000–50
regardless of dwell time (see Fig. 5). Slower cooling rate at 1 K/s



Fig. 8. Microstructures of Waspaloy after a tensile test at 700 �C. (a) No overheating (NoOH). (b) Overheating at 900 �C and cooling rate at 50 K/s (900–50). (c) Overheating at
1000 �C and cooling rate at 1 K/s (1000–1). (d, e) Overheating at 1000 �C and cooling rate at 50 K/s (1000–50), lower (d) and higher (e) magnifications. (f) Overheating at 1000
�C and cooling rate at 50 K/s, followed by dwell at 700 �C for 1000 s before tensile test (1000–50-D). White arrows are pointing at cavitation in grain boundaries.

Fig. 9. Resistivity of Waspaloy measured using ETMT system with different heating rate 0.17 K/s and 50 K/s. 1000–1 sample before tensile deformation has heating rate at
50 K/s (red curve), holding at 1000 �C for 60 s (red dotted line), and cooling at 1 K/s (blue curve).
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(Fig. 6(d) has gradual resistivity increase after reaching 990 �C,
large change of slope at 909 �C, and this stops at around 830 �C.
These pieces of information suggest that re-precipitation and
growth of c0 and/or M23C6 precipitates can proceed rather rapidly
at approximately between 830�900 �C.

Cooling rate during heat treatment of superalloys and other
alloys is known to be important to achieve desired material prop-
erties. Hence, many studies have concentrated upon understanding
microstructural responses and consequent mechanical properties
in many different cooling conditions [12,22–24,32,33]. For exam-
ple, the study onWaspaloy by Groh et al. was with maximum cool-
ing rate from supersolvus temperature in order of 1 K/s [12]. In
such studies, precipitation and evolution of c0 phase during the
cooling were evaluated, and faster cooling rate is generally sug-
gested for controlling microstructure in subsequent aging treat-
ments to achieve desired mechanical properties [12,28,32]. This
scenario only applies when the material is subjected to multiple
heating steps in longer time scale compared to the present study.

By way of contrast, the present study considers the overheating
to near solvus temperature of superalloy component during oper-
ation. Controlled cooling rate provides evidence that if a material is
cooled too fast, it can cause instant degradation of mechanical
properties. When a subsequent aging treatment is not applied,
cooling rate should be in a range that is not too fast for precipita-
tion and growth, but not too slow to avoid exceeded precipitate
coarsening. The result showed that 1 K/s cooling rate is slow
enough for re-precipitation/growth and thus restored the mechan-
ical properties significantly. The ETMT system is capable of per-
forming temperature controlled experiment which is very useful
to understand material behavior in specific conditions. This has
strong advantage in designing a component for high temperature
applications. In fact, the result of the present study suggests that
overheating may not be an issue if a material is slowly cooled
(1 K/s) or if the overheating does not exceed solvus temperature,
overheating at 900 �C in this case.

4.3. Multilateral measurement in the ETMT system

Resistivity measurement in the ETMT system has been used to
either measure magnitude of strain during mechanical test or
quantify dissolution and precipitation of c0 phase in individual pur-
poses. Continuous experiments in this study that focused use of
resistivity for in situ microstructure analysis was very useful to
indirectly follow microstructure evolution during testing. By using
reference data of resistivity response during straining or precipita-
tion, it is possible to detect in much more complex situation, such
as under condition which temperature and stress change at the
same time, like thermomechanical fatigue test.

Although microstructure evolution was minimal when the
material was cooled rapidly at 50 K/s (Fig. 8(e)), resistivity was
strongly affected once the temperature reaches 892 �C as shown
in Fig. 6(a) and Fig. 7(a). The explanation could be that either a very
small quantity of precipitate has large influence on the resistivity,
or else the existence of nano-scale precipitate that was not able to
be observed in the SEM. Careful post experiment observation using
higher resolution technique needs to be designed to explain the
detail of microstructure evolution mechanisms and resistivity
responses of the material.

In the future, in order to use resistivity really efficiently to
deduce information about microstructure, influence of different
factors must be investigated, i.e. different grain size, textured
grains, dislocation densities, single crystal superalloy with car-
bides, different compositions, and topologically closed-packed
(TCP) and other phases. All these can show different effect on the
material’s resistivity. For example, Darnbrough et al. used
nanocrystalline material to show a grain size effect during heating
10
of a material [34]. Correlation with measured data and post test
microstructure can also help to design new heat treatment condi-
tions. Further understanding on these relations should improve
acquisition of more information through all testing period in the
ETMT system.

5. Conclusions

The effect of instant overheating with rapid heating and cooling
on tensile properties of Waspaloy has been studied by utilizing an
electro-thermal mechanical testing (ETMT) system with the ability
to perform complex thermal history tests. The followings are the
main conclusions derived from this work:

1. Overheating at 1000 �C for 60 s with a cooling rate of 50 K/s
drastically decreased tensile properties of Waspaloy at 700 �C.
Decreased overheating temperature (900 �C) or decreased cool-
ing rate (1 K/s) had less effect on the material’s tensile
properties.

2. Microstructure analyses showed that c0 precipitates in Was-
paloy significantly dissolve at 1000 �C in less than 60 s. Faster
cooling rate of 50 K/s down to 700 �C preserves a near-
precipitate free microstructure and decreases yield strength of
the material. On the other hand, c0 phase can grow sufficiently
during slower cooling (1 K/s) from 1000 �C, which resulted in
overheated Waspaloy having similar tensile properties of refer-
ence one without overheating.

3. Precipitate dissolution and re-precipitation/growth during
rapid heating and cooling can be indirectly detected by measur-
ing resistivity of heated section, without interrupting the test. A
potential of multilateral property evaluation of the ETMT sys-
tem has been demonstrated.
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