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The diffraction elastic constants and phase specific elastic constants of two Ni-base Superalloys, Inconel 718 (as-
quenched and aged) and Udimet 720LI (aged) have been determined as a function of temperature by means of
in-situ loading using time-of-flight neutron diffraction. Experiments were carried out between room tempera-
ture and 750 °C in order to support future in-situ residual stress analyses during ageing treatments. In the case
of Udimet 720LI, Rietveld analysis of the diffraction data revealed very similar elastic constants for γ and γ′ sug-
gesting a simplified single-phasemodel can be used for the analysis of the diffraction data. As one would expect,
the Young's moduli fall with increasing temperature for Inconel 718 from 220 GPa at room temperature to
140 GPa at 700 °C with a knee in the curve at around 500 °C. The Udimet 720 is around 15–20 GPa stiffer over
the temperature range studied and the individual peaks fall in a similar manner. In addition in all cases the dif-
fraction elastic constants (DECs) of the (311), (220), (200) and (111) reflections varied linearly according to
the crystallographic anisotropy factor as expected for all temperatures with the degree of anisotropy increasing
with increasing temperature.

Crown Copyright © 2015 Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Ni-base Superalloys have exceptional mechanical strength and creep
resistance at high temperatures. For this reason, wrought Ni-base super-
alloys are an important class of structural materials used for the
manufacturing of compressor and turbine discs and polycrystal turbine
blades which operate under very high pressure at temperatures above
600 °C in the hot section of aero-engines [1]. Themanufacturing processes
for wrought superalloys are complex, involving various thermo-mechan-
ical processing steps,whichpromote the generationof a characteristicmi-
crostructure responsible for the high temperature strength of these
materials. Some of the manufacturing processes, such as forging and
quenching, induce high levels of residual stresses in the component [2,
3], which, if not relieved, can lead to distortion during subsequent pro-
cessing steps or premature failure of the component during operation.
Thus, accurate control of these stresses is crucial, both to reduce non-con-
formance rejection of superalloy components within the manufacturing
process and tomaximise component life in service. Residual stresses gen-
erated during manufacturing are typically relieved by low temperature
annealing/ageing treatments, which also serve to optimise the precipitate
size of the strengthening γ′ and/or γ″ phases [4,5].
r Ltd. This is an open access article u
Diffraction techniques, using X-ray or neutron beams, are powerful
methods for the determination of residual stresses in engineering com-
ponents [6]. They enable the measurement of elastic strain in different
directions by determining the change in lattice spacing. The penetration
of laboratory x-rays is such that only near surface stresses can be mea-
sured, but the penetrating power of neutrons allow themapping of elas-
tic strain, and hence stress, within the bulk of components [7].

Neutron diffraction has the potential to provide key information
about the efficacy and rate of strategies to reduce residual stresses in
Ni-base superalloy introduced during manufacturing. For example, the
thermal relaxation of residual stresses in Udimet 720LI welded disc as-
semblies at different stages of an isothermal treatment has been studied
by ex-situ neutron diffraction analysis [8]. However, charting the tem-
poral evolution of stress relaxation at high temperature using neutrons
requires a large number of samples introducing potential sample-to-
sample variability. To date, themajority of ex-situ stress relaxation stud-
ies in superalloys have been carried out using laboratory X-rays in order
to profile near surface stresses, such as those introduced by shot-
peening for IN100 [9], RR1000 [10] and Inconel 718 [11]. Another
draw-back of this approach is that stress relaxation can only be studied
after cooling and not at the actual heat treatment temperature.

The development of a wide range of sample environments at neu-
tron and synchrotron X-ray radiation facilities means that in-situ stud-
ies for monitoring stress evolution deep within components are now
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 2. Diffraction spectrum of Udimet 720LI at room temperature.

Table 1
Chemical composition in wt.% of Udimet 720LI and Inconel 718.

Alloys Ni Cr Fe Mo Co Nb Al Ti B W C Other

Udimet
720 LI

bal. 16 – 3 15 – 2.5 5 0.018 1.25 0.025 0.03Zr

Inconel
718

bal. 19 18.5 3 – 5.1 0.5 0.9 – – 0.04 –
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possible. Recently, Rolph et al. reported results froman in-situ annealing
experiment using neutron diffraction carried out on Ni-base superalloy
RR1000 [12]. In this experiment, the stresswas tracked at the centre of a
hockey puck shaped sample during an isothermal treatment.

The accurate determination of the evolution of stress from elastic
strain measurements at different temperatures requires the use of suit-
able temperature dependent diffraction elastic constants (DEC). In pre-
vious work, the plane-specific elastic constants of Ni superalloys have
only been determined for Waspaloy [13] and Inconel 718 [14] at room
temperature. The aim of the present paper is to determine the elastic
constants and the diffraction elastic constants for two widely used su-
peralloys in aero-engine applications, namely Inconel 718 and Udimet
720LI at temperatures representative of ageing/stress relief heat treat-
ments and in-service conditions. This has been achieved through in-
situ loading experiments between room temperature and 750 °C using
the Time-Of-Flight (TOF) strain scanning instrument ENGIN-X at the
neutron source ISIS, UK [15].

2. Experimental methodology

2.1. Materials and specimens

All the materials in the present study were provided by Rolls-Royce
plc. Udimet 720LI is a Ni-based superalloy, which contains approxi-
mately 45 vol.% γ′ phase [16] while the main strengthening phase in
Inconel 718 is γ″. The nominal chemical compositions of both alloys
are presented in Table 1 [1]. The γ′ phase can be described as
(Ni,Co)3(Al,Ti) with Ti and Al being the γ′ stabilising elements [17]. In
the presence of iron and niobium, superalloys form nano-scale platelets
with the chemical composition Ni3Nb, which are called γ″ [18]. As both
Fig. 1. Photograph showing the sample mounted within the thermomechanical loading rig a
measures the transverse strain and detector bank 2 the axial strain.
alloys have been developed for high strength and good fatigue resis-
tance, they typically display relatively fine grain sizes. In the present
case, Udimet 720LI has been processed to a grain size of about 10–
15 μm while Inconel 718 has a slightly coarser grain size of 15–20 μm.

In high γ′ containing superalloys, such as Udimet 720LI, the cooling
rates from solution heat treatment are moderate in order to avoid the
development of large residual stresses that could result in crack forma-
tion during manufacturing. As a result, γ′ precipitation initiates during
cooling from the solution stage while the ageing treatment will further
coarsen the very fine γ′ [19]. In the case of Inconel 718, multiple phases
are involved. Inconel 718 is usually solution heat treated just below the
δ solvus, around 980 °C, in order to pin grain boundaries, followed by
water quenching to provide fast cooling and to retain a microstructure
with a very low amount of δ phase. At this stage the δ precipitates are
mostly located at grain boundaries and the amount of γ′ and γ″ is neg-
ligible [4]. This changes during the subsequent ageing treatment, which
results in a fine distribution of both phases and significant increase in
strength [20]. As a result, the difference in microstructure before and
after the annealing heat treatment is much more significant for Inconel
ccommodated upon the sample stage of the ENGIN-X beamline at ISIS. Detector bank 1



Fig. 5. Poisson's ratio vs temperature forγ andγ′ phases of Udimet 720LI,γ+γ″ phases of
Heat Treated (HT) Inconel 718 and γ phase of Water Quenched (WQ) Inconel 718. Trend
lines have been drawn to guide the reader.

Fig. 3. Longitudinal and transverse elastic strain response obtained by two-phase Rietveld
refinement for Udimet 720LI and single phase Rietveld (γ + γ″) for aged Inconel 718, at
20 °C, 400 °C and 500 °C.
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718 than for Udimet 720LI. Consequently, Inconel 718 was studied in
the as-quenched and the as-heat treated conditions while Udimet
720LI was studied only in the heat treated condition.

Four dog bone shaped samples (UD1-4) having a gauge diameter of
6 mm, a gauge length of 40 mm and with M10 screw thread were ma-
chined from Udimet 720LI that had been heat treated about 50 °C
below the γ′ solvus to avoid grain coarsening, followed by air cooling
and an isothermal ageing treatment at 760 °C/16 h. Cylindrical blanks
were extracted from a 50x50x150mm3 piece of as-quenched Inconel
Fig. 4.Young'smodulus vs temperature forγ andγ′ phases ofUdimet 720LI,γ+γ″phases
of Heat Treated (HT) Inconel 718 and γ phase of Water Quenched (WQ) Inconel 718.
Trend lines have been drawn to guide the reader.
718. Sample 1 (IN1) underwent an additional alloy specific standard in-
dustrial ageing treatment, which is used in order to obtain maximum
strength: 720 °C/8 h + cooling at 50 °C/h to 620 °C + 620 °C/8 h +
air-cooling. In this condition, Inconel 718 contains between 15 and
20 vol.% of γ″ [21], whereas the as-quenched sample (IN2) has a micro-
structure free from strengthening precipitates. Subsequently, speci-
mens were machined into tensile test-pieces having a gauge diameter
of 8 mm, a gauge length of 42 mm and M12 screw thread.
Fig. 6. a): Reciprocal Young'smodulus vs Crystallographic factor for Inconel 718. b): Trans-
verse Elastic modulus vs Crystallographic factor for Inconel 718.



Fig. 7. a): Reciprocal Young's modulus vs Crystallographic factor for Udimet 720LI. b):
Transverse Elastic modulus vs Crystallographic factor for Udimet 720LI.
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2.2. Experimental setup

The pulsed ISIS neutron spallation source delivers a pulsed white
beam such that the time-of-flight (TOF) methodology can be employed
to record several diffraction peaks on the two detector banks at fixed
(+/−90°) scattering angles on ENGIN-X [15]. For the in-situ loading ex-
periments a uniaxial hydraulic loading rig equipped with a radiant fur-
nace, is mounted on the sample stage at 45° to the incident beam, as
shown in Fig. 1. In the present study, the diffracting gauge volume
was 4 × 4 × 4 mm3 in the case of Udimet 720LI and 5 × 5 × 5 mm3 for
Inconel 718 ensuring that in both cases thousands of grains are sampled
giving powder diffraction profiles in each direction. A K-type thermo-
couple, which is spotwelded on the sample, is used tomeasure and con-
trol the sample temperature. More details regarding the furnace and
stress rig can be found in [22]. The two detector arrangement enables si-
multaneous diffractionmeasurementswith the scattering vector (strain
Table 2
SCEC coefficients of heat treated Inconel 718 at different temperatures. All units are in GPa¯1.

22 °C 300 °C 400 °C

α −0.0066 −0.0068 −0.007
Δα 0.00039 0.00072 0.00067
β 0.00598 0.00686 0.00677
Δβ 0.00009 0.00016 0.00015
η 0.00339 0.00368 0.00366
Δη 0.00048 0.00109 0.00081
φ −0.0021 −0.0024 −0.0026
Δφ 0.00011 0.00024 0.00018
measurement direction) parallel (first detector bank) and perpendicu-
lar to the loading axis (second detector bank).

The TOF range was selected so as to access both the (311) and (111)
diffraction peaks as they are considered to be representative of the bulk
behaviour being largely insensitive to intergranular strain development
in Nickel-base superalloys [13].

2.3. Experimental procedure

For Udimet 720LI, different samples were used for measuring the
DECs at each temperature: UD1 at room temperature, UD2 at 400 °C,
UD3 at 500 °C and UD4 at 650 °C.

In the case of Inconel 718 only a single fully heat-treated sample (IN1)
wasmeasured at room temperature, 300 °C, 400 °C, 500 °C, 620 °C, 720 °C
and 750 °C while an as-quenched sample (IN2) was used to carry out
measurements at room temperature, 300 °C and 400 °C only.

Depending on the sample and test temperature, loading increments
were selected between 20 MPa and 100 MPa. Each in-situ loading ex-
periment was concluded once the sample had been loaded beyond the
yield strength.

A common practise when analysing TOF strain measurements is to
perform a multi-peak fit using a Rietveld refinement [23] to the full
TOF spectrum. Thismethod provides the average elastic strain represen-
tative of a phase [24]. In order to obtain the DECs representing individ-
ual hkl planes, single peak analysis was also carried out. In Nickel-base
superalloys, the lattice spacings of the γ matrix phase (FCC), the γ′
(L12) and γ″ (DO22) precipitates are relatively similar [25]. The γ′
phase is stabilised by Ti and Al, which are located on the corners of
the L12 structure [1,26]. Fig. 2 represents the diffraction profile of
Udimet 720LI at room temperature, which shows the additional (100)
and (110) γ′ superlattice reflections. These are comparatively strong
when using neutron diffraction due to the large difference in scattering
properties between Ti andNi. Indeed, the neutron scattering length of Ti
is negative while it is positive in the case of Ni. The relation between the
intensity of the γ′(100) and γ′(200) peaks together with the d-spacing
determined from the superlattice reflection can be used to apply a dou-
ble peakfit of theγ–γ′ (200) reflection. The same procedure enables the
analysis of the γ–γ′ (220) doublet peak using the (110) superlattice re-
flection in this case [16]. However, other fundamental reflections, such
as the (311) and the (111), cannot be analysed in this way because
there are no corresponding superlattice reflections. In addition, the
superlattice reflections are of sufficient strength to apply a two-phase
Rietveld refinement on the diffraction profile recorded for Udimet
720LI. In Inconel 718, the ordering of γ″ does not result in a significant
superlattice reflection when using neutron diffraction so that in this
case the two phases had to be analysed as if they were a single phase.

High temperatures during ageing can potentially lead to further pre-
cipitation or changes in the phase chemistry, which could affect the
stress-free lattice spacing [27] and hence the DEC measurements. This
is particularly likely for samples that are in a highly metastable condi-
tion, like as-quenched samples. For this reason, the as-quenched sample
(IN2) was only tested to relatively moderate temperatures while the
500 °C 620 °C 720 °C 750 °C

−0.008 −0.0085 −0.0101 −0.0134
0.00063 0.00055 0.00097 0.00118
0.00706 0.00793 0.00971 0.0102
0.00014 0.00012 0.00021 0.00026
0.00413 0.00491 0.00774 0.00839
0.00028 0.00066 0.00095 0.00022

−0.0028 −0.0027 −0.0036 −0.0043
0.00006 0.00015 0.00021 0.00005



Fig. 8. DECs of Heat Treated Inconel 718 vs Temperature. Trend lines have been drawn to
guide the reader. The open markers are the diffraction elastic constants directly deter-
mined from strainmeasurements and the solidmarkers correspond to the diffraction elas-
tic constants after refinement using the SCEC analysis.

Table 3
SCEC coefficients of water quenched Inconel 718 at different temperatures. All units are in
GPa¯1.

22 °C 300 °C 400 °C

α −0.007 −0.0076 −0.0086
Δα 0.00014 0.00184 0.00041
β 0.00619 0.00675 0.00716
Δβ 0.00003 0.00041 0.00009
η 0.00473 0.00193 0.0028
Δη 0.00095 0.00218 0.00176
φ −0.0026 −0.0017 −0.0018
Δφ 0.00021 0.00049 0.00039
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other sampleswere allmeasured in a relatively stable aged condition. The
maximum test temperature for Udimet 720LI was chosen to be 110 °C
below the final ageing treatment making any further evolution of γ′ dur-
ing the mechanical experiment very unlikely. However, for temperatures
above 600 °C, the accuracy of the measurements might decrease due to
microstructural, and therefore phase specific, chemical instability. This
was the case for the fully heat treated Inconel 718 when measured at
720 °C and 750 °C as the maximum ageing treatment is 720 °C for 8 h.
However, since the loading experiments were comparatively short (less
than 2 h), it might be fair to assume that microstructure evolution
would not be significant during the measurements.
3. Results and discussions

3.1. Elastic properties

The elastic strain response to loading, in both longitudinal and trans-
versedirections, for theγphase andγ′phaseofUdimet720LI and the com-
binedγ/γ″of aged Inconel 718 arepresented for 20 °C, 400 °C and500 °C in
Fig. 3. It is noteworthy that the level of scatter in the data increases slightly
at temperatures exceeding400 °C reflected in increases in thepeakfit error
with temperature from±20 to±30× 10−6 in the case of Inconel 718 and
from±15 to ±60 × 10−6 in the case of Udimet 720LI.

A linear fit was applied to the stress-elastic strain profile in Fig. 3 in
order to determine the phase-specific elastic constants of Udimet 720LI
and the bulk material elastic constants of Inconel 718. The evolutions of
the Young's moduli as a function of temperature are presented in Fig. 4.
Very similar values of the phase-specific Young's modulus are observed
for γ and γ′ in Udimet 720LI. This is not particularly surprising as the
elastic constants have been reported to be very similar [28] and the
two phases constrain one another in a superalloy. For Inconel 718 the
values are typically between 10 and 25 GPa lower than for Udimet
720LI at all temperatures. The experimental data agreewell the temper-
ature dependency that has been reported previously but are about 10%
higher than in [29,30].

It is noteworthy that the average elastic constants recorded over the
measured temperature range for the water quenched Inconel 718 are
not significantly different from those for the fully heat-treated condi-
tion. It needs to be kept in mind that the low yield strength of the
water-quenched condition means that the elastic response is measured
over a relatively small load regime compared to the fully aged condition,
increasing the uncertainty of the linear fit from which the Young's
Table 4
SCEC coefficients of Udimet 720LI at different temperatures. All units are in GPa¯1.

22 °C 400 °C 500 °C 650 °C

α −0.0051 −0.0063 −0.0065 −0.0097
Δα 0.00009 0.00024 0.00016 0.00035
β 0.00534 0.00623 0.00631 0.00745
Δβ 0.00002 0.00005 0.00004 7.84E−05
η 0.00268 0.00319 0.00344 0.00344
Δη 0.00022 0.00006 0.0001 0.0001
φ −0.0018 −0.0022 −0.0021 −0.0021
Δφ 0.00005 0.00001 0.00002 2.25E−05
moduli is derived. However, our observations are in agreement with
previous studies of a γ″ strengthened superalloy Inconel 625 [31]
where the variation in the Young's modulus due to γ″ precipitation
was reported to be no more than 1%.

The transverse strain response during loading was analysed next in
order to calculate the Poisson's ratios for the different testing tempera-
tures. As before, the phase specific Poisson's ratios were determined for
Udimet 720LI while average phase values were calculated for Inconel
718, Fig. 5. In the case of Udimet 720LI, the γ and γ′ phases show
again very similar values over the studied temperature regime. A slight
increase of the Poisson's ratios of both phases can be noted at a temper-
ature beyond 500 °C, which is in agreement with previous studies on
polycrystalline Ni3Al [32] and the single crystal alloy CMSX-4 [33]. In
contrast, the evolution of the averaged phase Poisson's ratio of Inconel
718 appears more complex and there is a difference of ±0.03 between
the observed values and the data reported in [29,34]. It is also noticeable
that the water-quenched condition generally displays higher values
than the fully heat-treated condition in the studied temperature
range. The reason for these elevated values is not clear.

The discrepancy between the present results and the literature
values arise from different issues. The first one is inherent to the princi-
ple of calculating the Poisson's ratio frommeasurements using two dif-
fraction vectors. The family of grains contributing to the diffraction
Fig. 9. Plane specific Poisson's ratio of Inconel 718 vs Temperature. Trend lines have been
drawn to guide the reader. The open markers are the diffraction elastic constants directly
determined from strainmeasurements and the solidmarkers correspond to thediffraction
elastic constants after refinement using the SCEC analysis.



Fig. 10. DECs of Udimet 720LI vs Temperature. Trend lines have been drawn to guide the
reader. The open markers are the diffraction elastic constants directly determined from
strainmeasurements and the solid markers correspond to the diffraction elastic constants
after refinement using the SCEC analysis.
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signal in the transverse direction is different from the family of grains
that are used for the strain measurement in the longitudinal direction.
The assumption of a similar Poisson's contraction for these two families
of diffracting grains is therefore required for the purpose of the Poisson's
ratios calculation. As a result, the uncertainty on the Poisson's ratiomea-
surements is highly dependent on the number of diffracting grains and
the anisotropy of the material. Another factor of divergence for these
values is the microstructural complexity of the alloy and the fact that
it is usually heat-treated to a non-equilibrium condition. For instance,
γ″ will eventually transform to the stable δ if heat-treated sufficiently
long or at elevated temperature [35]. Therefore, the phase chemistries
can alter very significantly depending on the heat treatment.

3.2. Determination of DECs and SCECs

Due to the elastic anisotropy of crystals, the elastic response of indi-
vidual planes will be different. Sincemany diffraction based strain scan-
ning instruments (neutron or X-ray) use a monochromatic beam to
record the peak shift of a single (hkl) reflection, it is important to deter-
mine the DECs of individual reflections in order to convert strain mea-
surements to stress values.

For Inconel 718, it was possible to analyse the (311), (220), (200)
and (111) reflections with sufficient accuracy. In the case of Udimet
Fig. 11. Plane specific Poisson's ratio ofUdimet 72LI vs Temperature. Trend lines have been
drawn to guide the reader. The open markers are the diffraction elastic constants directly
determined from strainmeasurements and the solidmarkers correspond to thediffraction
elastic constants after refinement using the SCEC analysis.
720LI, an initial analysis of the (100) and (200) and (110) and (220) re-
vealed no significant difference between the superlattice reflections and
the combined γ/γ′ fundamental reflections during mechanical loading.
As a result, the DECs calculated here correspond to the combined γ/γ′
(311), (220), (200) and (111) reflections.

The DECs of the (311), (220), (200) and (111) reflections were cal-
culated from the strain response of each of (hkl) plane. These values
can be used to infer the Single Crystal Elastic Constants (SCEC). The re-
lationship between the crystallographic factor Γhkl of the face centre
cubic crystal structure, theDECs and the SCECwas used to provide an al-
ternative route to deduce DEC values for any (hkl) orientation. Tensor
relations mean that the elastic modulus for a given (hkl) orientation of
a single crystal can be described as a function of the factor Γhkl and the
compliance tensors Sijkl [36,37]:

Ehkl ¼
1

S1111 � 2 S1111 � S1122 � 1
2
S1212

� �
� Γhkl

: ð1Þ

Similarly the Poisson's ratio can be expressed using the following
equation:

νhkl ¼
1
2
� Ehkl
2 c1111 þ 2c1122ð Þ ð2Þ

with the crystallographic factor Γhkl for a cubic structure defined:

Γhkl ¼
h2k2 þ h2l2 þ k2l2

h2 þ k2 þ l2
� �2 : ð3Þ

Eq. (1) can be reformulated to obtain the reciprocal elastic modulus:

1
Ehkl

¼ S1111 � 2 S1111 � S1122 � 1
2
S1212

� �
Γhkl ð4Þ

and the transverse elastic constant can be calculated from Eq. (2) as
follows:

�νhkl

Ehkl
¼ 1

2 c1111 þ 2c1122ð Þ �
1
2
S1111 þ S1111 � S1122 � 1

2
S1212

� �
Γhkl: ð5Þ

Γhkl is a harmonic function with the symmetry of a cubic lattice. The
reciprocal elastic moduli of the measured reflections of heat-treated
Inconel 718 and Udimet 720LI at different temperatures, and the linear
interpolation calculated from these values, are shown in Figs. 6a) and
7a) respectively. Figs. 6b) and 7b) present the corresponding transverse
elastic moduli for the same reflections and temperatures. The results
agree well with the expected linear dependence on the anisotropy fac-
tor in all cases. The uncertainties increase with the temperature for
the same reasons as previously stated.

The linear interpolation calculations provide the slope coefficientsα
and η, and the y-intercept values β and φ of the linear functions:

1
Ehkl

¼ α � Γhkl þ β ð6Þ

and

�νhkl

Ehkl
¼ η � Γhkl þ φ ð7Þ

respectively.
The SCEC coefficients α, β, η and φ of fully-aged Inconel 718, water-

quenched Inconel 718 and Udimet 720LI are presented for different
temperatures, together with the associated uncertainty, in Tables 2, 3
and 4, respectively.
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As a result of scatter the uncertainties of the SCEC coefficients for the
as-quenched Inconel 718 condition are more significant than for the
fully-aged Inconel 718 and Udimet 720LI. For all the conditions, the un-
certainty of the experimental DECs increases with the temperature. The
values of the SCEC presented in Tables 2, 3 and 4 can be used to deter-
mine the DEC values of any (hkl) reflection plane.

The evolution of the DECs of heat treated Inconel 718 and Udimet
720LI function of the temperature are presented in Figs. 8 and 10 re-
spectively. The plane-specific Poisson's ratio related to the (311) and
(111) reflections of fully-aged Inconel 718 and Udimet 720LI are pre-
sented for the same temperature ranges in Figs. 9 and 11, respectively.
In these figures, the open markers are the diffraction elastic constants
directly determined from strain measurements and the solid markers
correspond to the diffraction elastic constants after refinement using
the SCEC analysis.

As expected, throughout the tested temperature range, the (111) re-
flection is the stiffest followed by the (220), (311) and (200) reflections.
The DEC evolution profiles are similar to the evolution profiles of the
phase specific and bulk material elastic constants. The uncertainty of
the calculated DEC values determined by the refinement method in-
creases with the value of the crystallographic factor Γhkl. For this reason
the uncertainty is more significant when calculating DECs of the stiffest
reflections for which the value of Γhkl is the highest. In principle, the ac-
curacies correspond to goodness of linearfit in Figs. 6 and7. However, as
the refinement uses themeasured strain responses of all the four reflec-
tion planes, the statistics of such analysis should be superior compared
to direct DECs measurements. Thus, these values are more representa-
tive of the DECs of the two superalloys.

4. Conclusions

In-situ loading experiments at temperatures ranging from RT to
750 °C were carried out on two common Ni-base superalloys, namely
Udimet 720LI and Inconel 718, using the TOF instrument ENGIN-X at
ISIS in order to quantify the variation in elastic constants with tempera-
ture. A Rietveld refinement to all the observed diffraction peaks was ap-
plied in order determine the phase specific elastic constant
representative of the two alloys. The datawere also processed using sin-
gle peak-fit analyses in order to determine the diffraction elastic con-
stants (DEC) of the (311), (220), (200) and (111) reflections. The
elastic constants were measured to ±10 GPa and ±0.02 for the
Poisson's ratios.

As one would expect, the stiffness of both alloys was found to de-
crease with increasing test temperature from around 240 GPa at RT to
around 140 GPa at 700 °C for Inconel 718 with Udimet 720LI generally
15–20 GPa higher. A slight knee in the curve was observed around
500 °C. Similar trendswere observed for the evolution of the elastic con-
stants of the two alloys as well as for the individual peaks. Very similar
values of Young's moduli and Poisson's ratios were calculated for the
matrix phases, γ, and the precipitation phase, γ′, of Udimet 720LI. This
means that a single-phase model fitting approach is reliable when
analysing the diffraction data of Udimet 720LI.

The elastic constants of Inconel 718 was found to remain similar be-
fore and after the heat treatment, implying that the precipitation of the
strengthening phases has a negligible influence on the Young'smodulus
of this alloy.

The temperature range studied is narrow in order to prevent addi-
tional uncertainties relating to microstructural instability during in-
situ measurements. However, scatter of the data was observed to in-
crease significantly at the highest test temperatures, affecting the accu-
racy of the elastic constants.

The relation between the plane specific elastic constants and the
crystal structure was used to deduce the Single Crystal Elastic Constants
of the two alloys. The obtained values are well described as the coeffi-
cients of a linear function of the crystallographic factor of the FCC struc-
ture at isothermal condition as one would expect. These coefficients
may be used for the determination of the DEC of any (hkl) reflection
of Inconel 718 and Udimet 720LI, which should be statistically superior
to direct DEC measurements. The anisotropy increased with increasing
temperature.
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