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• A novel sample environment for in-situ
analysis of stress relaxation during an-
nealing treatments was developed.

• The stress free d-spacing changes sig-
nificantly during the heat treatment be-
cause of microstructural evolution.

• The stress relaxation in Inconel 718
during ageing results from plasticity
and creep mechanisms.

• Ageing treatment at 750 °C/8 h of water
quenched Inconel 718 relaxes residual
stresses by approximately 60%.
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A method for in-situ monitoring of residual strain/stress evolution during annealing treatments has been devel-
oped using a new induction heating setup designed for neutron strain-scanning instruments. First, time-of-flight
neutron diffraction was used for determining the location and level of maximum residual stresses induced by
quenching in disc shape samples of Ni-base superalloy Inconel 718. These were found to be in the centre of
the samples being 700 MPa in tension in radial/hoop directions and−300 MPa in axial direction. Subsequently,
an in-situ annealing experiment was undertaken at 750 °C for 8 h in order to monitor the d-spacing evolution in
this particular location in the three principal directions and in an attached stress-free sample. Themeasurements
revealed that most stress relaxation occurs during the heating stage as a result of a combination of plasticity and
early stage creep relaxation. During the isothermal stage the d-spacing changesmeasured in the stressed sample
were dominated by the evolution of the stress-free d-spacing resulting in only very limited further stress relax-
ation. Ex-situ measurements after annealing confirmed the in-situ observations at the 8 h mark of 60% residual
stress reduction validating the in-situ experimental protocol.

© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Manufacturing of metallic components usually involves a sequence
of thermo-mechanical process steps which are applied to the alloys in
order to achieve the required shaping andmicrostructure of the compo-
nents. Several of these processes such as forging [1], quenching [2–5],
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welding [6] and surface treatments [7] can result in the generation of a
high level of residual stresses. These stresses, if they remain in
the component, can be detrimental during the processing of the alloy
and/or while in service. For example, material removal during machin-
ing leading to re-distribution of residual stresses in the component can
result in uncontrolled distortions. In addition, the residual stresses re-
maining at the end of the manufacturing process will combine with
the in-service stresses and can significantly impact the component life
[8]. Awide range of studies have been carried out in order to understand
the relation between processes induced residual stresses and crack
growth in engineering components [9,10], and to develop numerical
prediction tools [11]. Since the residual stresses are evolving at each
step of themanufacturing process [12], it is crucial to accurately control
the level of stresses in order to prevent failure during operation of the
component or rejection of the component for non-conformance during
manufacturing. Annealing heat treatments are often applied to
manufactured components in order to relieve the stresses induced by
prior processing steps.

Diffraction can be used as a non-destructive tool characterisation
strain profiles in engineering components. A number of studies have
been performed in order to characterise the thermal stress relaxation
in large components. X-ray diffraction was used to study the stress re-
laxation after thermal exposure of turbine discs in René 95 superalloy
[13]. It was found that the stresses could be reduced by 70% when the
component was treated at 704 °C for 500 h. However, the penetration
depth of X-rays is a limiting factor in the study of bulk stresses [8].
Thus the measurement of strain in certain locations required the disc
to be sectioned, this results in significant changes of the stress distribu-
tion and stress relaxation. Due to their weak interaction with matter,
neutrons have the advantage over X-rays that their penetration can
reach several centimetres in engineering alloys [14]; as such the elastic
strain can be mapped in large components in order to characterise the
stress profile. Ex-situ studies of the thermal relaxation of stresses in-
duced by inertia friction welding of Udimet 720Li [6], and stresses in-
duced by water quenching in RR1000 [12], were performed on
neutron diffraction strain scanning instruments. The advantage of
such ex-situ neutron diffraction method is that the strain can be
scanned in the samples in order to determine the evolution of the stress
profile at different stages of the heat treatment. The main drawback of
the ex-situ analysis is that a large number of samples is required in
order to perform the study, introducing potential sample-to-sample
variability.

Recently, Rolph et al. reported results from the first in-situ annealing
experiment using neutron diffraction carried out on Ni-base superalloy
RR1000 [15]. In this experiment, the stresswas tracked at the centre of a
hockey puck shaped sample during an isothermal treatment applied on
the sample using a setupmade of heating blankets. The same setupwas
usedmore recently for in-situ stress relaxation studies in a welded steel
pipe [16]. These data have provided new information related to differ-
ent mechanisms involved in the stress relaxation and a more reliable
representation of the stress relaxation evolution.

Precipitation strengthened Ni-base superalloys are high tempera-
ture materials typically used by the gas turbine industry, oil and gas in-
dustry as well as nuclear industry. They are often used in environments
where they have to operate around 600 °C or higher and under very
high pressure [17]. Their high temperature strength is a result of a
high volume fractions ofγ′ and/orγ″, which are both ordered structures
and are generally coherent with the metal matrix [18,19]. Forged com-
ponents are usually annealed at high temperature around1000–1200 °C
in order to partially or fully dissolve the strengthening phases and opti-
mise their distribution by appropriate cooling/quenching and during
subsequent ageing [20]. As these alloys have exceptional high tempera-
ture properties, they are also prone to develop very significant residual
stresses during rapid cooling from the solution temperature, which are
partially relieved during the ageing treatment. Hence, nickel-base su-
peralloys represent a typical class of high performance alloys, where a
good knowledge of residual stress mitigation during ageing is of partic-
ular importance.

The aim of the present paper is to describe a new in-situ heat treat-
ment setup to be used on neutron diffraction beam lines. The setup has
been used successfully to measure in-situ the elastic strain evolution
during ageing in an as-quenched nickel-base superalloy demonstrating
the possibility of accurately following the stress evolution during such
heat treatment on state-of-the-art neutron strain scanning instruments.
2. Experimental methodology

2.1. Material and specimen selection

All material used in the present study was provided by
Aubert&Duval and Rolls-Royce plc. A material and specimen selection
was performed prior the in-situ stress relaxation analysis in order to op-
timise themeasurement conditions. Table 1 present the nominal chem-
ical composition of three widely used Ni-base superalloys, Inconel 718,
Udimet 720LI and RR1000 [17]. Firstly, a series of measurements were
carried out using the constant wavelength instrument SALSA to deter-
mine neutron flux attenuation depth profiles for the three different
alloy chemistries. All the measurements were performed in the same
conditions, i.e. with a gauge volume of 2 × 2 × 2 mm3 defined by
three collimators. Thewavelengthwas set to 1.56 Å in order tomeasure
the (311) reflection, as both the (311) and (111) reflections are known
to be least sensitive to intergranular strain accumulation and hence rep-
resentative of the bulk behaviour [21]. Fig. 1 presents the evolution of
the neutron flux attenuation depending on the neutron path length
through the samples. The upper x-axis shows the corresponding dis-
tance from the surface of the sample for an angle of diffraction of
2Ɵ = 90°.

Unlike Inconel 718, which is mostly strengthened by γ″, Udimet
720LI and RR1000 are γ′ strengthened superalloys. Cobalt is added to
the chemical composition of these γ′ strengthened alloys in order to
raise their γ′ solvus temperature and provide additional solid solution
strengthening of the γ matrix [17]. The γ′ phase can be described as
(Ni,Co)3(Al,Ti) with Ti and Al being the γ′ stabilising elements [22]. Co-
balt, as well as other elements such as Hf, which reaches 0.5 wt% in
RR1000, have relatively high absorption cross sections: 37.18 b for Co
and 104.1 b for Hf, compared to 4.49 b for Nickel (absorption cross sec-
tions for a wavelength of 1.79 Å) [23]. This explains the difference of
neutron flux attenuation between the different alloys. As a result,
Inconel 718 provides significant gain in time resolution during in-situ
measurements compared to RR1000 or Udimet 720LI.

The sample geometry for the in-situ studieswas of simple disc shape
with a diameter of 126 mm and a thickness of 20 mm (see Fig. 2a). All
samples (S1-S4) were extracted from a single large pancake followed
by a sub-δ-solvus heat treatment at 980 °C for 1 h andwater quenching.
At this stage the δ precipitates are mostly located at grain boundaries
and the amount of γ′ and γ″ is negligible [18]. This changes during the
subsequent ageing treatment, which results in a fine distribution of
both phases and significant increase of strength [24].

The precipitation of the strengthening phases during the ageing
treatment, and the associated change in γ matrix chemistry, means
that the average lattice parameter will also evolve independently of
the stress relaxation. Thus, in order to perform reliable strain and stress
calculations, it is required tomonitor the evolution of the stress free lat-
tice parameter during the heat treatment. The stress free (d0) reference
sampleswere cubes of 7 × 7×7mm3, see Fig. 2b, that had been cut from
the S4 disc using EDM machining following the comb-type design for
d0-samples [25]. Such a design relaxes the residual stresses in the direc-
tion orthogonal to the cut path. The sample dimensions of the d0-sam-
ples were chosen in order to enable the use of a large gauge volume
during the in-situ experiments as gauge volume changes betweenmea-
suring the stressed and the d0-sample are impractical.



Table 1
Chemical compositions (wt%) of some nickel-base superalloys.

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

Udimet 720 LI 57 16 3 15 – 3 5 1.3 0.03 0.03Zr
Inconel 718 53 19 19 3 – 5.1 1 1 – 0.08 0.15 Max Cu
RR 1000 52 15 – 5 19 – 3 4 – 0.03 0.015B, 2Ta, 0.06Zr, 0.5Hf
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2.2. In-situ experiment setup

The in-situ setup used in this study was designed at the ILL and de-
veloped in order to fit on different neutron strain scanners. The furnace
is composed of three parts: a RF amplifier/induction generator provid-
ing power for the heating component, an external control panel for
the regulation of temperature and the heating component with an im-
pedance adaptor. Fig. 3 shows the in-situ setup as it is implemented
on the sample stage in this case the SALSA beamline at the ILL.

The coil consists of two spires made of a copper tube of 8 mmdiam-
eter and is cooled down by a water cooling system. The coil is inter-
changeable in order to fit different sample geometries. In the case of
the present samples, the coil was in the shape of a cylinder which
heats the cylindrical surface of the disc sample.

The sample holderwas specifically designed for this experiment and
was made of Pamitherm®, which is an electrical insulation material
made of a stratification of mica layers and a high temperature binder.
The material can be exposed to about 750 °C with high temperatures
leading to delamination of thematerial. Despite a rather lowmaximum
operating temperature, this material has the advantage of remarkable
thermal shock resistance. Additional Zirconium fibre insulation sepa-
rates the sample from the sample holder to protect it from excessively
high temperatures. The furnace was designed to ensure that the neu-
tron beam would not go through any of the heating component or the
sample holder parts, which are both made of materials that could
strongly attenuate the neutron beam.

To promote a uniform heating of the sample, and hence to perform
heat treatment at a constant and homogeneous temperature, thermal
insulation plates were positioned on each side of the sample holder as
shown in Fig. 3. The material used for the insulation was a low-density
porous alumina-silica material, which also provides the benefit of
displaying very low neutron absorption. Initial tests of the alumina-sili-
ca insulation plates showed additional neutron attenuation to be less
than 14% and negligible background generation.
Fig. 1. Attenuation of the neutron flux vs neutron path length through the samples.
The temperature profiles were recorded during heating procedures
using K-type thermocouples in different locations of the disc sample
and in the d0 reference sample attached to the surface of the disc.
Fig. 4 shows the evolution of the temperature profile during the heating
procedure for the different thermocouple locations. Two thermocou-
ples, one on the cylindrical surface and the other on the flat surface of
the disc shaped sample,were used for the regulation of the power deliv-
ered by the RF amplifier to the coil. Two additional thermocouples were
inserted into the sample, one at amid-radius location and one located at
the centre location of the sample where the measurements are per-
formed. An additional thermocouple was introduced in the d0 reference
sample glued on the surface of the disc shaped sample.

Fig. 4 demonstrates that during steady-state conditions a tempera-
ture gradient less than 10 °Cwas recorded, demonstrating the effective-
ness of the thermal insulation.With the given setup the temperature of
the stress free reference sample is about 5 °C lower than in the centre of
the disc sample during steady-state conditions. Hence, a d-spacing cor-
rection is required that follows the thermal expansion coefficient.

The initial heating procedure shown in Fig. 4 took approximately
50 min. However, in the case of the actual in-situ experiment, the
heating procedure was reduced to 30 min.

2.3. Residual stress analysis

The in-situ ageing experiment was performed on the dedicated
strain-scanning instrument VULCAN at SNS, Oak Ridge, US [26]. This in-
strument is a Time-Of-Flight (TOF) instrumentwith twodetectors being
Fig. 2. a) Design of the samples and position of the beam duringmeasurements, b) design
of the d0 reference samples.

Image of Fig. 1
Image of Fig. 2


Fig. 3. Picture and schematic of the in-situ analysis furnace of SALSA instrument.

928 P.E. Aba-Perea et al. / Materials and Design 110 (2016) 925–931
fixed at a 90° angle to the incident beamgiving scattering vectors (strain
measurement direction) parallel (first detector bank, radial strain direc-
tion) and perpendicular to surface of the sample (second detector bank,
axial strain direction). In the present study the chopper of the VULCAN
instrumentwas set to 60Hz corresponding to an averagewavelength of
1.44 Å. The TOF range was selected in order to access the (311) reflec-
tion for the reasons given in the previous sections.

To achieve fast acquisition, it was required to use a large beam size to
benefit from ahigh neutron flux. The residual strain field in the centre of
the sample was expected to be relatively homogeneous, as previous
measurements on RR1000 hockey puck samples of similar dimensions
have demonstrated [15]. This enabled the use of a 5 × 5 × 5 mm3

diffracting gauge volume in both the disc samples and d0 reference sam-
ples. However, such large gauge volume might have led to slightly
underestimating stress gradients near the surface. The beam size was
Fig. 4. Temperature profile of the in-situ analysis furnace.
defined with a 5 × 5mm2 slit on the primary beam size and a 5 mm
wide radial collimators on the detectors sides. The application of such
gauge volume for the d0 reference sample alsomeant that no surface ef-
fects had to be accounted for.

A first series of ex-situ measurements were carried on S1, S2 and S3
at room temperature in order to characterise the stress profile in the
samples after quenching. The centre axis line was scanned in the three
samples with the first point 2 mm under the surface of the samples
and the last point at 12 mm depth. Since the samples geometry is a
disc and the quenching process is assumed to be uniform, the stress dis-
tribution is expected to be axis-symmetric. Therefore, the radial and
hoop strain directions become identical along the axial centre line of
the sample. The measurements were performed simultaneously in
axial and radial/hoop directions using the double detector setup. The
stress free lattice parameter was measured in two directions in five d0
reference samples to obtain good statistics.

The in-situmeasurementswere performed using the heat treatment
setup described above, implemented on the sample stage of the VUL-
CAN instrument. Two d0 reference samples and an additional cube
with a thermocouple placed in it were attached on the sidewall of the
disc S1 using ceramic glue. The thermocoupled cube was not scanned
but glued close to the two other cubes in order to monitor the temper-
ature of the d0 reference samples. Three thermocouples were intro-
duced just below the surface of the sample. Three holes of 5 mm
depth and 1mmdiameter were drilled by electro erosion in the sample.
Given the position and the dimension of the holes, the influence of dril-
ling on the stress field in the centre of the sample is assumed to be neg-
ligible. Two thermocouples were required for the regulation of the
power supplied by the RF amplifier while a third thermocouple was
used to monitor the temperature homogeneity during the heat treat-
ment. The sample S1 was positioned in the sample holder, the alumi-
na-silica plates were placed on each side of the sample holder and the
entire assembly was clamped to a stage.

The d0 samples and the disc samplewere aligned in x (parallel to the
surface of the sample) and z direction using a high precision camera be-
fore placing the insulation. After clamping the two alumina-silica plates
to the sample holder, the y direction (perpendicular to the surface of the
sample) was aligned by carrying out entry scans.

The temperature was computer controlled enabling a step-by-step
heating procedure with three hold temperatures for 5 min at 100 °C,
250 °C and 500 °C before reaching the final ageing treatment of 750 °
C. Such progressive heating procedure was applied in order to spare
the insulation from thermal shocks. It also enabled to carry out mea-
surements on the d0 reference samples to obtain thermal expansion
data of the alloy. After the thermocouples read 750 °C, which occurred
approximately 20min after the initiation of the heating procedure, a la-
tency period of 10minwas set to enable thermal homogenisation of the
sample before starting the diffractionmeasurements in the centre of the
sample. Counting times of 10minwere chosen for themeasurements of

Image of Fig. 3
Image of Fig. 4


Fig. 5. Ex-situ stress profiles of the water quenched Inconel 718 samples.

Fig. 6. Evolution of the d-spacing in the centre of the sample in radial and axial direction,
and in the stress free reference sample vs time during a heat treatment at 750 °C.
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the stressed sample, which were alternated with 1 min measurements
of the stress-free reference sample.

At the end of the ageing treatment, the sample was cooled down to
room temperature. The furnace was turned off and the insulation was
removed when the temperature was around 500 °C. Once the sample
was at room temperature, it was scanned again in order to obtain a
post-ageing stress profile that can be compared to the as-quenched one.

2.4. Diffraction data analysis

Data analysis was carried out by using SNS in-house software,
VDRIVE, to fit a Gaussian profile to the (311) reflection.While a TOF in-
strument such asVULCANoffers the possibility of a Rietveld analysis of a
diffraction spectrum, only a (311) single peak fit was chosen as the re-
duced acquisition time resulted in insufficient intensity of the other
peaks precluding Rietveld refinement to be performed.

First the strain was calculated for the two directions using the engi-
neering strain equation:

ε tð Þ ¼ dhkl tð Þ−dhkl
0 tð Þ

dhkl
0 tð Þ

ð1Þ

with dhkl(t) being the d-spacing in the stressed sample at a certain mo-
ment of time in case of the in-situ study. In order to perform a reliable
strain calculation, a precise knowledge of the d0 evolution was neces-
sary. The d0 value at room temperaturewas obtained for each individual
detector for ex-situ measurements. However, during the in-situ mea-
surements, the d0(t) evolution could only be recorded by the secondde-
tector bank because of the furnace setup. This required the detectors to
be calibrated against each,which led to a correction factor of 0.99972 for
detector bank 2.

Using the strain determined in axial and radial/hoop directions, the
stress was calculated for these directions using the following relation
[8]:

σX ¼ Ehkl
1−vhklð Þ 1−2vhklð Þ 1−vhklð Þεx þ vhkl εy þ εz

� �� �
andσY ¼ …etc ð2Þ

where νhkl is the plane specific Poisson's ratio and Ehkl is the Diffraction
elastic constant.

The stress calculations require the use of suitable Diffraction Elastic
Constants (DECs), which for the present case were taken from [27].

3. Results and discussion

3.1. Ex-situ characterisation of the stress profiles after water quenching

The residual stress profiles in S1, S2 and S3 afterwater quenching are
shown in Fig. 5. The results showpeak tensile stresses between650MPa
and 750 MPa in radial/hoop direction in the centre of the samples. As
one moves axially from the centre of the samples towards the surface
the radial/hoop stress values decrease and become compressive close
to the surface. The axial stresses are found to be compressive in the cen-
tre region of the samples, with residual stress values varying from
−100MPa to−300MPawhile about 2mm from the surface the stress-
es are slightly tensile. The average uncertainty for the stress measure-
ments is ±50 MPa. The error is slightly lower in axial than in radial
direction for the points at 2, 4 and 8 mm from the bore, as the neutron
path-length was shorter for these measurements.

The residual stress profiles of the three as-quenched samples are rel-
atively similar. S1 and S2 have the same stress amplitude in radial/hoop
and axial direction. However, at individual locations the stresses vary up
to 250 MPa between samples. While such variations might seem sur-
prising it is difficult to achieve exactly the same cooling conditions dur-
ingwater quenching to repeatedly generate the same stress profiles. For
example, variations of transfer time from furnace to quenching tank or
the angle at which the sample enters the quenchingmediumwill affect
the thermal gradient in the sample and hence has an impact on the final
stress profile. This highlights the primary drawback in undertaking ex-
situ stress relaxation studies using a number of samples rather than fol-
lowing the stress evolution in a single sample.

The through thickness residual stress profiles after water quenching
shown in Fig. 5 are generally comparable to those determined in Inconel
718 components in [3–5] although slight variations in sample geometry
in previouswork compared to the present hockey puck samples and dif-
ferences in quenching procedures mean that differences in absolute
stress levels are observed.
3.2. In-situ stress relaxation during ageing treatment

For the in-situ analysis sample S1 was chosen and the ageing treat-
ment was carried out at 750 °C for 8 h. Fig. 6 shows the evolution of
d-spacing in the radial and axial direction in the centre of the sample
as well as the evolution of d0 during this treatment. Two d0 reference
samples were measured during the in-situ experiment and the values
presented in Fig. 6 are averaged values. Most notable is that there is a
very significant evolution of d0 during ageing,which is due to a chemical
change of the γ matrix phase and the precipitation of γ′ and γ″. In

an alloy like Inconel 718, the ratio of TiþAl
Nb greatly influences the

Image of Fig. 5
Image of Fig. 6
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precipitation behaviour and kinetics for a given ageing temperature
[28]. The material used in the present study was analysed by 3D Atom
Probe Tomography andprovided aTiþAl

Nb ratio of 0.66,whichmakes it like-
ly thatγ′ andγ″ do precipitate simultaneously in a temperature range of
700 °C to 900 °C according to [29,30]. This work has also suggested that
precipitation of these phases starts almost instantaneously during such
heat treatment.

An important aspect of Fig. 6 is that d0 decreases by more than
7 · 10−4 Å during the treatment. This represents a variation of approx-
imately 650 · 10−6 strain. In comparison, the evolutions of d-spacing in
the axial and radial directions are approximately 3.5 · 10−3 Å and
9 · 10−3 Å, respectively, during the treatment. Hence, a significant pro-
portion of d-spacing evolution measured in the stressed sample is due
to the microstructure evolution and not related to stress relaxation.

The average d-spacing uncertainty in the radial and axial directions
corresponds to approximately 75 · 10−6 strain, which is related to the
goodness of peak fit and was calculated with the following equation
[31]:

Uε ¼ 1
d0

δdð Þ2 þ δd0ð Þ2
h i1=2

ð3Þ

However, the data scatter of the radial d-spacing evolution does
slightly exceed the estimated uncertainty and seems to be greater
than for the axial strain direction. The difference in scatter might be re-
lated to a difference in the detector efficiency. However, despite such
scatter, it was possible to fit logarithmic functions to all three sets of
data points, which are also included in Fig. 6.

These logarithmic functions were then used to calculate strain evo-
lutions (Eq. (1)) and stress evolutions (Eq. (2)) as a function of time.
This stress evolution with respect to the stress state in the centre of
the disc sample, is shown in Fig. 7. Here, the points at the time t = 0
and at t = 12 h correspond to ex-situ measurements carried out at
room temperature before and after the treatment. The average uncer-
tainty of the stress data is about ±50 MPa. It can be observed that
most of the stress relaxation occurs during the heating of the sample,
which is likely due to a combination of creep relaxation and plasticity
induced by the reduction of the yield strength during heating. Depend-
ing on the grade of the alloy and the heat treatment condition, the value
of the yield strength of Inconel 718 at 750 °C has been reported to be in a
range from 250 MPa to 620 MPa [4,32]. During isothermal hold, the
stress keeps evolving at a diminishing rate during the treatment,
which suggests that creep mechanisms are involved in the stress relax-
ation at 750 °C. When considering Ashby creeps maps [33] one might
Fig. 7. Stress relaxation vs time in the centre of the sample in Inconel 718 during a heat
treatment at 750 °C/8 h.
conclude that initially power-law creep is the dominating mechanisms
taken over by pure diffusional creep when the stress level have reached
low values.

Bapokutty et al. previously performed stress relaxation tests at vari-
ous temperatures on tensile test samples in Inconel 718 [34]. When
comparing their stress relaxation curve and stress values for stress re-
laxation at 750 °C excellent agreement can be found with Fig. 7. Stress
relaxation experiments on superalloy IN738LC also shows similar
trend as presented in Fig. 7 although the difference in alloy composition
and stress relaxation temperature makes this comparison less viable
[35]. A comparison with a previous in-situ ageing experiment using
neutron diffraction carried out on Ni-base superalloy RR1000 [15]
shows that the present data display far clearer trends due to a signifi-
cant reduction in data scatter. There are most likely two reasons for
the superior quality of the data in the present case. Firstly, Inconel 718
shows less neutron absorption than RR1000 as demonstrated in Fig. 1.
Hence when choosing a compromise between counting time and data
quality, Inconel 718 provides an advantage over RR1000. Secondly, the
present in-situ experiment was carried out on the new engineering
strain scanning instrument VULCAN at the SNS which has a slightly
higher flux than the ENGIN-X instrument at ISIS on which [15] was car-
ried out.

Ex-situ measurements were carried out after the heat treatment,
once the sample was cooled down to room temperature. The radial
stress determined after cooling match well with the last data point of
the in-situ stress relaxation curve. However, there is a slight misfit be-
tween the ex-situ axial stress and the last point of the in-situ stress re-
laxation curve, which might be related to experimental error or a
result of the air-cooling process.

The centre axis stress profileswere again determined after cooling in
order to compare to the initial as-quenched condition and the data are
presented in Fig. 8. It can be seen that the stresses have come down
bymore than 60% as expected from the results of the in-situ experiment
and that the stress profiles are less steep after the ageing treatment.
Most importantly, the location of the maximum stresses in the radial
and axial direction is in principle unchanged when considering the
fitted stress profiles.

4. Conclusion

A methodology for studying thermal stress relaxation in large engi-
neering samples has been developed using neutron diffraction and a
furnace specifically designed for such experiments. The induction fur-
nace was developed primarily for the use on the SALSA instrument
but the setup is sufficiently flexible and can be installed on other
Fig. 8. Ex-situ stress profiles before and after heat treatment at 750C/8 h.

Image of Fig. 7
Image of Fig. 8
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engineering strain scanning beam lines. Isothermal heat treatments at
temperatures up to 1000 °C can be performed on a wide range of mate-
rials while carrying out in-situ measurements in optimum conditions
thanks to a thermal insulation with very low neutron beam attenuation
properties.

The ex-situ residual stress analysis of three water quenched disc
shaped Inconel 718 samples revealed maximum residual stresses in
the centre of the sample reaching up to 750 MPa in radial direction
and −300 MPa in axial direction. This analysis has also demonstrated
that reproducibility of the quenching process of large samples is rela-
tively poor resulting in significant variability in residual stress values be-
tween nominally identical samples highlighting the importance of
undertaking stress relaxation experiments on a single rather than sever-
al different samples.

In-situ measurements were performed successfully in the centre of
one of the disc shaped, as-quenched samples in conjunction with
stress-free reference samples in order to monitor the stress relaxation
during a heat treatment at 750 °C/8 h. A high data acquisition rate was
achieved thanks to the optimisation of the setup and the very high
flux available on the VULCAN instrument. It was found that stress-free
d-spacing changes very significantly during the ageing treatment
highlighting the importance of monitoring the evolution of this value
when undertaking such types of experiments. The measurements of
the d-spacing evolution was found to be of sufficient accuracy to fit a
logarithmic function to the data fromwhich the strain and stress evolu-
tion as a function of timewas calculated providing ideal data for validat-
ing process models.

The data provided by the in-situ measurements demonstrate that
most of the stress relaxation takes place during heating and ismost like-
ly a result of plasticity due to the reduction of the yield strengthwith in-
creasing temperature. Further stress relaxation, although of a far lesser
degree, was found to evolve at a diminishing rate during the isothermal
treatment, which proves that creep mechanisms, such as power-law
creep, play a role in the stress relaxation at this temperature. Both, in-
situ and ex-situ measurements revealed that at the end of the ageing
treatment at 750 °C/8 h the residual stresses had been reduced by
more than 60%.

Study of the stress relaxation during heatingwould provide comple-
mentary information on the roles of plasticity and primary creepmech-
anisms. Such an experiment would require performing a step-by-step
heating, holding the temperature for a sufficiently long duration at
each step to enable homogenisation of the temperature in the sample
and the accurate measurement of a stress-free reference sample.
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