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Residual stress induced during and as a result of manufacturing processes can have a significant impact on the
later stages of manufacturing (e.g., machining), and in-service performance (e.g., resistance to fatigue) of a
component. In this work, a novel approach is presented by combining FE based residual stress predictions with
experimental verification at scales comparable to industrial components, which is rarely reported. Instrumented
plates of IN718 nickel-based superalloys have been water-quenched and air-cooled from solution annealing
temperature (980 °C) and the associated cooling curves were measured at specified locations. The cooling curves
were used as boundary conditions for inverse calculation of zone-specific heat transfer coefficient (HTC), which
is the main parameter to estimate the heat exchange rate between different regions of a heated part and its
surrounding environment. The HTCs have then been implemented in an elastic—plastic finite-element model,
which included temperature dependant thermo-mechanical properties to predict thermally induced residual
stress fields during heterogeneous water/air quenching from. For the verification of the model, identical plates
were heterogeneously quenched (half in water and half in air) from 980 °C, both vertically and horizontally, and
residual stress was then measured in both plates using the contour method and incremental central hole drilling.

1. Introduction

Nickel-based superalloys are attractive materials for use in
demanding environment applications owing to their excellent combi-
nation of high temperature mechanical properties, good weldability and
corrosion resistance. For example, they are extensively used in critical
rotating parts for jet turbine engines and electricity generation systems
where high temperature fatigue and creep resistance is essential for
maintaining structural integrity.

One of the most widely used nickel-based superalloys is the precip-
itation strengthened alloy IN718 that has robust thermo-mechanical
properties up to temperatures of 650 °C [1]. The high temperature
mechanical strength of the alloy is derived from the precipitation of
finely dispersed NisNb (y") and Niz(Al, Ti) (y) particles in the face-
centred cubic (fcc) matrix of the Ni [1,2]. The disc-shaped body-cen-
tred tetragonal " particles have a diameter in the region of 50 nm (or
less) and a thickness in the region of 10 nm precipitate between 620
°C-900 °C, and because of the coherency strains between the c-axis of the
y" and the matrix is the major strengthening mechanism [5]. The
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coherent fcc y' particles further contribute to strength owing to moving
dislocations having to overcome the atomic order of the precipitates [6].
Above 650 °C IN718 loses strength because the NisNb precipitates as the
more stable orthorhombic &-phase (~700 °C — 1000 °C) that nucleates
at grain boundaries and grows as thin plates on the {111} crystallo-
graphic planes of the face-centred cubic (fcc) matrix, extending into the
grains [1,3]. There is minimal strengthening effect of §-phase but its
presence is beneficial for grain boundary pinning to prevent grain
growth during solution heat treatments [4], and to improve resistance to
grain boundary creep fracture during service [5,6]. Furthermore, car-
bides also precipitate through the addition of carbon, while increased
mechanical resistance is achieved through solid solution hardening
owing to the addition of molybdenum [7]. The presence of a notable
amount of iron results in lower price, compared to other nickel-based
superalloys with higher fraction of rare alloying elements like cobalt,
such that the alloy is often referred to as a nickel-iron alloy.

To acquire the desirable mechanical properties for the aforemen-
tioned critical applications, the microstructure, including the size and
distributions of grain sizes and different precipitates, needs to be
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designed and controlled during manufacturing processes [1,8-10]. For
this purpose, the material is typically subjected to sequential thermo-
mechanical processing comprising of solution heat treatment at tem-
peratures close to the solvus temperature of §-phase (i.e., slightly above
or below) followed by rapid cooling (e.g., water-quenching), and sub-
sequent heat treatments at lower temperatures (i.e., 720 °C and 620 °C)
[1,11]. The aging heat treatments at 720 °C and 620 °C leads to the
precipitation of y" and vy intragranularly, which are critical for high
temperature mechanical properties and creep resistance [12,13].

The thermal gradients experienced by a part during post-forging
water-quenching from the solution heat treatment temperatures can
generate a residual stress field of significantly high magnitude [14-16].
The aging heat treatments at lower temperatures (i.e. 575 °C — 720 °C),
after solution treatments, might relieve this stress, however it is rare for
the stress field to be completely relaxed [11]. This stress field is gener-
ated during quenching because of the differential expansion and
contraction between the cold exterior and the heated interior of the part,
causing extreme misfit between the two regions that eventually results
in heterogeneous plastic deformation [17,18]. The rate at which heat is
extracted from a component determines the severity of the differential
gradient in temperature and therefore affects the magnitudes and dis-
tribution of the resulting residual stress. Quantitative characterisation of
convective heat transfer between the surface of a heated part and the
surrounding medium (e.g., water), requires a good estimate of the heat
transfer coefficient (HTC), as the main parameter in the Newton-
Richmann relation [19]. The HTC is dependent on both the physical
properties of the quenchant and the physical situation of the quenching
process [20]. It is an empirically determined parameter whose value is a
function of the variables affecting convention such as the part’s surface
properties (e.g., geometry and roughness), the properties of the quen-
chant, fluid dynamic, and the nature of the quenchant motions [21].

The generated residual stress field remains in the part in the absence
of external loading, and can be beneficial or detrimental to the perfor-
mance of the material in critical environments [18]. Compressive re-
sidual stress is known to benefit fatigue performance [22], for instance
the stress generated at the surface of a component through shot peening
[23]. Conversely, tensile residual stress decreases the resistance of the
material to different degradation mechanisms and can lead to premature
failures [24]. Additionally, and most importantly, they can influence the
strategies based on which the final machining operations of the
manufacturing processes are executed. This is primarily due to the
redistribution of residual stress caused by material removal which re-
sults in distortion of the remaining material out of required dimensional
tolerances. Therefore, accurate prediction of the generation and evolu-
tion of residual stress during manufacturing processes are essential for
component design and right-first-time manufacture.

Inverse heat transfer analysis method has commonly been used for
the estimation of HTC by applying the cooling curves, measured during
quenching, as boundary conditions [25-31]. Despite the practicality of
this approach, it often requires large number of data points, especially
for complex geometries, to provide a reasonable estimate of localised
HTCs. This method has been adopted in this study aiming to present a
clear understanding of the magnitude and distribution of thermally
induced residual stress generated during heterogeneous cooling of
IN718 from solution annealing temperature (980 °C). The effect of
quenching configuration and extreme temperature gradient on residual
stress distribution are investigated by both finite element (FE) modelling
and experimental measurements. The implemented methodology pro-
vides a mean of comparison between the results of FE modelling and
those of the residual stress measurement techniques. Previous studies
investigating quenching induced residual stress in IN718 exist in liter-
ature (e.g., [17,32-34]), however the combination of modelling of re-
sidual stress based on HTCs calculated using the inverse analyses
method and comparison with the results of measurements using a rele-
vant technique (e.g., contour method) at scales comparable to industrial
parts can rarely be found. Therefore, the procedure presented in this
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paper can provide manufacturers with an approach to estimate
quenching induced residual stress to better control its effects during
later stages of manufacturing, e.g., abiding by the required dimensional
tolerances during machining.

2. Experimental procedures

This section introduces the material, and describes the methodolo-
gies used for acquiring the necessary data for further analyses and FE
prediction of the effect of heterogeneous cooling and quenching
configuration on the generation and distribution of residual stress.
Initially, the material is introduced, and details of microstructural
characterisations on the as-received and heat-treated conditions are
described. Then the experimental methodologies are divided into two
folds, (i) measurements of cooling curves at specified locations of the
plate geometry during water quenching (i.e., in both vertical and hori-
zontal configurations), and (ii) measurements of residual stress using
incremental central hole-drilling (ICHD) and contour method. The
measured cooling curves are then used as input for FE simulations which
are described in later sections, and the results of residual stress mea-
surements are used for validation and verification of the results of pre-
dictive models which are explained in the discussion section.

2.1. Material and microstructure

The material used for this study was IN718 supplied by Aubert &
Duval in billet form with 300 mm diameter and 2500 mm length. The
chemical composition, supplied by the manufacturer, is provided in
Table 1. Four flat plates with 250 mm x 200 mm x 30 mm (L x W x T)
dimensions were machined from the as-received billet to a Ra ~ 3 pm
surface finish. Two plates were used for the measurement of cooling
curves during quenching (one vertical and one horizontal quench), and
the remaining two plates were used for residual stress measurements
(one partial vertical and one partial horizontal water quench). A small
cubic sample was also cut from the billet for microstructure character-
isation of the as-received material.

Scanning electron microscope (SEM) and electron backscatter
diffraction (EBSD) were used for microstructure characterisation in the
as-received condition, and after solution annealing heat treatment for
both the water quenched and air-cooled sections. The samples were
ground and polished to a mirror finish condition followed by a 3 h
vibratory polishing using colloidal silica suspension. EBSD was con-
ducted using an automated HKL-EBSD system interfaced to a FEI
Quanta-250 SEM, with an accelerating voltage of 20 kV and a 100 pm
dia. aperture. A typical scan area size of 600 um x 500 pm was acquired
for each case, with over 90 % of the points indexed.

2.2. Quenching and measurements of cooling curves

For the measurements of temperature evolution during quenching,
thermocouple holes with ~1.1 mm diameter were drilled at specified
locations using an electrical discharge machine (EDM). Fig. 1 schemat-
ically shows the positions of the thermocouples’ tips for both vertical
and horizontal quenching configurations. N-type thermocouples with 1
mm diameter and 2 m length were installed at each location. The
thermocouples were secured using a high temperature cement to pre-
vent any potential movement during quenching. The plates were then
placed in a furnace and heated to 980 °C and kept at this temperature for
an hour, once all areas of the plate had reached the target temperature.
The plates were then removed via a forklift and quenched in water. For
the vertical and horizontal quenching configurations, the width and
thickness of the plates were aligned with the quenching direction,
respectively. For sample handling with the forklift, specially designed
holders were attached to the plates using M16 bolts, and an extension
fork was manufactured and installed on the forklift such that the plates,
with all the attached thermocouples, were safely removed from the
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Table 1
Chemical composition of the IN718 material investigated in this study (wt%).
(wWt%) Ni Cr Fe Mo Nb + Ta Al Mn C Ti P Co S B Cu Si
Min. 50 17.0 Bal. 2.800 4.75 0.200 - . 0.650 — . — — . —
Max. 55 21.0 3.300 5.50 0.800 0.350 0.080 1.150 0.015 1.000 0.015 0.006 0.300 0.350
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Fig. 1. Schematic sketches of the positions of the thermocouples instrumented into the plates during (a) vertical, and (b) horizontal quenching. (c) and (d) are the
CAD models of the vertically and horizontally quenched plates, respectively, with the stainless-steel holders attached via M16 bolts for manual handling dur-

ing quenching.

furnace and transferred to the quench tank in ~ 14 s. During quenching,
the samples were suspended from the fork such that their entire surfaces
were in contact with water (see Fig. 1). Following water-quenching
trials, the plates were returned to the furnace and solution heat
treated at 980 °C for 1 h. The heated plates were then air cooled to the
room temperature (~20 °C) and the cooling rates were monitored at
different locations, similarly to the water-quenching experiments. The
thermocouples were connected to National Instrument (NI) analogue
temperature-input modules (i.e., installed on a NI 4-slot chassis) and
controlled by LabView Signal Express software. The temperature at each
thermocouple tip was measured at 10 Hz for the water-quenching trials,
and at 1 Hz for the air cooling.

The remaining two plates for residual stress measurements were
heated to 980 °C, in the same furnace and under the same conditions as
those for the measurements of cooling curves, and manually quenched in
water one vertically half-way through its width, and the other hori-
zontally half-way through its thickness (see Fig. 2). The manual
quenching was carried out in less than 5 s transfer time from the furnace
into the quench tank using a pair of high temperature resistance chain
gloves without then requirement for other handling tools such as tongs.

This method of quenching (i.e., half in water and half in air) was con-
ducted to deliberately introduce extreme differential expansions and
contractions into the parts during quenching, to investigate the effect of
sample configuration on the distribution of thermally induced residual
stress. This has then been used for the validation of the results of FE
prediction.

2.3. Residual stress measurements

Measurements of residual stress were carried out on both plates in
the as-quenched condition, following non-uniform vertical and hori-
zonal quenching. The measurements were conducted by the aid of two
different techniques: semi-destructive incremental central hole-drilling
(ICHD) and the contour method.

2.3.1. ICHD method

Measurements by ICHD was conducted using a MTS3000-Restan
hole-drilling apparatus manufactured by SINT Technology. For each
measurement point, the target surface of the as-quenched plates was
ground successively by 200 and 400 grit emery paper around the
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Fig. 2. Photographs of the heterogeneously cooled plates taken half way through the cooling process during manual quenching (i.e., half in water and half in air),
with the schematic representations of the locations of the residual stress measurements with contour method and ICHD, (a) vertically quenched plate, and (b)
horizontally quenched plate. Note that in (b) only one side of the plate (i.e., the air-cooled side) is illustrated where position P1 of the ICHD is on the air-cooled side

and position P4 is on the opposite side of P1 (i.e., on the water-quenched side).

measurement area, removing up to about ~ 100 pm, including the oxide
scale formed during heat treatment and quenching, for strain gauge
installation. Following surface preparation and cleaning, pre-wired type
1-RY61-1.5/120R quarter bridge strain gauge rosettes, manufactured by
HBM, were fitted at specified locations on both plates. For drilling holes
at each point, 1.8 mm dia. TiAIN coated endmill, supplied by SINT
Technology, was used. The measurements were carried out in compli-
ance with the ASTM E837 standard [35] for uniform and non-uniform
stress distributions. By implementing a suitable acquisition strategy, i.
e., fine steps close to the surface and larger steps afterward, the holes
were drilled up to 60 % of the drill diameters (~ 1.2 mm). The principal
stresses were then calculated by taking into consideration the strains
measured throughout the hole-drilling process according to the ASTM
standard. Material’s elastic properties including Young’s Modulus of
196,000 MPa and Poisson’s ratio of 0.294 were implemented, which
were the same as those used for the contour method.

The measurements were carried out at four locations for each case,
mainly on a surface trajectory bisecting the as-quenched plates sym-
metrically along the quenching directions such that the areas of the
samples subjected to both air-cooling and water-quenching were
examined. Fig. 2 schematically shows the locations of the residual stress
measurements. The uncertainties of the measurements were analysed
using an in-house developed software in MATLAB, using the compliance
coefficients provided in ASTM E837 standard [35].

2.3.2. Contour method

Following the ICHD stress measurements the plates were subjected to
the contour method of residual stress measurement to evaluate full 2D
distribution of residual stress using displacement measurements normal
to a cut plane matching the surface trajectory used for the ICHD mea-
surement points, Fig. 2. The procedure for each sample comprised of
four consecutive steps: (i) cutting, (ii) measurement of 2D surface
displacement profiles of each half of the cut plate, (iii) surface

displacement data processing, and (iv) inverse calculation of residual
stress by FE simulation using the measured surface displacement con-
tours as boundary conditions. The cutting was conducted by an EDM
using a 250 pm brass wire in ‘skim’ cut mode. For each case, the sample
was clamped as close as possible to the cut line on both sides of the cut
plane to prevent potential solid body movements during the cut, which
can add artefacts to the measurements [36]. Before the cut, two pilot
holes with 1 mm diameter, were drilled at both ends of the cut plane 2
mm from each edge. The cut was then carried out from the centre of a
hole on one side to the centre of the hole on the other side, aiming to
make the part self-constraining preventing opening and closing of the
cut faces, thereby avoiding stress concentration and the risk of signifi-
cant plastic deformation arising at the cut tip during cutting. Upon the
completion of the cut, the remaining ligaments on both sides were cut by
the EDM to separate both halves of the parts.

Following the completion of the cuts by EDM, the outlines and the
surface topographies of both half-cuts for each plate were measured
using a Mitutoyo Crysta Apex C coordinate measuring machine (CMM)
with a 2 mm ruby interfaced to a Renishaw PH10T touch probe, in an
environmentally controlled lab. The data were acquired with a spatial
resolution of 500 um in both in-plane directions.

The obtained data clouds were cleaned by eliminating outliers and
system noises, to minimise potential artefacts during the final residual
stress simulation. The cleaned data from both half cuts of each plate
were aligned in the same coordinate system, by mirroring one side of the
cut on the other, and linearly interpolating them onto a common grid,
where the two data clouds were averaged. The pitch size of the common
grid was equal to that of the initial data to make sure that the averaged
data points match those of the original data. A set of knots, with intervals
ranging from 0.5 mm to 16 mm was selected and a bivariate cubic spline
for each knot spacing was fitted to the averaged data. These were used as
boundary conditions in the FE analysis for the evaluation of residual
stress.
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Three-dimensional (3D) FE models of the plates were constructed in
the commercial FE software ABAQUS, assuming isotropic elasticity, a
Young’s modulus of 197,000 MPa, a Poisson’s ratio of 0.294, and taking
the averaged surface contour data (i.e., the bivariate cubic spline fits) as
boundary conditions. For the construction of the 3D models, the
measured perimeter of the cut cross-section for each case, after align-
ment in the same coordinate system as the data cloud, was extruded to
250 mm. A mesh was then generated using seeds as a guideline attrib-
uted to each node on the perimeter of the cut cross-section as well as
along the direction of the extrusion. The density of seed attribution was
biased along the extrusion direction to generate a finer mesh near the
surface representing the cut and a coarser mesh towards the other end of
the model that is not of interest for these calculations. The element
spacing on the cut surface was 0.5 mm, equivalent to the initial CMM
data acquisition pitch size, and 0.5 — 10 mm with single bias away from
the cut surface. The element type used for these simulations was
C3D20R with 20 nodes brick quadratic elements, as used in previous
works [37,38]. The residual stress was then simulated, based on
Bueckner’s superposition principal, by forcing the representative cut
surface to match the averaged surface contour data reversed in the out-
of-plane direction (assuming that all deformations occurred elastically)
[39-42].

©
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3. Results

This section presents the results of microstructure analysis of the as-
received and heat treated materials, which is then followed by the re-
sults of cooling curves recorded during quenching, and finally the results
of residual stress measurements by the aid of different methods (i.e.,
ICHD and the contour method). These experimental results are then used
in the following sections for the validation and comparison with the
results of FE model predictions.

3.1. Microstructure

Fig. 3a and b show orientation image maps obtained by EBSD for the
as-received and the heat-treated and water quenched microstructures
using inverse pole figure (IPF) colouring with respect to the out-of-plane
direction. Fig. 3c and d show the equivalent SEM images of Fig. 3a and b,
respectively. It should be noted the EBSD and SEM images of the heat-
treated and air-cooled microstructures look almost the same as those
presented in Fig. 3b and d. This is because the cooling rate predomi-
nantly affects the size and distribution of y" [1,11], with only a small
effect on grain size and d-phase (i.e., white features), which cannot be
resolved by SEM. Both microstructures appear to have random texture
with no dominant preferred orientation. The as-received material had a
microstructure with equiaxed grains of 3.0 & 0.2 um average grain size.

Fig. 3. (a) and (b) are the EBSD IPF colouring orientation maps with respect to the out-of-plane direction of the as-received, and heat-treated (1 h at 980 °C) and
water-quenched materials, respectively, (c) and (d) are their corresponding SEM micrographs, respectively. 5-phase in (c) and (d) appear as white features lying on

grain boundaries.
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The 1 h solution heat treatment at 980 °C has led to the dissolution
and dwindling of &-phase by approximately 3-5 % volume fraction,
evaluated from the SEM micrographs (see Fig. 3¢, d), and a small grain
growth by ~ 1 um, so that the average grain size of the heat-treated
microstructure became 3.9 + 0.3 pm. Fig. 3¢ and d show higher mag-
nifications backscattered electron (BSE) SEM micrographs of the as-
received and the heat-treated microstructures illustrating -phase as
white features at grain boundaries. The morphology of §-phase changes
depending on the heat treatment temperature such that it tends to
become spheroidal over 985 °C and plate-like below 930 °C. The results
of previous reports showed that solution treatments between 950 °C —
985 °C (i.e., between these two extreme temperatures) led to a mixture
of both spheroidal and plate-like 3-phase [11,43,44], similarly to the
observations made in this study (see Fig. 3c, d). Although the heat
treatment at 980 °C has reduced the volume fraction of §-phase by
becoming thinner and more spherodised, however, their number frac-
tion remained largely unchanged and hence as effective as the as-
received material for grain boundary pinning (i.e., similar grain size).
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3.2. Experimental cooling curves

The recorded cooling curves at various locations of the plates are
shown in Fig. 4 and Fig. 5, respectively for the vertically and horizon-
tally quenched plates. For both quenching configurations, the time at
which the furnace door was opened and the time when the sample was
picked-up from the furnace, transferred and fully immersed in water in
the quench tank can be distinguished from the cooling curves, especially
those installed at the corners of the plates. These are highlighted in
Fig. 4b for the vertically quenched plate, and it looks very similar for the
horizonal configuration as well (Fig. 5). The entire process from the
opening of the furnace door to the full immersion in the tank takes about
24 s, with ~ 12 s transfer time (see Fig. 4b). Following the immersion of
the samples, there are three distinct cooling mechanisms occurring
during quenching that can be identified from the cooling curves.
Initially, vapour-blanket forms around the plates; this is driven by the
thermal gradient between the surface of the components and water,
leading to the creation of Leidenfrost effect [45]. This stage can clearly
be seen during vertical quenching for V3, V4, V8 and V9 (see Fig. 4b),
and during horizonal quenching for H3, H4, H8 and H9 thermocouples

l l~12 sl
<>
1000 V1
----- 2
] oSN =
800 1- &- & & N
C 7004 5-E Sl N
< S g g
5 600 4- 5 -2 BN oo
Q = L T | T N ——
E SOO . g - 8 © N\ N
£ - = B \N O NTTTT
‘é.‘. 400 4- = - B G AN NG
4
& 300 4--—---—-- -5 ———————————————————————
200 4 R T .
100 4 & e T
0 L] T T T
0 20 40 60 80 100
(b) Time (s)
V10
e
12
vis Vo
vs . [V2,
Cue A
e LA
V6 [V5 >
V1s

(@)

Fig. 4. Plots of cooling curves recorded during vertical water-quenching of an IN718 plate from 980 °C, (a) results of all thermocouples, (b) results of the ther-
mocouples installed on a cross-sectional plane at mid-width (i.e., V1-V9 shown in (d)), (c) results of those installed on a through thickness cross-section (i.e., V6, V10
— V17 shown in (d)) from the beginning to 100 s into the quenching, and (d) schematic illustration of the vertically quenched plate and the locations of all

thermocouples.
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Fig. 5. Plots of cooling curves recorded during horizontal water-quenching of an IN718 plate from 980 °C, (a) results of all thermocouples, (b) results of the
thermocouples installed on a cross-sectional plane at mid-width (i.e., H1-H9 shown in (d)) from the beginning to 80 s of quenching, (c) results of those installed on a

through thickness cross-section (i.e., H6, H10 — H17 shown in (d)) up to 80 s of quenching, and (d) schematic illustration of the horizontally quenched plate and the
locations of all thermocouples.
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Fig. 6. Plots of cooling curves recorded during air cooling of the plates from 980 °C that were (a) vertically and (b) horizontally water-quenched previously. Note
that the positions of thermocouples are identical to the water-quenching experiments (see Fig. 4 and Fig. 5 for the results).
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(see Fig. 5b). As the components cool further, the insulating vapour
jacket starts to break up and vapour-transport cooling (i.e., nucleate
boiling) takes over, increasing the cooling rate as water contacts the
surface. Finally, the component temperature drops below the water
boiling point and quenching enters a liquid cooling phase. These stages
are highlighted schematically in Fig. 4a for the vertical quenching
configuration and more details about these stages can be found else-
where [20].

The component geometry and its configuration during quenching
affect the evolution of cooling behaviour. Vapour entrapment in cav-
ities, for example, can leave areas insulated, relative to neighbouring
regions, transitioning into a vapour-transport regime. The creation and
subsequent breakup of the vapour layer has a strong effect on thermal
gradients and subsequent material properties.

Fig. 6 shows the recorded cooling curves during air-cooling for the
vertically and horizontally quenched plates, at the same spots as those
for water-quenching trials. Unlike water-quenching, the cooling curves
throughout the plates appear to be almost the same, implying that the
rather slower heat exchange rate with the surrounding environment (i.
e., air) is controlling the cooling. The sample configuration in this case
has a minimum effect on cooling as the results of both plates appear to be
similar. It has taken more than 5000 s for the temperature at the centre
of the plates to reach temperatures below 100 °C in both cases, whereas
during water-quenching the same spots reached room temperature in
less than 300 s.

3.3. Residual stress measurements

Fig. 7a and b show the 3D surface profiles (i.e., data clouds)
measured by CMM using hen-pick method (i.e., point by point) on the
cut surfaces (i.e., one half-cut each) of the vertically and horizontally
quenched samples, respectively. The full dataset, including the outlying
data points affected by the edges and EDM-wire breakage are also pro-
vided to show the cleanness of the acquired surface profiles. Fig. 7c and
d show their corresponding contour plots of the surface height, averaged
from the data measured from the surfaces of both half-cuts, for each
plate. The range of peak to valley of the contours exceeds ~ 220 pym for
the vertically quenched plate and ~ 390 pum for the horizontally
quenched plate. The contour plot for the former shows a wavy distri-
bution of the surface data with a valley in the air-cooled half and a peak
in the water-quenched side, while the contour plot of the latter shows a
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single valley with a shape like a wide upside-down bell. The areas with
negative average surface height are affected by tensile residual stress,
and vice versa, those with positive average height are affected by
compressive.

The contour plots of the out-of-plane residual stress for both verti-
cally and horizontally quenched plates are shown in Fig. 8a and b,
respectively. These plots illustrate completely different residual stress
patterns for the plates, depending on the direction of water-quenching
(i.e., quenching configuration), while the maximum and minimum of
the generated stress are comparable. For the vertically quenched plate
(Fig. 8a) a significantly large tensile residual stress field developed in the
mid air-cooled section, counterbalanced by compressive stress on top of
the plate (i.e., far left). In the water-quenched side of the vertically
quenched plate, the stress is rather uniformly distributed over the plate’s
cross-section with the middle region containing tensile stress sur-
rounded by compressive stress in the outer regions. Though a distinct
zone can be seen in the interference between air-cooled and water-
quenched sections where almost no stress exists in the centre with
similar compressive stress fields on both sides. Overall, the stress dis-
tribution in the vertically quenched plate appears to be symmetrical
with respect to the width axis, which is expected due to the sample
symmetry and the fact that both sides of the plate undergo similar
conditions during quenching.

For the horizontally quenched plate (Fig. 8b), tensile residual stress
field was measured in the centre of cross-section along the width,
counterbalanced by compressive stress on both sides of the plate. The
stress field is not symmetrical with respect to the width axis and appears
to be shifted towards the water-quenched side. This matches the result of
visual observation inspection made on this plate where the water-
quenched side was concaved and the air-cooled side was convex
following quenching, compared to straight plate in the as-received
condition.

Fig. 9 shows the results of ICHD residual stress measurements carried
out on both vertically and horizontally quenched plates, in both longi-
tudinal and transverse directions. The measured near surface stress
components indicate different stress magnitudes and profiles depending
on the position of the measurements in the plates. These stress profiles
are compared with the results of contour method and the relevant pre-
dicted stress by FE simulations and presented later in the discussion.
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Fig. 7. (a) and (b) 3D point clouds measured by CMM on one half-side of each of the vertically and horizontally quenched plates, respectively, (c) and (d) their
corresponding contour plots of averaged surface height. For each case the surface of both sides of the cuts were averaged using a knot spacing of 8.75 mm (i.e.,
optimised size) in both directions. The arrows show the direction of quenching, and the air-cooled and water-quenched sides are separated by a broken line.
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Fig. 8. (a) and (b) contour plots of the evaluated out-of-plane residual stress distributions following FE simulation using the averaged surface height (see Fig. 7) as
boundary conditions for the vertically and horizontally quenched plates, respectively. The arrows show the direction of quenching, and the air-cooled and water-

quenched sides are separated by a broken line.
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Fig. 9. Near surface residual stress profiles measured by ICHD on (a) and (b) the vertically quenched plate, (c) and (d) the horizontally quenched plate, along the

length and along the width directions, respectively.
4. FE simulations

A series of FE simulations were carried out to predict the magnitudes
and distributions of the residual stress, induced throughout the non-
uniform quenching processes adapted in this study. The simulations
included consecutive steps of (i) inverse analysis of HTC using the
measured temperature profiles as boundary conditions, and (ii)

implementation of the assessed HTCs in a thermal-mechanical FE model
to simulate the quenching process and predict the associated residual
stress.

4.1. Inverse analysis of HTC

The model implemented for the evaluation of HTCs, during both
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water-quenching and air-cooling, uses the heat equation (Equation (1).

oT (02T T BZT) .
=1 +

PG =M et oz T

@

Where p, A, Cp, and ¢ are the material’s density, thermal conductivity,
heat capacity, and the internal thermal energy released due to micro-
structural changes (e.g., phase transformation), respectively. Although
the internal thermal energy, ¢, can be calculated as a function of the
latent heat and the volume fraction of each phase in the microstructure
(i.e., y" precipitate and the y matrix), this has not been evaluated
directly in this work. Instead, the overall heat flux has been evaluated by
measuring the changes in thermal field using temperature check points
at specified locations. The HTC has then been back-calculated using the
measured cooling curves at specified locations as boundary conditions
according to Equation (2).

Q = hA(Ts - Tenv)

-1
hiAT (2)

Where Q is the rate of heat transfer between the part and the environ-
ment, q is the heat flux per unit area (g = %9) with m—"‘g dimension, h is the
HTC with a unit of mz—"‘_’K, A is the surface area through which the heat
transfer takes place, and T and Ty, are respectively the temperature of
the surface of the part and the surrounding environment. Note that the
HTC includes both the convection and radiation in these analyses. Also,
Teny for water-quenching and air-cooling were taken into consideration
as the measured temperatures of the water and the laboratory,
respectively.

A standard, iterative solution algorithm based on temperature gra-
dients, distance from quenching faces and part geometry was applied
through the commercial FE software DEFORM®. It has a dedicated
module for calculating HTCs in either the temperature or time domain
from a pre-selected number of control points. For each condition, a 3D
model was constructed for inverse heat transfer analysis by considering
a quarter of the whole geometry, taking benefit of implementing sym-
metry planes for simplification (i.e., and reduced computation time).
Different symmetry planes were considered depending on the quenching
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N

(a) (b)
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Fig. 11. Visualisation of the FE simulation setup for inverse calculation of HTCs
in DEFORM® for the horizontally quenched/air-cooled plate; (a) a schematic
sketch of the plate highlighting the symmetry planes and a quarter of the part
considered for the simulation, (b) a CAD model of a quarter of the plate with
assigned elements (i.e., meshed), highlighting the locations of the thermocou-
ples, and (c) the same model as that in (b) with different zones considered for
HTC calculation in which a zone has been assigned per thermocouple as a
control point. In (c), images both top (left) and bottom (right) sides of the
model are provided to show the assigned zones. Note that the locations of the
thermocouples in (b) are matching those in the full plate shown schematically
in Fig. 5d. The arrow shows the direction of water-quenching.

©) XJ\Y

Fig. 10. Visualisation of the FE simulation setup for inverse calculation of HTCs in DEFORM® for the vertically quenched/air-cooled plate; (a) a schematic sketch of
the plate highlighting the symmetry planes and a quarter of the part considered for the simulation, (b) a CAD model of a quarter of the plate with assigned elements
(i.e., meshed), highlighting the locations of the thermocouples, and (c) the same model as that in (b) with different zones considered for HTC calculation in which a
zone has been assigned per thermocouple as a control point. Note that the locations of the thermocouples in (b) are matching those in the full plate shown sche-

matically in Fig. 4d. The arrow shows the direction of water-quenching.
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configuration, as highlighted for both cases in Fig. 10a and Fig. 11a,
respectively for the vertical and horizontal water-quenching/air-
cooling. Initially, a coarse mesh with ~ 5 mm brick element was
assigned to the interior and 3 layers of fine structured surface mesh with
~ 0.2 mm element of the same type to the periphery of the model. Fine
surface elements determine and control the fast heat transfer with the
environment and rough bulk elements determine the heat capacity and
conductivity within the part. For enhancing the accuracy of the inverse
heat transfer analysis, the positions of the thermocouples for tempera-
ture measurements were located very close to the finer mesh zones near
the surface of the part. The selected element type and rough mesh size
for the initial model were verified using reference HTCs. The selection of
rough elements in the initial model was to reduce computational time
and to interpolate computational errors within a short period of time.

Following the verification of the simulation setup in the initial
model, each inverse HTC analysis for water-quenching was split into
shorter time sections according to the temperature profiles recorded for
areas with greater sensitivity to temperature changes (i.e., typically the
corners). These sections included (i) the time period prior to the opening
of the furnace door when all thermocouples were showing a uniform
heat-treatment temperature (i.e., 980 °C), (ii) from the time when the
furnace door was opened until the part has touched the water, including
the transfer time, (iii) the film boiling stage (i.e., few seconds just after
the part is immersed in water), (iv) transition and nucleate boiling
stages, and (v) the final stage of quenching where the temperature of the
part approaches the water temperature (i.e., from ~ 300 °C to the room
temperature). These are shown for the vertical quenching in Fig. 4a and
b. The inverse HTC analysis of the air-cooling trials was conducted in
one single step, considering the entire cooling profile. The temperature
dependant thermal properties of IN718 superalloy used in these simu-
lations are provided in Table 2.

Breaking down the inverse HTC simulation for water-quenching was
to assist the algorithm to converge towards the control points (i.e., the
measured cooling curves) with ease within each stage and solve for the
remaining temperature profile. The problem was solved in the time
domain due to its flexibility and the availability of more control points.
In these analyses, the periphery of the model was divided into zones (see
Fig. 10b, c and Fig. 11b, c) where at least a zone, including the exterior
elements, was assigned to each thermocouple for maximum flexibility.
The applied methodology aimed to achieve a high level of convergence,
with a fit of + 5 °C at every point in time. The resulted HTCs describe the
overall heat transfer between each zone of the part and the surrounding
environment including radiation. Fig. 12 show the evaluated HTC pro-
files for all the considered zones of both vertical and horizontal con-
figurations (see Fig. 10 and Fig. 11f or the zone numbers) for water-
quenching and air cooling trials.

4.2. Residual stress prediction

The prediction of residual stress during non-uniform quenching (i.e.,

Table 2
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half in air and half in water) of the plates, in both vertical and horizontal
quenching configurations, were carried out using 3D thermal-
—mechanical models in ABAQUS. For this purpose, the model was
meshed using C3D20R element type with average size of 0.5 mm in the
centre and finer 0.1 mm close to the periphery. The solution annealing
heat treatment temperature (i.e., 980 °C) was assigned to the part as an
initial temperature. To replicate the experimental quenching conditions,
for both vertical and horizontal quenching configurations, the model
was sectioned into two sides, one to simulate the exposure to water and
the other to air. The evaluated HTCs, using inverse analysis method, for
different zones during water-quenching and air-cooling were applied to
the relevant surfaces as boundary conditions to simulate the evolution of
temperature throughout the plates and heat flux out of the parts during
non-uniform quenching. These HTC’s determine the magnitude of heat
exchange with the environments which relates the surface temperature
of the part with heat flux [48]. The temperature dependant thermal-
physical and thermal-mechanical properties of the material, presented
in Table 2 were adopted. The variation in these properties as a function
of alloy composition and heat treatment is negligible (i.e., <10 %).

Owing to the importance of the constitutive model for material’s
hardening behaviour and also the yield strength in the accuracy of re-
sidual stress prediction, a special setup was considered in the FE simu-
lation. In agreement with a previous study [49], a rate-independent
isotropic linear hardening model was implemented, considering a
hardening coefficient of doy,/de, = 0.01E. Since the material’s yield
strength changes with temperature, the yield data reported in a previous
work [46] for solution treated IN718 were fitted to Equation (3) to
obtain the evolution of yield strength as a function of temperature as
provided in Table 2. This approach has successfully been implemented
in a previous study [17] on the prediction of quenching induced residual
stress in a small cylindrical specimen made from the same material. The
material data used in the FE model (i.e., Table 2) were partially collected
from the same batch of material as those used in this study, reported
elsewhere [11], and from other reports in literature [46] that were all in
a very good agreement.

6§T76§1T

“1+exp(T-b)/c) ®

oy(T)

Where in Equation (3), 05" and o;" are the material yield strengths at the
room temperature and at solution annealing temperature (i.e., above y"
solvi), b and c are the constants evaluated from the best fit to the yield
strengths curve (i.e., for the in Table 2). Note that the effects that the
precipitation and dissolution of the strengthening phases (i.e., y' and y")
have on the yield strength of the superalloy [50] have been neglected in
these analyses. Fig. 13a and b show the predicted out-of-plane (i.e., S33)
residual stress distributions obtained by these FE simulations, respec-
tively for the vertically and horizontally quenched plates.

Thermo-physical and thermo-mechanical properties of IN718 material taken from [11,17,46,47], implemented in the FE analyses in this study.

Temperature (°C) Thermal Conductivity Density Specific Heat Capacity Mean Thermal Expansion Coefficient Young’s Modulus Yield Strength
Wm K™ (kgm™®)  Tkg'K) (x10) (GPa) (MPa)

0 11.02 8226 424 12.8 197 300
100 12.75 8190 434 13.1 197 300
200 14.36 8160 448 13.4 197 300
300 15.96 8130 463 13.8 197 300
400 17.600 8090 480 14.2 197 300
500 19.18 8050 500 14.0.0 196 298
600 20.77 8010 525 15.1 194 295
700 22.36 7960 560 15.7 187 283
800 23.95 7910 605 16.4 165 248
850 24.53 7890 625 16.8 145 215
900 25.100 7860 636 17.1 130 173
1000 26.83 7810 645 17.5 105 94
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Fig. 12. The calculated HTC values as a function of temperature, using inverse heat transfer analysis method, for (a) vertical water-quenching, (b) vertical air-
cooling, (c) horizontal water-quenching, and (d) horizontal air-cooling. See Fig. 10 and Fig. 11 for the position of each zone and the associated thermocouple.
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Fig. 13. The predicted out-of-plane residual stress distributions for the heterogeneously quenched plates (i.e., half in water and half in air); (a) vertical, and (b)
horizontal configurations.

5. Discussion associated changes in residual stress state can be achieved by simulation
models, which can then be utilised for decision making on the selection
Digitally representing the manufacturing processes and their and application of optimised process parameters. For this purpose, a

12
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baseline model simulating the metal forging and heat treatment pro-
cesses (i.e., hot working, aging, quenching) taking into consideration
microstructural changes (e.g., phase transform, precipitations, grain
growth) using physically based and constitutive materials models, can
be developed [51,52]. However, with the current state-of-the-art simu-
lation methodologies (software) and available hardware, forecasting the
results of every stage in the production process at industrial scale cannot
be achieved rapidly and accurately enough for in-process decision
making. This is even more complicated when the manufacturing pro-
cesses include quenching, giving rise to multi-physics and multi-scales
simulations involving fluid flows which need numerical analysis
methods for computational fluid dynamics (CFD) on top of materials
thermo-mechanical and thermo-physical properties [53-55].

The methodology presented in this paper is a practical approach to
simulate the magnitude and distribution of thermally induced residual
stress during quenching processes. Using FE for inverse analysis of HTC
based on material’s thermo-physical properties and cooling curves,
measured by embedding thermo-couples as close as possible to the
exposed surfaces, eliminated the need for physically based CFD models.
This approach allowed the calculation of HTCs for all the defined sur-
faces (i.e., averaged over each zone) (see Fig. 10 and Fig. 11), which
were then used to predict the associated residual stress by implementing
them into an elastic—plastic FE model. The predicted residual stress
based on these HTC’s were verified by measuring residual stress on the
samples experimentally (see Fig. 14 and Fig. 15). A reasonably good
agreement was obtained between the predicted and measured residual
stress distributions for each case, as shown in Fig. 14a and Fig. 15a,
implying the suitability of this approach (i.e., the use of invers HTC
analysis) for the prediction of quenching induced residual stress during
manufacturing.

Fig. 14b and Fig. 15b show comparisons between the predicted and
measured out-of-plane residual stress profiles along a line of interest (i.
e., C-C’) in both the vertically and horizontally quenched plates,
respectively. The overall predicted and measured stress profiles are
reasonably close, emphasising that this methodology can simulate bulk
residual stress for both quenching configurations reasonably well.
Meanwhile, a discrepancy can be seen at local level between the pre-
dicted and measured residual stress profiles such that the results of the
FE simulation appear to be smoother (i.e., local peaks and troughs have
not been calculated). The discrepancy is more pronounced near the
surfaces of the parts as shown at points P1 — P4 in Fig. 14c, d, e and f for
the vertically quenched and at points P1, P2 and P4 in Fig. 15¢, d and e
for the horizontally quenched plates. The spatial resolution of the data
measured by the contour method is a combination of several different
parameters, including (i) the measurement pitch (i.e., 0.5 mm in this this
case) implemented during the acquisition of the surface displacement
profiles by the CMM, (ii) the smoothening effect of the applied surface
fitting algorithm (i.e., cubic spline fitting), and (iii) the node density (i.
e., element size) of the FE mesh used for the FE modelling. It is difficult
to ascribe a quantitative value against these factors, but the results
certainly have no greater spatial accuracy than the lowest resolution
used in any of them. Therefore, the near surface residual stress measured
by the contour method is affected the most by these factors, and hence
the reason for the confirmatory measurements by the ICHD technique.
Despite the significant uncertainty of the ICHD technique within the
initial 0.5 mm distance from the surface, owing to the material removal
and damages introduced by surface preparation for strain gauge rosette
installation [56], the results are close to those of the contour method and
the FE prediction. However, although measuring Type I macro residual
stress, the ICHD measures stress at lower scales (i.e., compared to the
contour method) and as a result more detailed stress profiles are ob-
tained, which includes higher local stress data compared to the
smoother profile obtained by the contour method.

As previously described, the contour method [36] is based on
Bueckner’s superposition principle, which relies on an elastic stress
relaxation response following cutting using EDM (i.e., a relatively non-
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destructive and non-contact technique), allowing for the reverse calcu-
lation of residual stress using the 2D distribution of the out-of-plane
surface displacements. As such, the accuracy and robustness of the re-
sults of residual stress determination by this method depends chiefly on
the accuracy of the cutting process, the quality of the half-cut surfaces,
and the points density of the acquired surface displacement data. To
minimise inaccuracies associated with cutting and to eliminate potential
part movement during the EDM cutting process, both plates investigated
in this study were self-clamped by drilling two pilot holes at both ends of
the cutting trajectory for the contour method and therefore leaving a
ligament behind. This self-clamping method has been proven to be
effective through previous measurements on far larger samples as re-
ported in [39]. A comprehensive step-by-step procedure detailing good
practice for different steps of residual stress measurement with the aid of
contour method are provided in [57,58], including cutting, data pro-
cessing, and numerical modelling, which were practiced in this work
with additional tweaks from the authors (e.g., devising the pilot holes)
based on previous experience. Following these procedures, a very clean
dataset was obtained for the cut surfaces of both plates, with distinct
continuous surface profiles for each of the quenching configuration and
minimal evidence of interruption caused by artefacts, as shown in Fig. 7.
For both vertical and horizontal quenching configurations (Fig. 7a, b)
only a few outliers were observed at the edges, with the exception of the
latter (Fig. 7b) where an outlier line was also present in the middle of
both half-cuts, which was caused by a single wire breakage during the
EDM cutting process. Once the accuracy of the cutting process and the
quality of the half-cut surfaces were established, the data were then
further processed by removing the outliers and through application of
other steps as highlighted in the experimental procedure.

The codes used for these processes were developed in-house based on
the methodology initially proposed and proven by Prime [36] and
further developed into a platform by Johnson [59]. Other open-source
packages, such as pyCM [60] and OxCM [61], exist which offer
comprehensive data processing, numerical simulations and data analysis
(post-processing), eliminating the need for separate libraries. The au-
thors are well familiar with the pyCM solver and to the best of their
knowledge, the step-by-step procedure followed in this study matches
with those implemented in the pyCM platform. Meanwhile, although the
contour method is a validated technique and multiple open-source
packages exist [59-61] for its analyses, its accuracy heavily depends
on the decisions made by the model user, especially if the data contains
inaccuracies and artifacts that require significant cleaning and adjust-
ments. Otherwise, the contour method is a well-established method of
residual stress measurement that has been developed and verified using
multiple alternative techniques on different materials and alloy systems,
such as validation with neutron diffraction using welds [62-64] and
railway tracks [65], and validation with XRD, ICHD and deep hole
drilling using welded Ti-6A1-4V [38] and cladded Inconel 625 [39]. The
Net Task Group 4 [66] studies also provide additional validations of the
contour method using a wide range of experimental and numerical
methods.

Water-quenching has resulted in severe heat exchange (i.e., large
HTCs [25]) with the quenchant over the entire process, compared to air-
cooling, until the time when the temperature falls below 100 °C at which
point the convection takes over (see Fig. 12). In absence of any external
agitation, the film boiling stage appeared to be dominated by the for-
mation of a stable and persistent blanket of vapour covering the part, at
least partially, during the initial phase of both quenching configurations
(see V3,V4,V8 & V9in Fig. 4b and H3, H4, H8 & H9 in Fig. 5b). This had
resulted in a relatively limited heat transfer, as evidenced by the
significantly slower cooling rate measured at the beginning of quench-
ing shown in Fig. 4b and Fig. 5b, until the temperature falls below the
Leidenfrost temperature below which the vapour blanket collapses,
leading to the start of a very vigorous nucleate boiling stage. This is
manifested in the high HTCs for zones Z3, Z4, Z5 and Z10 in the verti-
cally and horizontally quenched plated, respectively (see Fig. 12).
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Fig. 14. Comparisons between the measured and predicted residual stress including (a) contour plots of out-of-plane residual stress distribution predicted by FE (left)
and measured by the contour method (right), (b) residual stress profiles along the C-C’ line highlighted in (a) for both the FE predicted and measured stress by
contour method, (c), (d), (e) and (f) residual stress profiles in the proximity of the surface of the part at P1, P2, P3 and P4 locations, respectively, highlighted in (a).
See Fig. 2 for the precise locations of the measurements points with ICHD.
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Fig. 15. Comparisons between the measured and predicted residual stress including (a) contour plots of out-of-plane residual stress distribution predicted by FE (top)
and measured by the contour method (bottom), (b) residual stress profiles along the C-C’ line highlighted in (a) for both the FE predicted and measured stress by
contour method, (c), (d), and (e) residual stress profiles at the surface proximities at P1, P2, P3 and P4 locations, respectively, highlighted in (a). See Fig. 2 for the

precise locations of the measurements points with ICHD.

Fig. 12 clearly demonstrates the significant difference between the
calculated HTCs for various zones in both plates, implying the impor-
tance of sample configuration (and geometrical features for more com-
plex parts) on the heat exchange rate. These differences in the cooling
rates leads to the generation of residual stress due to heterogeneous
plastic deformation at the surface, as reported also in previous works
[67,68].

The observed differences in the cooling rates between different
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regions of a part, could potentially lead to heterogeneous precipitation
in the material such that larger number of y'" with smaller average size
nucleate and grow in areas undergoing faster cooling rates, and smaller
number of y" with larger average size in areas undergoing slower
cooling rates [1]. This may change the material’s elastic properties
which may then affect the residual stress magnitude and distribution.
This cannot be picked up by the measurement techniques (contour
method and ICHD) used in this study due to the consideration of an
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average Young’s modules (i.e., uniform material) throughout the part.
In the existing state-of-the-art manufacturing methods, components
are usually quenched/cooled individually or in batches without any
control over the cooling rates of different regions of a part locally,
resulting in undesirably distributed residual stress fields, with incon-
sistency from part to part (e.g., vertical vs. horizontal). These in-
consistencies in the stress field result in random distortion out of
dimensional tolerances when the same material removal strategy is used
for their final machining. Even if machining is done successfully, the
inconsistency in the stress distribution leads to huge uncertainties in life-
expectancy prediction of a part, leading to consideration of large safety
factors for life-in-service, i.e., the full potential of the material is not
used. The ideal manufacturing method, which will inevitably be prac-
ticed in future, will be to apply varying cooling rates, in-process, to
different regions of a part to generate residual stress field of desired
magnitude and distribution. The desired cooling rates or temperature
time histories can be obtained by modelling, where (i) the desired
microstructure will be identified based on set targets and material
behaviour, (ii) the desired residual stress field will be determined by the
required stress distribution for optimised right-first-time machining
operations and those beneficial to the performance, and (iii) an optimum
solution will be applied by the most cost-effective and specification
favourable scenario by balancing microstructure and residual stress.

6. Conclusion

In this study, the generation of residual stress in IN718 nickel-based
superalloy plate during non-uniform cooling has been investigated. The
major outcomes of this work are concluded as follows:

e A pragmatic methodology has been described and verified for the
prediction of quenching induced residual stress during non-uniform
quenching of IN718 nickel-based superalloy component that can be
utilised for optimisation of industrial scale manufacturing processes.
This was based on inverse calculation of heat transfer coefficient
(HTC), which has then been used as boundary conditions for the
prediction of residual stress generation and distribution.

The described methodology, i.e., based on inverse HTC analysis,
eliminates the need for more complex and time-consuming physi-
cally based CFD models which are often very difficult to define and
implement for the simulation of large-scale components. The results
predicted via this methodology have been verified by measuring
residual stress experimentally using contour and hole-drilling
methods.

e The magnitude and distributions of the predicted residual stress by
FE simulation, based on HTCs, were in reasonable agreement with
those measured by the contour method. Both the measured and
simulated data in the plate geometry suggest that quenching
configuration (i.e., vertically, or horizontally) plays a major role in
determining the heat exchange rate (i.e., HTC) between different
regions of the part and the quenchant (i.e., water), which in turn
leads to completely different distributions of the resulting residual
stress.

Despite its destructiveness, the contour method of residual stress
measurement provided excellent reading of the stress fields with
enough sensitivity to capture the effect of quenching configuration
on stress distribution.

Finally, the methodology introduced in this study can be imple-
mented by engineers for optimisation of manufacturing process of
more complex real parts, such as turbine discs, to accurately estimate
the magnitude and distribution of quenching induced residual stress
and the effect of part’s configuration during quenching. This can
then be used to design machining strategy and materials removal
tool path to achieve the final geometry within the required dimen-
sional tolerances, i.e., promoting right-first-time manufacturing.
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