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Abstract

Background: Residual stress development in precipitation strengthened aluminium foundry alloys has seen little attention, despite
the prevalence of their use over a wide array of applications. Objective: This study aims at the evaluation of the residual stress in a
cast aluminium benchmark that develops during precipitation heat treatment and determines the preferable stress relaxing techniques
for such applications. Methods: The stress states in the as-cast, T4 and T6 tempers of the same AlSi7Cu0.5Mg (A356 with 0.5 wt%
Cu) sample were determined through a novel application of the contour method, standard hole drilling, deep hole drilling and
incremental deep hole drilling. Results: The results of all measurement techniques lie within approximately 40 MPa for all regions
available for comparison, with the greatest differences occurring between the contour method and deep hole drilling for the T6
component. It is shown that the peak tensile residual stresses are almost identical between the heat-treated components (75 MPa),
but the distribution and magnitude of compressive residual stress are found to be significantly different. Conclusions: Among the
measurement techniques evaluated, the contour method and incremental hole drilling are found to be more suitable for T6 temper,
while all techniques perform equally well for T4 temper due to its relatively low strength. It is hypothesised that the difference
between the as-cast and heat-treated samples is due to solution heat treatment and quenching, while the difference in T4 and T6
tempers is attributed to the response to ageing.

Keywords: residual stress; casting; aluminium alloys; contour method; hole drilling

Introduction

Residual stresses within a finished component need to be considered both for achieving dimensional accuracy and for estimating
the performance and in-service life [1][2]. Residual stresses in aluminium castings first develop during initial solidification. These
stresses then evolve in a complex and difficult to predict manner during subsequent tempering, which typically consists of solution
heat treatment, quenching, ageing and then final machining. This tempering process delivers the final, homogeneous properties of
the component, favouring either strength or ductility. In many cases, the main source of bulk residual stress in castings stems from
quenching prior to ageing. Ageing can take place either under ambient conditions (natural) or at elevated temperatures (artificial).
While the former typically does not significantly change the quenched-in stresses, prolonged ageing at elevated temperature can
decrease the overall residual stress state [3].

Castings tend to have much larger grains and varying texture than what wrought components have. This often excludes them from
diffraction-based residual stress measurement techniques because of the small number of grains within the required sampling volume
causes weak diffraction patterns. This is a particular concern for X-ray diffraction due to its small penetration depth and sampling
volume. Consequently, it is usually applied in conjunction with layer removal to achieve greater measurement depth [3]. Neutron
diffraction has been applied previously in the assessment of stresses developed in cast aluminium engine blocks [4], however large
gauge volumes were needed to overcome an inherent coarse microstructure and texture. The effect of residual stress development
in aluminium castings has also been evaluated indirectly through simulation, but without direct validation of the magnitude of
residual stresses developed. To validate the predictive simulations, a combination of both strain relief and neutron methods is often
required, as shown by Drezet et al. [5] when considering direct-chill casting of wrought AA 6061.

Destructive methods are generally more appropriate for stress measurements in large grained materials. The Contour Method (CM)
is a well-established method for measuring residual stresses within bulk materials, but to the authors' knowledge it has not yet been
reported elsewhere for measuring aluminium shape castings. This residual stress determination technique comprises carefully
cutting a component in two, which allows the residual stresses to relax perpendicular to the cut plane [6]. The resulting deformed
surface shapes are assumed to have relaxed elastically. After measurement, these surface shapes can be forced flat numerically to
recover the stresses normal to the surface present prior to the cut. This process provides a 2-D map of the normal stresses acting on
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the cutting plane that were relieved by the cut. Whilst the CM has been widely applied on a variety of components having rectangular
[7] or tubular [8] cross-sections, its application to more complicated geometries having irregular profiles is under-developed at
present. In such cases, the cutting arrangement as well as the subsequent modelling required to infer the stresses upon returning the
cut surface to flatness is somewhat more complex. However, its ability to provide a map of stresses normal to a cross section through
the casting free from some of the practical challenges posed by diffraction techniques makes it attractive. Other residual stress
determination techniques either provide spot measurements at specific locations (e.g. hole drilling) or along specific paths (e.g. deep
hole drilling). Furthermore, there are multiple examples of combining the CM and other techniques to recover the three orthogonal
stress components at specific locations [9][10].

This paper aims to evaluate the residual stress development in precipitation strengthened aluminium castings of different tempers
with a CM and HD superposition technique, and in particular, to focus on the mitigation of cutting introduced artificial stress in the
application of the CM to castings with complicated geometrical profiles. To this end, as part of a residual stress measurement
initiative [11], a novel application of the CM has been employed on benchmark aluminium die-cast components delivered in the as-
cast (AC), naturally aged (T4) and artificially aged (T6) conditions. This has been complemented by subsequent shallow hole drilling
(HD) measurements on the cut plane to determine all orthogonal stress components at specific positions by superposition. The
results of this approach are then compared and contrasted with supplementary measurements made by standard shallow HD, deep
hole drilling(DHD) and incremental deep hole drilling (iDHD) measurements on nominally identical components.

Experimental materials and measurement procedures
Benchmark component and measurement details

A wedge-shaped sample (Fig. 1) first introduced by Stauder [12] for sand core removal trials of permanent die castings was modified
and trimmed to bounding dimensions of 107x62x90 mm3 to investigate residual stresses developed during a full casting process:
casting, quenching, and a two-stage precipitation heat treatment. Thermal conditions during casting for the specimen were
previously ascertained by Stauder, while additional temperature measurements during heat treatment were performed as part of this

study. This makes the specimen a good candidate for residual stress assessment because individual temperature histories are well
known.
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Fig. 1 a Configuration of the benchmark samples (dimensions in millimetres). A permanent steel mould with a sand core was used to produce castings under
repeatable conditions. The narrow part of the wedge retained the casting surface, while the base (melt feeder location) was machined prior to heat treatment; b
schematic showing the heat treatment cycle.

Alloy AlSi7Cu0.5Mg (A356 with 0.5 wt% Cu) corresponding to DIN EN 1706 was chosen because it is a common automotive
casting alloy. First, sand cores required to shape the internal cavity of a permanent steel die were fabricated. These dies were then
filled with melt that was cleaned by rotary degassing, and left to cool under ambient conditions. All samples were checked by
radiography for defects before their bases were machined to final dimensions. Subsequently, the cast components were heat treated
by solution heat treatment, water quenching and ageing. Minor macro-porosity was observed near the base, at the root of the internal
cavity.

The local variation in mechanical properties was obtained at the thick cross-section of the component in the form of HV1 hardness
measurements. The hardness of the AC as well as T4 and T6 temper castings were obtained along the middle section of the thicker-
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wall side of the wedge (Fig. 2). It is clear that the hardness was significantly increased by the T4 and T6 treatments. The AC
component exhibits an inhomogeneous distribution of local properties, with the base of the wedge being softer than the top. This is
attributed to differences in solidification conditions and uneven cooling rate leading to the segregation of alloying ingredients and
different dendritic growth conditions. After solution heat treatment and ageing, both T4 and T6 components show a much more
homogeneous distribution of properties. In contrast, the naturally aged T4 component is approximately 25% softer than the
artificially aged T6; the HV1 distribution in both cases is significantly more uniform than that of the AC. The yield strength of
castings in each temper was measured from cylindrical samples extracted from the thick-wall side. A sample from each temper was
tested to provide a 0.2% proof stresses of 120 +/- 5.6 MPa for AC, 166 +/-5.0 MPa for T4 and 277 +/-8.0 MPa for T6. Mechanical
testing was carried out according to BS EN 1SO 6892-1:2019, and with the range ascribed from the standard deviation of HV1
measurements as HV1 is proportional to yield strength.

Oyield =120 Mpa Oyield =166 Mpa Oyield =277 Mpa
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Fig. 2 Hardness maps of subject components. HV1 measurement locations (left) and HV1 distribution contour plots of AC, T4 and T6 from left to right.
Note that contour levels for each are distinctly different.
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Fig. 3a CM measurement location and cutting direction. b HD measurement locations for the application of CM+HD superposition. ¢ Standard strain gauge-
based HD’, DHD and iDHD measurement locations for comparison purposes.

Four types of residual stress measurements were carried out on the subject specimens. First, all specimens considered were assessed
by CM (Fig. 3a), the in-plane stresses were then determined by HD at 6 positions by Electronic Speckle Pattern Interferometry
(ESPI) [13]along the midpoint of the thick exposed surface of the wedge (Fig. 3b). Where applicable, CM results were compared
against strain-gauge HD measurements carried out on the outer surface of the thick section for all conditions, while DHD
measurements were carried out at the same location (see Fig. 3c) on the T4 and T6 components. Incremental deep hole drilling was
performed on separate components at an identical location to DHD. In all cases, an elastic modulus of 74.7 GPa and Poisson’s ratio
of 0.33 were assumed in determining the residual stress. It is important to highlight that the region selected for measurement common
to all techniques was expected to have the highest level of triaxiality in constraint during cooling, with tensile stresses expected at
the centre of the thick wall such that o, > 0,, > g,,.

Contour method

Common to most CM measurements, the sample was cut by wire electrical discharging machining (WEDM), benefiting from its
non-contact characteristic that minimises the stress introduced during cutting. Irregularities in cutting length will generate cutting
artefacts due to the characteristics of WEDM processes [14]. Here, the cutting length is defined as the total length of instantaneous
interaction between the wire and workpiece. More energy is imparted to the workpiece when the length of the cut increases on
moving from a thin to thick section, for example as the cut proceeds from position a to b in Fig. 3(a). However, WEDM control
architecture operates independently of the part which is being cut. Therefore, transitions between thin and thicker cutting lengths
can cause localized differences in cutting width (i.e. kerf) that can be misinterpreted as stress-induced displacements, this further
leads to artefacts in the resulting stresses derived by a CM analysis.

The use of sacrificial material has been advised to reduce the effect of cutting length variation in CM analysis [15][16]. This involves
temporarily attaching additional material to the specimen to ensure the effective cutting thickness to be constant, and also to reduce
the edge effects at wire entry and exit. Conductive epoxy is typically applied between sacrificial parts and the specimen to achieve
mechanical bonding as well as to ensure there is electrical continuity along all elements in the cutting path. In the present application,
due to the taper and internal draft of the subject components, the cut thickness varies significantly regardless of cutting strategy
employed unless sacrificial material is used.

The cross-sectional profile along the target plane (depicted with green line in Fig. 3a) was first measured with a Mitutoyo Crysta-
Apex coordinate measurement machine (CMM). Sacrificial parts were then designed to fill the inner cavity and render a rectangular
outer geometry as illustrated in red on Fig. 4c. The design of the inner components was chosen so as to ensure the best fit possible,
minimizing the gap requiring to be bridged by MG Chemical 8330S conductive epoxy. The interior sacrificial components were
designed such that the gap between parts could be measured during layup with callipers. As the uncured conductive epoxy is
thixotropic and has a published viscosity of ~5 kPa-s, the two outer components were first placed, followed by very slowly inserting
the third, such that a target gap of 0.1 mm was achieved, and a uniform spew fillet was attained. Curing took place well below
ageing conditions, and no measurable expansion of the gap was observed post-curing. It is assumed that the minor contraction
observed during curing countered any swelling due to the published 0.3% water absorption. This approach and observations support
that the component remained elastically loaded throughout the measurement and the layup did not modify the underlying stress state.

A pair of outer sacrificial parts (highlighted in blue, Fig. 4c) were applied on the outside of the component. Non-conductive epoxy
was employed outside of the cutting plane as there was a good mechanical dry fit and electrical conductivity between these outer
sacrificial components and the main component when clamped. Conductive epoxy was applied elsewhere to ensure that conductivity
was maintained throughout the cut. A set of pilot holes were arranged on the outer sacrificial parts to minimize the relative movement
of each side of the overall component during the cutting process. The assembled component prior to cutting is shown in Fig. 4a,
with the cutting plane highlighted in green.



Conductive
epoxy

Fig. 4a Assembly of component prior to cutting (green: target cut plane;
red circle: externally applied conductive epoxy), with datum features from
CMM application visible. b Fixture arrangement and cutting sequence. ¢
Resulting cut halves with sacrificial parts highlighted (red: inner sacrificial
parts, with middle wedge assembled in the last; blue: outer sacrificial parts).
Dashed lines indicate where conductive epoxy was applied.

Prepared specimens were cut by WEDM using a 250 um diameter hard brass wire on an Agie-Charmilles FI440CCS CNC system.
A modified ‘E2’ finish cut parameters for generic aluminium was used. Rigid clamping during cutting was applied at four corners
of the outer sacrificial parts as shown in Fig. 4b. Three discrete, continuous cuts were performed. The first was from the top
(narrowest) of the component to the base, followed by another two cuts in the external sacrificial components to separate the
assembly into two halves. A representative image of the cut surfaces obtained is shown in Fig. 4c. Cut halves were treated with 100%
acetone at 35°C in an ultrasonic cleaner to separate sacrificial parts from the overall component prior to measurement. The out-of-
plane displacements on the cut surface due to stress relaxation were measured with a Nanofocus pScan laser profilometer with a
30x%30 um resolution across the plane of measurement and +/-0.2 pum out of plane (see Fig. 5a).

The obtained surface profile data was processed with pyCM version 2.0 [17], an open-source software for contour method data
analysis. Using this software, the point clouds of the two halves of each specimen were processed in pairs to be registered, aligned
and averaged, then fitted with a common analytical surface to be used in a stress calculation within a linear elastic finite element
analysis. For the surface fitting step, a bivariate spline surface was employed, with a uniform knot spacing of 10 mm in the vertical
and horizontal directions. These parameters were found to alleviate spurious stress concentrations near free surfaces. It was found
that this 10 mm value coincided with a balance between capturing a coherent distribution of stress, versus more highly localised
fitting of data at the periphery of the cross-section. An evaluation of the fitting quality showing the variance between analytical
model and averaged surface displacement data is shown in Fig. 5a. The largest variance coincided with a region containing visible
macro-porosity at the base of the component.

After spline fitting, a uniform finite element analysis pre-processing step was undertaken for all samples. Approximately 600 nodes
were applied equally along the outline of the component, and then a 3D mesh was extruded 50 mm from the 2D profile with a
geometric distribution of elements along the extrusion direction. This generated approximately 60,000 C3D8 elements for each
analysis. This 50 mm dimension matches the internal void length of the component such that the mesh replicates the actual
component geometry (Fig. 5b). Including the end wall of the component was not required, as it was deemed unnecessary based on
the ‘die-off” length [18] obtained in the final analysis for all samples. Rigid body boundary conditions were applied (Fig. 5c) in
order to restrict all movements vertically on one corner of the baseplate and also in the horizontal and vertical directions on the other
corner. Nodal displacements in the out of plane direction were applied from the analytical surface fitted to the averaged surface
displacements.
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Fig. 5a A characteristic example (T4) of averaged point cloud and b root mean square error (RSME) of the fitted analytical surface employed for c finite
element boundary conditions. Typical mesh employed along with boundary conditions depicted (right). Surface boundary conditions are multiplied by 100
times in the x direction, with rigid body boundary conditions in the y and z orientations.

ESPI hole drilling and stress superposition

The original in-plane stresses a,,, and a,, on the contour cut surface are not fully released during the WEDM contour cutting process,
so the remaining in-plane stress components (ayHyD) and (c}P) were assessed by six HD measurements made by ESPI on the cut
surface (Fig. 3b). ESPI measurements were made using a PRISM residual stress interferometer (American Stress Technologies,
Pittsburgh, PA). Holes of 1.82 mm diameter were drilled along the centre line of the thick side, each hole drilled in 0.1 mm
increments to a total depth of 1.0 mm. ESPI measurements were made after each hole depth increment, thereby allowing the
calculation of the residual stress profile within the 1.0 mm hole depth. Since the measurements were made commencing from the
as-cut surface, they also incorporate the near-surface in-plane stresses imposed by the recast layer during WEDM process in addition
to the remaining in-plane residual stresses. The effect of the recast layer was to introduce compressive residual stresses up to about
-100 MPa within a depth up to 0.3 mm from the WEDM cut surface. At greater depths, the measured stresses were much smaller
and fairly uniform. These deeper stresses are taken as being representative of the native material. By considering those measurements
at 0.3 mm from the cut surface there are good arguments to suggest that they are not affected significantly by the recast layer arising
from the WEDM. By summing the stresses inferred by returning the contour to flatness (o)}y/, o) and the HD (a3, 042”) the

original stress values (o, gy, and o,,) can be recovered, as demonstrated by Pagliaro et al. [9]:
Oxx = O-xcaiw
— ~CM HD
Oyy = Oyy +0yy
0, = oM + oHP
To do this, the hole drilling measurement locations were registered with CM data using the same surface metrology employed to

capture the surface contour for CM analysis, with a5, ,, averaged over the hole diameter in subsequent as determined by
stresses resolved from integration points at nodal locations.

Supplementary HD, DHD and iDHD

Additional measurements were performed on the castings to compare with the CM, and CM+HD superposition techniques. These
involved standard strain gauge HD, standard DHD, and iDHD. The location of application of standard HD is shown in Fig. 3c with
a measurement depth of 1.75 mm. The outcome from these HD measurements provided bi-axial residual stresses o222’ and 6 2£P’, in
which affP'can be directly compared to o£¥ acquired in the previous CM measurement close to the edge. The drilling protocol is
carried out according to ASTM EB837 with specific calibration coefficients. These coefficients are obtained by finite element
calculation using the program CASTOR [19]. These coefficients are a function only of the geometry of the strain gauge rosette, the
geometry of the hole, the geometry of the part and the elastic properties of the material. The holes were drilled with a universal
milling machine with tungsten carbide solid slot drills (3.5 mm diameter), over a depth of 1.75 mm. The deformations were measured
using TML strain gauge rosettes (part No. FRS 3-11 F) connected to an MGC+ data acquisition unit.

The DHD residual stress measurement technique is a semi-invasive, mechanical strain relief technique (i.e., the strain of the
component is measured during stress relief from the removal of a small amount of material). The procedure used for the DHD
technique can be divided into five stages [20]:



1. Reference bushes are attached to the front and back surfaces of the component at the measurement location.

A 1.5 mm diameter reference hole is gun-drilled through the component and reference bushes.

3. The diameter of the reference hole is measured through the entire thickness of the component and reference bushes. These
measurements were taken at 0.2 mm depths on 22.5° angular increments.

4. The material surrounding the reference hole (a core approximately 5 mm in diameter), was removed from the component
using electro-discharge machining (EDM).

5. The diameter of the reference hole was re-measured through the entire thickness of the cylinder and reference bushes.
Diameter measurements are taken at the same locations as those measured in step 3.

N

The diameter of the reference hole measured in step 3 is the diameter when stresses are present. During step 4, the stresses are
relieved, hence the diameter of the reference hole measured in Stage 5 is the diameter when stresses are not present. The differences
between the measured diameters in Stages 3 and 5 enable the original residual stresses to be calculated. The additional features such

as the bushes employed are to prevent drill exit/entry artefacts.

As the technique is complicated by plasticity encountered either during stress relief or during gun-drilling, a modified technique
called iDHD was employed to curb the impact on the resolved stresses. This technique involves the core being extracted in
incremental machining steps using EDM, with the diameter of the reference hole measured between each increment. The diameters
of the reference hole measured at each stage are then compared against each other and the original residual stresses present are
calculated. The T4 and T6 casting had the stresses o, and a,, measured with both DHD and iDHD at the same location. These
measurements have been included for comparison with a line profile taken from the CM and one measurement from CM+HD
superposition results at the corresponding location, as will be shown in the next section.

Results and discussion

The (a.£M) stress maps obtained by CM shown in Fig. 6 suggest that residual stresses only become appreciable once the casting has
been tempered. The AC component shows that there is near-zero (<50 MPa) residual stress acting in the (x) direction that should
show the highest magnitude. For the heat-treated components, a profile typical of a quenched component has been obtained, whereby
the thermal expansion and difference in temperature between inner and outer regions creates a stress gradient. The distribution
between the T4 and T6 tempers is distinctly different, with T4 showing a more sharply defined gradient between tension and
compression. This is due to the different extent to which precipitation occurs, modifying the quench-induced stresses [21], as well
as the rate at which yield stress changes with natural versus artificial aging.
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Fig. 6 Out-of-plane (o,,) stress distribution of specimen AC (left), T4 (middle) and T6 (right) determined with CM.

To substantiate the application of the CM and verify stress magnitudes obtained, Fig. 7 compares the interpolated o£¥ and that
found by standard strain-gauge HD, ¢}?’, as obtained along the y direction (Fig. 3c) for all specimen types. Errors in these HD
results have been reported to have a range of 90 MPa. This is very conservative, considering the relatively low stress (<50% of

yield), which is significantly higher than those reported on similar applications on materials with a near-identical elastic modulus
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[22]. For the purposes of a direct, legible comparison of mean results from all methods, these HD measurements have been plotted
with similar error ranges as those obtained by the ESPI HD method. Good agreement is observed between the CM and HD for
depths greater than 0.5 mm. Typically, CM results are deemed unreliable near-surface, usually a multiple of 2-3 times the diameter
of the cutting wire i.e. 0.35 mm in this case [23] due predominantly to wire entry and exit artefacts. However, the use of sacrificial
material has demonstrated that this can be minimized [16]. Departures in agreement between £ and o2P’, particularly near the
surface of the specimen are likely to be due to the fitting interval selected, mesh density employed during CM analysis and the
resolution obtained of the raw surface measurements. It should be noted that there is particularly good agreement between both
measurement techniques for the T4 component, with mean values overlapping, but less so for the T6. The overall T6 trend of
increasing tension from the compressive surface is the same between the two measurement techniques, however the uncertainty
envelopes are different. The results from hole drilling show stresses tending to be less compressive for T6 versus T4, whereas the
CM results show the opposite over this near-surface region.
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Fig. 7 Comparison between standard strain-gauge based incremental HD (see Fig. 3c) and the CM measurements of o, at comparable locations near surface
fora AC, b T4 and ¢ T6. Error bars are +10 MPa and the HD measurements extend to 1.75 mm in total.
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The stresses determined by ESPI hole drilling measurements performed on the CM cut surface of three specimens are shown in Fig.
8 for location 6 (see Fig. 3b). This specific location was selected as it was expected to show the highest degree of constraint, and
therefore the highest tensile stresses due to processing. For the as-cast sample, the large near surface stresses, which are in contrast
to the low residual stresses in the interior, are likely due to the WEDM recast layer. At x=-0.3 mm, the stresses fall to near zero. The
same trend is evident for T4 and T6, which substantiates the use of residual stress obtained at x=-0.3 mm as representative of the
true residual stress. This realisation of the superposition technique differs slightly than that proposed by Pagliaro et al. [9], in that
the recast layer was physically removed prior to hole drilling. Specifically, the assumption they made was that the region affected
by the recast layer was 0.115 mm for a wrought aluminium component, and employing the value obtained at the 0.1 mm depth

increment for superposition.
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Fig. 8 Hole drilling measurements recorded at location 6 (Fig 3b) for a AC, b T4 and ¢ T6. The stresses due to the WEDM recast layer are evident at depths
less than 0.3 mm.




A comparison of the residual stress distribution for the AC, T4 and T6 conditions is shown in Fig. 9 for all three stress components
at hole locations 1 through 6. Errors in CM results have been reported to span a total of 20 MPa as documented in interlaboratory
round robin exercises performed on similar material systems and stress magnitudes [24]. Due to the two different techniques
involved in the stress superposition, the error in g,,, and o,, will be a sum of that in CM and HD. In agreement with the other results,
the AC specimen shows near zero stresses for all components, regardless of position. This is unsurprising given that the component
was left to cool slowly after casting, with little to no mechanical constraint. Therefore, at all positions and orientations, the stresses
are very low, with the highest absolute mean of 20 MPa. For the heat-treated samples, the stresses for T4 and T6 are similar,
particularly for orientations that demonstrate the highest stress, a,, and o,,. For these two orientations, the mean values of
measurements are within 20 MPa. A noticeable difference is apparent for o, between T4 and T6, near the top of the specimen.
Overall, the assertion that o, > a,, > g, is confirmed by these results as is the low stress in the AC condition.
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Fig. 9 Reconstructed orthogonal residual stresses a oy, b g, and ¢ a,, for each specimen at the 6 hole drilling locations employing the CM+HD superposition
technique developed by Pagliaro et al. [9].

As described earlier, DHD and iDHD were applied to the two heat treated specimens at the same location as the standard (shallow)
HD measurements shown in Fig. 10, providing line scans of o,, and o,, through the wall thickness of the specimen which can be
compared with the CM for a,,, and the CM+HD superposition technique at a single point for g,,. For the T4 temper, excellent
agreement is found for all measurements until halfway through the 16 mm cross-section. After the midway point, DHD
measurements indicate more tensile o, than those found by the CM. For the T6 condition, the difference is significantly greater: at
some locations, DHD has returned tensile stresses nearly twice as much as those by CM. Further, both g, and g, results show a
change in compression/tension gradient at the midplane. There is very little difference between results for the T4 results, particularly
between the DHD and iDHD. For the T6 components, there is a significant difference between DHD and iDHD, such that the latter
describes marginally lower stresses than that returned with CM and HD.

The reason for these discrepancies between the CM and HD versus DHD is believed to be due to the induced plasticity during DHD.
In the first step, yielding can occur due to the drilling of the initial reference hole. In addition, plasticity can occur during the
supposedly elastic relief of residual stress by trepanning, which could also introduce further stresses; e.g., the formation of a recast
layer if an electro-discharge technique is employed. Although the residual stress profiles are similar between T4 and T6, the main
difference is that the latter has a 25% higher yield strength. Therefore, any errors that are related to plasticity would be more
pronounced in the T6 condition as opposed to T4 as higher stresses are required to cut the material. More tellingly, the main
discrepancies between DHD and CM occur as the initial reference drill entered the region with the peak tensile stresses, and highest
constraint and carry on beyond this point. Finally, it is difficult to see why the T6 condition should have a higher magnitude of
residual stress in the DHD results (not a lower stress relative to the yield point) than T4 if it has been aged at temperatures where
recovery can take place. It is shown that iDHD mitigates many of these issues seen with the T6 component, with the CM and iDHD
results either matching completely, or have abutting confidence intervals.
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Fig. 10 Comparison of o, (y) and a,,(y) between HD, DHD and CM for T4 (left) and T6 (right), plotted against the standard strain-gauge based HD
measurement depth of 1.75 mm in total, and DHD measurement depth (through thickness).

Summary/conclusions

A benchmark sample for determining residual stress development in heat-treatable AlISi7Cu0.5Mg foundry alloy castings has been
developed. The as cast sample was found to have very low stress levels (<50 MPa). The stresses in the heat-treated samples were
much higher arising from the quenching process. Previous studies have shown that extended artificial ageing reduced the overall
residual stress by recovery. The present study has found that for AISi7Cu0.5Mg, there is little difference in the overall magnitude
of stresses after ageing, but an appreciable difference in the distribution of these stresses has been found. Therefore, further
consideration should be taken in the application of artificial aging as a means of residual stress mitigation as it may not effectively
reduce the overall magnitude.

As it is extremely difficult to measure residual stresses in this type of material with diffraction techniques such as neutron or high
energy X-rays, understanding the potential issues with applying strain relief measurements is very important to improving and
predicting the service life of cast aluminium components. A good agreement was found for all measurement techniques for the low
strength, high ductility naturally aged T4 temper, but less for the higher strength, lower ductility T6 temper. It is concluded that for
the residual stress evaluation of such foundry alloy, the CM and iDHD remain better choices for all tempers, but extra care should
be taken when the cross-sectional feature is complicated as cutting artefacts can be introduced in the cutting process of a CM analysis,
this can be mitigated with proper application of sacrificial parts as demonstrated. DHD can be challenged by the elevated strength
of T6 temper where plasticity is more likely to occur, but this is less of an issue for AC and T4 condition.

The three stress components are achievable with superposition technique combining the CM and HD. However, the presence of
near surface stresses arising from the EDM recast layer to a depth of 0.3 mm has been identified by standard HD, and this should
be considered in the selection of representative HD results.
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