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Abstract. Significant weight savings and reductions in manufacturing costs have motivated the drive
towards the use of unitised structures such as large die forgings in modern aircraft. However,
detrimental bulk tensile residual stresses, present in these thick forgings can impact the durability and
structural integrity of the primary aerospace structure. Residual stresses can lead to distortion during
component machining, and part rejection. In addition, failure to account for the residual stress effects
in the fatigue crack growth characteristics of the component in design and in performance could
impact the structural integrity. Therefore, there is a need to measure and analyse the residual stresses
present in the forged components, and examine the residual stress-microstructure, including grain
structure/flow relationship for the forging, if such a relationship could be developed. The preliminary
results of this experimental program have shown a link between the measured residual stress and
hardness, along with changes in the grain structures through the thickness.

Introduction
Structural unitisation of components is being actively pursued by the aerospace industry with the
primary aim of weight reduction and cost savings. Large aluminium forgings and thick section rolled
products make a significant contribution towards unitisation of critical, primary airframe
components, such as wing-carry-through bulkheads. Inherent with the thick section wrought product
forms, and particularly in die forged components, is the built-in bulk residual stresses on a macro
scale [1], arising from the thermal gradients in the thermo-mechanical processing and the postsolution treatment rapid quenching. The presence of process related bulk residual stresses results in:
a) part distortion during machining which is a cost driver and b) high degree of scatter and/or
variability in fatigue crack growth rate [2], which is a performance driver affecting the durability and
damage tolerance of the component. The residual stresses in an aluminium 7050-T7452 forged block
that caused distortion during machining was reported to be a major cost driver for a commercial
aircraft manufacturer, as a result of excess manufacturing time, schedule overruns, and part rejection
and scrapped material [3].
The surface and subsurface compressive residual stresses in an as-quenched (before stress relief
treatment) aluminium alloy forgings have been reported to be in the range -200 MPa – 250 MPa [4].
The mechanical stress relief treatment by cold compression (forgings) or stretching (rolled plate) that
follows, aims to relieve (or reduce) the severity of the bulk residual stresses existed in the asquenched state in the component. However, cold compression stress relief in die forged components
do not always fully relieve the complex 3 D bulk residual stresses, and the unrelieved residual
stresses may be of sufficient magnitude to cause distortion in machined components [4-6]. Moreover,
the three dimensional residual stress distribution in the stress relieved aluminium die forging varied
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with the position, and the geometry of the forging, as a result of varying thermal gradients and the
plastic flow in the three orthogonal directions [4].
As a first step towards a better understanding of the residual stresses in thick sections, a
preliminary experimental program was carried out to measure the residual stresses present in the
open die forged, mechanically stress relieved, thick AA7085-T7452 aluminium (Al-Zn-Mg-Cu-Zr)
alloy, and examine if a residual stress-microstructure relationship for the forged material, can be
developed. The objective of the work reported here was to measure the residual stress profile using
X-Ray diffraction and by the slitting method on samples cut from various depths and transverse
positions, and along the through-thickness, to correlate the results with the grain flow, microstructure
and hardness.

Experimental Methods and Materials
AA7085-T7452 aluminium alloy open die forging, which had been compression stress relieved and,
measuring 1750 mm (length) x 1200 mm (width) x 152 mm (thickness) was used in this study. The
samples B1, B2, B3, B4 and B5 (80 mm x 25 mm x 10 mm) were taken from five locations at the
centre along the through thickness direction of the open die forging and were used in the x-ray
diffraction residual stress measurements and, for hardness measurements and microstructural
examination (See Fig. 1). The specimens were without any surface irregularities, and had a smooth
surface finish, close to N6.

Figure 1 Specimen cut up diagram for B1, B2, B3, B4 and B5 from the open die forging
The microstructures were characterised using standard metallographic procedures in the
longitudinal and short transverse surfaces of the samples. Hardness measurements were taken at five
locations in the sample using a Rockwell hardness tester and on the B-scale using 100 kg load. XRay diffraction (XRD) was performed using a Proto iXRD Combo with a Cobalt X-Ray source and
using a 2 mm circular aperture or 1.0 x 5 mm, or 2.0 x 5 mm aperture. In addition, four larger
samples of 80 mm x 25 mm x 25 mm, identified B1/2, B2/3, B3/4 and B4/5 were sent to Hill
Engineering, California for residual stress measurements by the slitting method [7], to obtain
through-thickness residual stress distribution at those locations. Sample B1/2 was located between
B1 and B2, and B2/3 was located between B2 and B3 and so forth. These larger samples were
thought to be relatively more representative of the through-thickness locations in the forging for that
heat treated temper. The material elastic properties used by Hill Engineering in the residual stress
calculations were; Young’s modulus = 71.7 GPa and the Poisson’s ratio, ν = 0.33 [7]. Prior to the
slitting measurements, the back side of the rectangular specimens was skimmed using EDM wire to
provide a flat surface to mount the strain gage. The specimens were slit at the approximate midlength using a wire EDM along the sample thickness direction. A single strain gage was mounted to
the back face of the specimens, behind the slit. The measured strain versus slit depth was used to
calculate the residual stress [7].

Results and Discussion
Hardness. The through-thickness hardness was measured in the longitudinal and the short transverse
surfaces of the specimens B1, B2, B3 and B5 (Fig. 1), and the mean values are shown in Table 1. The
specimen locations x (B1, B2, etc.) relative to the forging thickness t (152 mm), x/t are also indicated
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in the table. The standard deviations for the hardness in the longitudinal surface were 0.3 to 0.9 and
for the short transverse direction 0.1 to 0.6.
Table 1 Rockwell hardness (HRB) in the longitudinal and short transverse surfaces

Specimen
B1
B2
B3
B5

Location, x/t
0.03
0.27
0.50
0.97

HRB Mean-Longitudinal
86.0
84.8
83.5
87.4

HRB Mean-Short transverse
87.6
85.0
80.7
87.4

20

ST Rstress (MPa)
ST Hardness (HRB)

10

90

L - RStress (MPa)
L - Hardness (HRB)

Rockwell hardness
(HRB)

Residual stress (MPa)

The hardness reached its maximum values near the top (B1) and bottom (B5) surface locations in
the forging, in both directions, and as we approach the centre of the forging, the hardness is seen to
decrease, reaching a minimum value at the centre (B3), in both the longitudinal and short transverse
surfaces (Table 1). This trend may be attributed to less deformation and slow cooling at the centre in
the thick section forging, leading to lower work hardening and lower flow stress as suggested by
Robinson et al. [8], compared to the top and bottom surfaces which can absorb more deformation and
cool faster. This trend is more strongly observed in the short transverse direction (see Figure 2). Also
note the differences in the hardness results for B3 which is at the centre (core) of the forging; the
short transverse hardness is lower than the longitudinal hardness, an indication of the inhomogeneity
present in the thick forging. Zhang et al. [5], examined the through-thickness hardness distribution in
the centre of the specimen in a 121 mm thick 7050-T7452 forging and a minimum value of hardness
occurred at one end of the specimen near the surface, corresponding to a low value of tensile or
compressive residual stress and a maximum hardness at the centre of the specimen. These results
differ from the trends observed in the present work, the sample size and the extent of deformation
and the thermal gradients could determine the actual trend observed. The through-thickness hardness
and through thick residual stress appeared to follow the same trend in their work [5], and a similar
trend is also seen in this work (Fig. 2). Figure 2 compares the near-surface residual stresses measured
by the slitting method and by X-ray diffraction with the Rockwell hardness measured in the short
transverse and longitudinal surfaces, respectively. The hardness measured in the short transverse
faces of B1, B2, B3 and B5 appear to nearly relate to the through thickness residual stresses
measured near the surface on samples B1/2, B2/3, B3/4 and B4/5 by the slitting method (Fig. 2).
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Figure 2 Residual stress and hardness in the longitudinal and short transverse surfaces
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Through-Thickness Residual Stresses. Fig. 2 also shows the distribution of residual stresses at the
centre of the longitudinal surface of the specimens measured by x-ray diffraction and the residual
stress close to the surface at a depth of 0.03 mm (30 µm) measured by the slitting method and, the
average hardness values measured on the same longitudinal and short transverse surfaces,
respectively. Overall, the measured XRD residual stresses were low (< 35 MPa) and compressive in
all the sample surfaces, and in through the thickness of the forging. The residual stresses are more
compressive (20 to 35 MPa), near the top and the bottom surfaces and less compressive (12 to 15
MPa) in the interior regions of the samples from the forging. The mean error or uncertainty in the
XRD residual stress measurements was 7.5 MPa and the range was 4 to 12 MPa. This kind of
variations in the residual stresses measured has also been reported in the literature [5]. The
longitudinal residual stresses in the cold compressed forging were reported to vary with the position
along the length of the forging due to multiple compression and overlap [3], during post-quench cold
compression stress relief [5].
The relatively low values of residual stresses are possibly due to the original forging (and hence
the samples) was solution treated, rapidly cooled and cold compression stress relieved at ~1.5% to
3% plastic strain, and subsequently age hardened, and also possibly due to the samples being put
through a number of cutting operations to produce the smaller sample sizes used in these
experiments. It is more than likely; each cutting or machining operation would relieve some of the
residual stresses [9].
However, these observations are similar to those of Robinson et al. [10]. In their work [10], 7050
aluminium forging was investigated. The surface residual stress was compressive and around 40
MPa, after overageing. The residual stresses had dropped from about -200 to -220 MPa in the as cold
water quenched state to -50 to -70 MPa after cold compression (stress relief), and to -40 to - 50 MPa
after overageing. Figure 2 also includes hardness to show how it compares with the residual stress
measurements. It can be seen that higher residual stresses (XRD) near the top and bottom ends (-20
MPa and -35 MPa) aligns with higher hardness results (86.0 and 87.4 HRB). As the residual stresses
show a decrease towards the core inner regions of the forging (-12 and -15 MPa), the hardness
numbers also decrease (84.8 and 83.5 HRB) on the longitudinal surfaces.
The uncertainties in the residual stress measurements by the slitting method were 0.8 to 1.2 [7].
The residual stresses and the hardness follow similar trends as those observed for the longitudinal
surface hardness and XRD surface residual stresses. Note that in Figure 2, all the residual stresses are
compressive, for XRD, and the residual stresses are tensile near the top (B1/2) and bottom surfaces
(B4/5) [1.3 MPa and 8.5 MPa] and, compressive in the inner regions in the slitting method. The
observed trends in Figure 2 for the measured residual stresses (slitting) and the short transverse
surface hardness are more closely aligned suggesting a potential intrinsic relationship between the
two parameters. Zhang et al [5] commented that the through thickness residual stress profiles and the
spatial variation in stress distribution are likely to have been caused by the non-uniform plastic
deformation during the stress relief treatment.
Through-Thickness Microstructures. The through-thickness microstructures were assessed from
samples B1, B2, B3, B4 and B5 taken from different locations from the surfaces, interiors and the
core of the forging in the short transverse (through the 152 mm thickness) direction. These surfaces
correspond to the direction in which the slitting operations were performed in samples B1/2, B2/3,
B3/4 and B4/5. The representative microstructures, as marked, and the residual stress distribution
obtained from the slitting method [Fig. 3 (d)], are shown in Figure 3.
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Figure 3 Through-thickness residual stresses measured by the slitting method (d) and the
microstructures of specimens in the short transverse direction; (a) B1, (b) B2, (c) B3, (e) B4 and
(f) B5
The microstructures showed a dual grain structure consisting of elongated large grains, and
smaller, polygonised grains in un-recrystallised and partially recrystallised forms. For example, close
to the surface, B1 and B5, where more deformation is likely during mechanical working and during
compressive stress relief, large, elongated and worked grain structure with very few polygonised
grains are shown, [Fig. 3 (a) and 3 (f)]. In B2, there is a mixture of elongated grains and large
polygonised or equi-axed grains that appear to be partially recrystallised [Fig. 3 (b)]. In B3, which is
at the core there is less deformation during the thermo-mechanical processing stage and it is likely to
retain more heat compared to the top and bottom surfaces because it cools slowly, there are elongated
grains that do not appear to be severely worked and with a large number of small sub grains [Fig. 3
(c)]. B4 is an extension of B3 but showing more worked structure and larger sub grains [Fig. 3 (e)],
possibly because it receives more deformation than B3. Variations and inhomogeneous grain
distributions through the samples at various positions along the through-thickness of the forging are
evident in these micrographs, in line with the heterogeneous grain distribution observed in
aluminium alloy forgings reported in the literature [10]. The microstructures in the thick section die
forging have evolved during the thermo-mechanical/metallurgical processing, and the nature of the
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grain structure is dependent mainly on the amount of working the various regions in the throughthickness face are subject to, and the thermal gradients. The larger (coarser) grains near the top (B1,
Fig. 3 a) and bottom (B5, Figure 3 f) surfaces have resulted in slightly higher hardness values (see
Table 1 and Fig. 2). In general, any mutual dependency between grain distribution and size, and the
residual stresses is likely to be governed by the thermal gradients and deformation inhomogeneities
during mechanical working and compressive deformation stress relief, and the strain hardening
behaviour of the material in the production of thick section forged products and components.

Conclusion
The preliminary experimental work and the results reported in this paper have identified the nature
and extent of non-uniform contours in the residual stresses in the thick section forged product and,
the inhomogeneous microstructural features present in the forging. In addition, the results present
another dimension in the inhomogeneity space in terms of grain structure and size, as well as
variations in hardness and, potentially indicative of varying strength and fatigue properties in the
final component. The observed trends in Fig. 2 for the measured residual stresses by the slitting
method and the surface hardness are more closely aligned, suggesting a potential intrinsic
relationship between the two parameters. Slitting method provides through the thickness profile of
residual stress with depth, the surface and the interiors of the specimens provide different type of
contours, which confirms the inhomogeneous distribution of residual stresses in thick section
aluminium alloy products. Results from XRD and slitting methods showed that relatively higher
residual stresses at the top and bottom of the samples were aligned with higher hardness values and
interior and core regions showed lower residual stresses and lower hardnesses. The work hardening
capability of the section through the thickness and the thermal and deformation gradients are thought
to be one of the factors responsible for the observed results. The preliminary experiments and the
results have provided an opportunity to explore these aspects further, with the use of more
representative larger samples to start with.
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