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Abstract

Background Uphill quenching (UHQ) of heat treatable aluminium alloy components is a long established but rarely practiced
or investigated method of reducing residual stresses. The efficacy of the technique has not been quantified on thin walled
structures before and this investigation will address that deficiency.

Objective To quantify the impact of uphill quenching on thin walled structure with regards to residual stress and warpage,
and compare and contrast to both quenching into cold water and a 30% polyalkylene glycol (PAG) solution.

Methods Rectilinear hollow boxes were made from the very high strength aerospace aluminium alloy 7449. These were
heat treated and aged using a variety of processing methods including uphill quenching from -196 °C to 100 °C using steam.
Residual stresses have been characterised using neutron and x-ray diffraction.

Results Compared to conventional quenching into cold water, both PAG and UHQ are shown to significantly lower the
residual stresses. However, while PAG quenching results in a large uniform reduction in both residual stress and warpage,
UHQ is much more localised and limited to regions adjacent to direct steam impingement. These regions are also warped.
The depth of penetration of the stress relief during UHQ is shown to be 5 mm.

Conclusions While uphill quenching is shown to be capable of locally stress relieving an aluminium alloy, it is far less

effective compared to PAG quenching.

Keywords Aluminium alloy 7449 - Heat treatment - Residual stress - Uphill quenching - Neutron diffraction

Introduction

Aluminium alloys find application in aerospace structures
because they are heat treatable to medium to high strength
levels. This combined with their low density has made them
attractive for stiffness and strength critical applications in all
types of aircraft since the birth of powered aviation. Their

< J.S. Robinson
Jeremy.robinson@ul.ie

A. O’ Donovan
alan.odonovan @tus.ie

R. C. Wimpory
robert.wimpory @helmbholtz-berlin.de
School of Engineering, University of Limerick,

Limerick V94 T9PX, Ireland

Department of Mechanical & Automobile Engineering, TUS,
Moylish Park , Limerick V94 ECST, Ireland

Helmholtz-Zentrum Berlin Fiir Materialien Und Energie
GmbH, Hahn-Meitner-Platz 1, Berlin 14109, Germany

Achilles heel is the relatively poor performance in fatigue,
and their resistance to corrosion and stress corrosion. For
these reasons, there has been a steady migration towards
replacing aluminium alloys with composite materials since
the 1980s [1-3]. The development of new and improved
aluminium alloys has slowed as a consequence, but the
availability, isotropy, manufacturing compatibility and well
characterised performance means 2000 and 7000 series alu-
minium alloys remain important materials in aviation.

A key requirement of heat treatable alloys is the necessity
to produce a supersaturated solid solution by rapid quenching.
This can introduce warpage, cracking and distortion during
subsequent machining operations [4—6]. In products with thick
sections (t> 15 mm), residual stress magnitudes of +200 MPa
are normal after rapid quenching from the solution heat treat-
ment temperature [7]. For simple shapes, application of plas-
tic deformation is used to reduce the residual stresses [8—11].
However, for complex shapes such as die forgings the extra
expense of additional cold compression forging dies makes this
uncommon [12]. Complex critical parts can be quenched less
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aggressively and the example of polyalkylene glycol (PAG)
quenching is investigated here. An alternative technology is
uphill quenching (UHQ) which reverses the thermal gradi-
ents encountered during quenching [13-16]. Uphill quenching
can be applied to complex geometries that cannot be stress
relieved economically by mechanical methods. Complex die
forgings and castings are amenable. Limited data exists that
fully quantifies the stress reduction process and how the distri-
bution of residual stresses is changed through the thickness of
components. Uphill quenching is labelled a “cryogenic or cold
stabilisation” process but it should not be confused with the
simple exposure of parts to sub-zero temperatures which has
no effect. However, applying the rapid increase in temperature
has limited the widespread application of UHQ. In addition,
there is a logistical constraint of minimising the natural aging
time between water quenching and immersion in the cryogenic
fluid.

This experiment follows an investigation where solid
blocks of the alloy 7449 were processed using conventional
quenching and uphill quenching techniques [17]. Now similar
blocks have been hollowed out to make boxes with variable
wall thickness to assess residual stresses through the walls
and warpage after quenching. The through thickness residual
stress distribution has been characterised using neutron and
X-ray diffraction. Both PAG quenching and uphill quenching
in steam result in stress relief compared to cold water quench-
ing. The effect of steam impingement is shown to be effective
in lowering surface residual stress, but the effect is very local-
ised, and the depth of penetration is shallow, confirming the
earlier observations made on solid blocks.

Experimental Details
Materials and Sample Configuration

This experiment used six rectilinear hollow boxes made from
the very high strength Al-Zn—-Mg—Cu aerospace alloy 7449.
The composition of the 7449 alloy is given in Table 1. Solid
blocks of size 81 (x, Longitudinal) X 155 (y, Long Trans-
verse) X 60 (z, Short Transverse) mm (mass 2.2 kg), were
extracted from a section of a large, triaxially open die forged,
rectilinear aircraft spar forging of dimension 3000 (L) x 160
(LT)x 126 (ST) mm. This parent forging was manufactured
from a solid cylindrical cast ingot of 7449 alloy of mass
830 kg. The blocks were assumed chemically and mechani-
cally homogeneous.

x(L)

Y(LT)

155 mm (LT)

60 mm (ST)

Fig.1 The geometry of the hollow 7449 boxes. The base of the box
was 10 mm thick. The side walls of the box were 15 (labelled A), 10
(B), 5 (C) or 1.5 (D) mm thick. The coordinate system defined on the
figure was that used in the neutron diffraction measurements. Neutron
diffraction measurements were made through the wall thickness in the
centres of the walls for all but the 1.5 mm thick wall

The solid blocks were then machined to form the hollow
boxes, an example of which is shown in Fig. 1. The wall
thickness in the four walls of the box was varied from 15
to 1.5 mm. The base of the box was 10 mm thick. The fillet
radius of the box corners was 10 mm. In one additional box,
three 1.0 mm diameter type K shrouded thermocouples were
inserted (parallel to the z or ST direction) in the centres of
the 5, 10 and 15 mm walls to a depth consistent with the
impingement area of the UHQ steam jets. These were to
permit time temperature profiles to be determined during
cold water, PAG and uphill quenching.

The optical microstructure of the parent forging when
heat treated consisted of approximately rod shaped grains
elongated into the longitudinal direction by the working
operations, with a typical grain length being < 1000 pum.
In the transverse directions, the grain characteristic dimen-
sion was <200 um. Within these grains a substructure was
observed consisting of well-defined polygonised equi-
axed sub-grains. The diameter of the sub-grains was <20
pm. Other coarse phases noted were fragmented Al-Cu-
Fe constituent particles and a very small volume fraction
of undissolved MgZn,. The material can be classified as
unrecrystallised. The longitudinal 0.2% tensile proof stress
of cold water quenched 7449 measured in small samples

Table 1 Specification alloy

) . . Alloy Si Fe Cu Mn Mg Zn Ti+Zr Al
chemistry and chemical analysis
(ca) results, wt% 7449 0.12max  0.15 max 14-2.1 0.20 max 1.8-2.7 7.5-8.7 0.25max  Bal
7449 (ca)  0.06 0.08 2.02 0.01 1.92 8.39 0.138 Bal
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immediately after cold water quenching is in the range 140
— 150 MPa.

Heat Treatment and Uphill Quenching

The normal precipitation hardening heat treatment for 7449
includes solution treating at 472 °C, followed by cold water
(<20 °C) immersion quenching and then (over) aging for 6 h
at 120 °C+10 h at 160 °C. All boxes were solution treated
at 472 °C for 90 min. They were then quenched into cold
water (<20 °C) or a 30% (by volume) PAG solution so that
the 15 mm thick wall entered the water (or PAG) first. The
boxes were immersed rapidly, to ensure cooling was as uni-
form as possible. The cavity of the boxes filled as they were
immersed in the quenchant and care was taken to ensure no
vapour pockets formed. Two further boxes were then sub-
ject to uphill quenching. Each box was cooled to -196 °C
in liquid nitrogen immediately after cold water quenching
to minimise natural aging. As soon as a box equilibrated, it
was placed into an aluminium alloy enclosure with four fixed
nozzles connected to a 40 kW steam generator capable of
delivering dry, or slightly superheated steam, at a nominal
flow rate of 0.02 kg s™!. Steam conditions could be varied
from atmospheric (100 °C at 1 bar) to a maximum of 170 °C
at 7 bar, depending on the circumstances. In this case, high
velocity steam jets at slightly elevated atmospheric condi-
tions were directed onto the centres of all four side walls.
The duration of the uphill quench was 45-60 s. A complete
typical thermal profile up to the end of the UHQ is shown
in Fig. 2.

In summary, three conditions were examined, cold water
quenched (CWQ) and aged, PAG quenched and aged and
CWQ+ UHQ (steam) and aged as shown in Table 2. The
over-aging treatment lowers the as quenched residual stress
magnitudes, but in 7449 with a maximum aging temperature
of 160 °C, the influence is minor and results in a less than
30% reduction [18].

Thermal profiles during quenching were made using the
box with three embedded thermocouples. Data was recorded
at 25 Hz and multiple quenches were completed to assess
repeatability.

Residual Stress Characterisation
Neutron Diffraction

Measurements were made following the guidelines pre-
sent in recently published papers [19-21]. Neutron diffrac-
tion was performed on the strain scanning instrument, E3
(HZB, Berlin, Germany). This was used with monochro-
matic radiation of approximate wavelength 1.47 A. The
position of the {311} aluminium peak was determined.
The sampling gauge volume was approximately 2 X2 x X

solution treatment
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Fig.2 Typical temperature time data including solution heat treat-
ment at 472 °C, cold water quenching (T <20 °C), immersion in lig-
uid nitrogen (-196 °C) and uphill quenching in steam to~ 100 °C

mm? as defined by the incident beam slit width, the dif-
fracted beam radial collimator and the slit height. The slit
height X varied from 4 mm (number of grains estimated
at 800) to 18 mm (1800 grains). The height of the gauge
volume was varied to improve the counting statistics and
reduce the uncertainties for certain line scans. The long
dimension of the gauge volume was varied in a direc-
tion the strain was assumed to be relatively constant. The
blocks were positioned on the instrument stage to per-
mit measurements of strains in the three original primary
working orthogonal directions as shown in Fig. 1. These
directions were assumed to be the principal stress direc-
tions, being coincident with the direction of maximum
heat flow out of the box wall surfaces during quenching.

Table 2 Heat treatment and fully heat-treated Vickers hardness meas-
urements for the 7449 boxes. Artificial aging treatment was 6 h at
120 °C+10hat 160 °C

Block code Quench Strain free reference Vickers

hardness
HV20
X10 Cold water (<20 °C)
X2 Cold water (<20 °C) V (for X10) 184+3
X9 30% PAG (<20 °C)
X6 30% PAG (<20 °C) V (for X9) 178 +£3
X5 CWQ + Uphill
quench
X8 CWQ + Uphill v (for X5) 181+4
quench
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The through thickness variation of residual stresses in
the 5, 10 and 15 mm walls were determined. The number
of measurement points was 5, 11 and 17 for the 5, 10 and
15 mm walls respectively, along a line coincident with a line
with origin at the box centre, and normal to the wall sur-
faces. Measurements at the surface were duplicated where
necessary, having rotated the boxes on the goniometer stage
to permit correction for the gauge volume emerging from
the sample. Each box also had a complimentary duplicate
subject to the same processing as detailed in Table 2 to pro-
vide a strain free reference. Each wall was cut twice near its
centre in the z direction by wire electro-discharge machining
to produce a prism of material. These prisms of width 5 mm
were left attached to the base of the box. Orthogonal meas-
urements of strain were made in all the cut prisms through
the thickness of the walls. In the event these strain free refer-
ence samples were not required as it was clear the walls were
in a condition of plane stress. The neutron diffraction data
is presented assuming the condition of plane stress; where
the assumption is the stress in the wall thickness direction
is zero.

Lattice spacings were converted to residual strains and
stresses using the standard three dimensional Hooke’s law
[22]. A Young’s modulus (E) of 70 GPa and a Poisson’s
ratio (v) of 0.3 was used in all the calculations. These elastic
constants have been found by the authors to offer the best
agreement between neutron diffraction and other residual
stress measurement techniques, including X-ray diffraction,
incremental centre hole drilling and deep hole drilling for
7000 series alloys [23, 24]. Multiple (repeatability) neutron
diffraction measurements on the blocks and the associated
stress free samples allowed an estimation of one standard
deviation random uncertainties as +30 MPa. These uncer-
tainties were larger than the peak fitting errors. The micro-
structural induced variation along the length of the strain
free reference was very small and encapsulated by the ran-
dom uncertainties.

X-ray Diffraction

Surface residual stress measurements using a Sin?y tech-
nique were performed on a Panalytical X'Pert X-ray diffrac-
tometer using Cu Ka radiation operating in the o configura-
tion. The measurement procedures followed best practice
guidelines [25]. The position of the aluminium {422} peak
was measured (136° <20 < 139°). Sixteen scans were per-
formed for each stress measurement using equally spaced
y values within the range 0<y<60° (positive tilting only,
y—angle between the surface normal and the bisector of
source and diffracted X-ray beam). The resulting spec-
tra were analysed using Panalytical residual stress soft-
ware (Version 2.3) with peak locations determined using
a Pearson VII fitting technique. In all cases, the sixteen

&

peak positions were used to calculate the straight line d,,
(interplanar spacing) versus Sin*y plots. The calculation of
residual stress from the measured peak position was made
using the established theory [26]. The elastic constants were
taken from literature for the {422} planes [27]. The irradi-
ated area was in the form of a line 2 mm wide and 12 mm
long. The penetration depth of the X-rays was assumed to
be of the order of 100 um calculated using reference data
[26]. Calibration of the diffractometer was performed using
a specimen with a “known” residual stress. This specimen
was a piece of cold water quenched and aged 7010 alloy
that had been characterised on multiple neutron and X-ray
diffractometers located in different institutions over a period
of 20 years. The measurement locations were on the surface
of the block on the perimeter of the quarter plane shown in
Fig. 1. Where uncertainties are quoted, these are fit errors
from the lattice spacing and Sin*y straight line plots.

Warpage Determination

An estimate of the warpage arising from quenching was
determined by measuring the exterior surface profile of
the 1.5 mm thick wall using a Hexagon GLOBAL Clas-
sic co-ordinate measuring machine (CMM). The surface
was divided into a two-dimensional grid of 12 X 32 points
with the displacement of each point determined relative to
a datum plane defined by the constrained three adjoining
walls.

Results
Cooling During Quenching

Figure 3 shows cooling rates developed during cold water
quenching. The figure contains data for three quenches. The
results were repeatable and consistent. The 5 mm thick wall
(and by inference the 1.5 mm thick wall) cooled very rapidly
with a maximum cooling rate of approximately 600 °C s~!
occurring when the thermocouple reported a temperature of
400 °C. Maximum cooling rates in the other walls occurred
at the same temperature and were approximately 400 and
200 °C s~! for the 10 and 15 mm walls respectively. Alu-
minium alloy 7449 is not a quench sensitive alloy and this
rapid cooling can be assumed to be more than sufficient to
ensure the production of a supersaturated solid solution in
all areas of the box.

Figure 4 shows the cooling rates during PAG quench-
ing. The pattern of cooling was an initial period of rapid
cooling upon immersion, followed by a reducing cooling
rate as a viscous layer of PAG formed on the surface. A
period of more rapid cooling then ensued as the gel like layer
partially liquefied. The maximum cooling rate in the 5 mm
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Fig.3 Cooling rates during cold water quenching from 472 °C to
room temperature at thermocouples located in the centres of the 5,
10 and 15 mm thick box walls. Cooling rates from three separate
quenches are shown to illustrate the repeatability of the cold water
quench for each wall thickness

wall was much lower (100 °C s~! compared to 600 °C s
when compared to cold water quenching and occurred at
a much lower temperature. However, the impact of these
reduced cooling rates on the subsequent aging response was

500
450 .
400
350
300

250 |

TEMPERATURE / °C

200 |
150 F

100 |-

COOLING RATE /°Cs™!

Fig.4 Cooling rates during quenching into a 30% PAG solution from
472 °C to room temperature at thermocouples located in the centres
of the 5, 10 and 15 mm thick box walls. Cooling rates from three
separate quenches are shown which illustrates the repeatability of the
PAG quench for each wall thickness. Note the different cooling rate
axis range compared to Fig. 3
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Fig.5 Warpage of the 1.5 mm thick wall arising from rapid immer-
sion in cold water after solution treatment at 472 °C. Coordinate sys-
tem correspond to that defined Fig. 1. z=+30 mm corresponds to the
free edge of the wall. y=+477.5 corresponds to the outer edge of the
15 mm thick wall, and -77.5 mm is the 5 mm wall. The 15 mm thick
wall entered the quench first

very small and the indentation hardness of the PAG box
material was almost identical to cold water quenched, see
Table 2. The 0.2% proof stress of fully heat treated PAG and
CWQ material measured in round bar tensile test samples
of 12.5 mm diameter were both 502 +2 MPa. The tensile
strength (540 MPa) and elongation at fracture (10%) were
also within experimental uncertainty.

During uphill quenching, the walls of the boxes increased
in temperature from approximately -190 °C to 100 °C. The
time taken for this temperature rise was approximately 10,
14 and 15 s for the 5, 10 and 15 mm thick walls respectively.
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Fig.6 Warpage of the 1.5 mm thick wall arising from rapid immer-
sion in PAG after solution treatment at 472 °C. Coordinate system
correspond to that defined Fig. 1. z=+30 mm corresponds to the
free edge of the wall. y=+77.5 corresponds to the outer edge of the
15 mm thick wall, and -77.5 mm is the 5 mm wall. The 15 mm thick
wall entered the quench first
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Fig.7 Warpage of the 1.5 mm thick wall arising from cold water
quenching after solution treatment at 472 °C, immersion in liquid
nitrogen and then uphill quenching in steam. Coordinate system cor-
respond to that defined Fig. 1. z=+30 mm corresponds to the free
edge of the wall. y=+77.5 corresponds to the outer edge of the
15 mm thick wall, and -77.5 mm is the 5 mm wall. The 15 mm thick
wall entered the quench first

Warpage During Quenching

The warp in the 1.5 mm wall of the CWQ box is shown in
Fig. 5. The maximum warp in the wall was 0.19 mm and
occurred towards the free edge of the 1.5 mm thick wall (as
opposed to the area of the wall constrained by the base of the
box). This was an outward bulge in the wall. Relative to the
wall thickness this is a warpage of 13%. The total warpage
of the wall including inward distortion was 0.31 mm or 21%.
The maximum warpage was adjacent to the 15 mm thick
wall which entered the quench first (see Fig. 6).

PAG quenching is known to reduce the warp arising from
rapid cooling. The maximum warp was 0.09 mm or 6%. The
pattern of warpage was the same the cold water quenched

box, with the maximum warp occurring adjacent to the
15 mm thick wall. The total warpage of the wall including
inward distortion was 0.19 mm or 13%.

The uphill quenched box was not measured for distor-
tion before being subject to the steam, as the uphill process
had to be completed as soon as possible after cold water
quenching from 472 °C. It is assumed the initial pattern of
warpage would be similar to that shown in Fig. 5. The final
warpage in the box after the UHQ is shown in Fig. 7. It
can be seen there is a significant outward bulge located in
the area subject to the steam impingement. The maximum
warp was 1.19 mm or 79% of the wall thickness. The total
warpage of the wall, including a very small inward distortion
was 1.26 mm or 84%. These numbers are based on the box
dimensions before the initial cold water quench.

Residual Stress Measurements
Cold Water Quenched Boxes

Cooling from the solution heat treatment temperature by
immersion quenching is rapid, as has been shown above,
and it is the thermal gradients from surface to interior that
cause inhomogeneous plastic flow which in turn give rise
to residual stress. The magnitude of these residual stresses
through the thickness of the box walls quenched into cold
water are shown in Fig. 8. As expected, the surface residual
stresses were compressive on the exterior surfaces with the
interior surfaces bordering the internal cavity being less.
This will be a consequence of a slower rate of cooling for
the internal wall surfaces. The residual stress magnitudes
diminished with wall thickness. The residual stresses at the
surface were predominantly equibiaxial, as shown in Fig. 9.
However, in the 1.5 mm wall an anomalous result was
recorded for the o,, component (-108 +7 MPa) compared

vy
to the ,, component (-26 & 14 MPa). This was the only wall
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Fig. 8 Through thickness residual stresses in the 15 mm (a), 10 mm (b) and 5 mm (c) walls of the cold water quenched box. Neutron diffraction

and x-ray diffraction results
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Fig.9 Surface residual stresses measure in the cold water quenched
box wall surfaces by x-ray diffraction

to suffer observable warpage under all quenching conditions.
A 1.5 mm wall was wire cut from an additional box and heat
treated. When the wall was unconstrained during quench-
ing, the surface residual stresses reverted to equibiaxial of
magnitude -60 MPa, suggesting a compressive stress arising
from the warpage was influencing the measurement of the
1.5 mm box wall.

PAG Quenched Boxes

Figure 10 illustrates the through thickness residual stresses
in the box quenched into the 30% PAG solution. It is clear

that quenching into PAG has had a dramatic influence on
the residual stress magnitudes compared to CWQ. All three
walls of the box are almost free of residual stress. Like the
CWQ box, the 1.5 mm wall surface did have a large residual
stress in the y (LT) direction (6., =-87 +4 MPa) as shown
in Fig. 11. The same sectioning process was undertaken,
and in the unconstrained wall, the residual stress became
equibiaxial of magnitude -18 +2 MPa.

UHQ Quenched Boxes

The residual stresses remaining in the walls after UHQ
are shown in Fig. 12. In the 15 mm thick wall the distri-
bution of the residual stresses is similar to CWQ apart
from a significant reduction adjacent to the point of steam
impingement. The depth of stress relief was of the order
of 5 mm. A similar reduction was noted in the 10 mm and
5 mm thick walls which confirms the UHQ is effective at
stress relieving to a significant depth. Figure 13 shows the
surface residual stresses in the walls. In this figure it is
obvious the stress relief from UHQ can be non-uniform as
indicated by the larger c,, component in the 10 mm wall.
It can also be noted in this figure that despite the base of
the box being exposed to the steam indirectly, there is very
little, if any stress relief.

Discussion

Comparing Fig. 8 to Fig. 9 clearly demonstrates why
PAG quenching has become so dominant when heat treat-
ing aluminium alloys for parts where residual stresses,
warpage or subsequent distortion must be minimised.
Quenching into PAG, for the geometry investigated here,
renders the box almost residual stress free. The only
caveat is the residual stress present in the long direc-
tion of thin wall which in the PAG case is insufficient to
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Fig. 10 Through thickness residual stresses in the 15 mm (a), 10 mm (b) and 5 mm (c) walls of a box quenched into a 30% PAG solution. Neu-

tron diffraction and x-ray diffraction results
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Fig. 11 Surface residual stresses measure in the PAG quenched box
wall surfaces by x-ray diffraction

buckle the wall significantly. PAG works by slowing the
cooling rate, especially around 400 °C (Fig. 4) where the
alloy is very soft. (10-20% of the strength of the alloy
at room temperature) [17]. Slower cooling can influence
mechanical properties, but modern 7000 series alloy

200

including 7449, are not regarded as a quench sensitive and
for this box geometry, there was no significant difference
in hardness and strength. PAG quenching does come with
an environmental cost as the quenchant must be disposed
of appropriately after use, and the gel can contaminate the
surface of the parts, so additional cleaning of the parts
may be required. Uphill quenching could be argued to be
more environmentally friendly than PAG quenching, only
requiring the energy required to create plentiful steam.
However, based on the observations here, it is unlikely
there is going to be a rush to replace PAG with such a
procedure. UHQ does work effectively, but it relies on
direct steam impingement. This is its main limitation,
and is what has limited its more widespread application
from when it was first investigated many years ago. The
necessity to construct bespoke steam chambers with a
multiplicity of nozzles ensuring all surfaces are exposed
to the steam is too onerous and potentially expensive. If
the depth of stress relief was significantly greater than the
5 mm observed here, then it could be attractive for parts
where PAG quenching might result in too great a loss
of mechanical properties, in the fully heat treated part.
It remains to be seen if increasing the intensity of the
uphill quench can achieve a greater depth of stress relief.
In summary, UHQ is a technology where the window of
opportunity has probably now closed, except for limited
niche applications. PAG quenching and the continuing
replacement of aluminium alloys components with those
made from polymer composites have inhibited its more
widespread adoption.
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Fig. 12 Through thickness residual stresses in the 15 mm (a), 10 mm (b) and 5 mm (c) walls of a box quenched into a cold water and then sub-

ject to UHQ. Neutron diffraction and x-ray diffraction results
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Fig. 13 Surface residual stresses measure in the UHQ box wall sur-
faces by x-ray diffraction

Conclusions

1. Uphill quenching and PAG quenching have both demon-
strated the potential to lower residual stress introduced
during the quenching stage of the heat treatable alumin-
ium alloy 7449.

2. Quenching the boxes investigated here into PAG results
in an almost completely residual stress free structure,
with very little warpage of the thinnest wall compared
to the cold water quenched box.

3. Uphill quenching into steam at 100 °C caused rapid heat-
ing of the material adjacent to the steam jet. At these
locations, the residual stress was completely relaxed.
The effect was localised, and other surfaces only dem-
onstrated very minor stress relief.

4. The depth of penetration of the stress relief in the UHQ box
under the steam jet was approximately 5 mm which is the
same as the depth of relief observed in solid blocks of 7449.

5. The area of the thinnest wall subject to direct steam
impingement suffered severe warpage.
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