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Distortion caused during heat treatment of aluminum alloys is a complex subject,
and many papers have been written to address this expensive problem.

Control of distortion in heat-treated aluminum

aluminum heat-treated components.

The heat treatment of aluminum (solution heat treat-
ment, quenching and aging) are critical processes to ensure that the
desired mechanical and corrosion properties are achieved. Of these
steps, quenching is perhaps the most critical of all the operations.
If quenching is too fast, properties are met, but the part may have

excessive distortion or residual stresses. This ‘

n n this column, we will discuss controlling the distortion of

can result in shortened life due to residual
stresses or result in additional non-value-
added straightening of the component.

The typical heat treatment for alumi-
num consists of solution heat treatment
to approximately 525°C to ensure that all
solute is in solution. Parts are then typi-
cally quenched into water or polymer quen-
chants [1] [2]. Following quenching, parts are
then straightened. If parts are unable to be
straightened immediately after quenching,
the parts are placed into a sub-zero freezer
(typically at —28°C) to prevent hardening
due to natural aging [3]. Once time is avail-
able, the parts are removed from the freezer
and allowed to warm to room temperature.
Straightening of the parts is then performed
[3]. Parts are naturally aged, depending on
the alloy and the desired temper. Parts are
then artificially aged at an elevated temper-
ature (121°C to 176°C) to the desired final
properties and temper.

Quenching is the most critical step in
aluminum heat treating. The objective of
quenching is to preserve the solid solution
formed at the solution heat-treating tempera-
ture by rapidly cooling to room temperature.
Quenching is a balance of supersaturation and diffusion rate [4]. If
quenching is too fast, then properties are achieved, but distortion or
warpage of the parts may occur. If quenching is too slow, then exces-
sive grain boundary precipitation can occur [5]. This removes the sol-
ute from aging and has detrimental effects on corrosion properties.
Generally, the highest strengths and corrosion resistance attainable
are those associated with the fastest quenching rates. However, the
amount of warpage or distortion that occurs during quenching tends
to increase with the rate of cooling. In general, the best quench rate is
the slowest quench rate that achieves properties.

thick.

CONTROLLING DISTORTION

Aluminum is extremely prone to distortion. During solution heat

16 OCTOBER 2022

treatment, temperatures are used that are very close to the liquidus
temperature [6]. This results in very high plasticity and low strength
at typical solution heat treating temperatures [7].

In addition to the poor strength at elevated temperatures, alu-
minum also has a large coefficient of linear expansion. This results
in large growth of aluminum during solution heat treatment and
contraction during quenching. If the part is constrained, then high
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Figure 1: Comparison of immersion rate on the distortion of thin gauge 7075 sheet. In the top photograph,
a slow immersion rate was used, quenched into 32% PAG. In the lower photograph, a fast immersion rate
was used into 32% PAG. The quench delay time was identical in both. Sheets are 500 x 500 mm x 1.0 mm

strains and stresses are developed in the part. If these stresses exceed
the yield strength at temperature, then permanent set of the part
could occur, resulting in distortion of the part. This indicates that
racking and constraint of the parts are important to control the
distortion of the part.

RESIDUAL STRESSES PRIOR TO HEAT TREATMENT
Aluminum parts are typically forged, cast, or formed prior to heat
treatment. Each of these processes produces significant tensile or
residual stresses [8] [9] [10]. Machining of these forgings or castings
can also produce significant residual stresses [11] [12]. The use of a
stress relief process after major manufacturing steps will also reduce
distortion in heat treatment.



SOLUTION HEAT TREATMENT

With excessive heat-up rates, thermal gradients can be developed in
the part that can exceed the yield stress at temperature [13]. This
is especially true when there are very thick and very thin portions
of the part. The thin sections will heat rapidly, while the larger sec-
tions will lag in temperature behind the thin sections. If the thermal
gradient is high enough, distortion of the part can occur. If residual
stresses are present in the part from prior operations, then distortion
can occur from relief of those stresses.

IMMERSION RATE

The rate of immersion during quenching plays an important role
in reducing the distortion of quenched aluminum. Aluminum parts
should be immersed into the quench rapidly. This immersion rate
is often confused with the quench delay; however, the immersion
rate is the velocity at which the parts enter the quenchant. While
it is sometimes not possible to adjust this rate due to furnace
design, it is often a variable that is overlooked. The immersion rate
should be on the order of 0.15 m/s to 3 m/s [14]. This is shown in
Figure 1.

QUENCHANT

Of all the possible “defects” occurring during the heat treatment
of aluminum, distortion during quenching is the most common.
It is probably responsible for most of the non-value-added work
(straightening) and costs associated with aluminum heat treating.
An extreme case of distortion is shown in Figure 2 [6].

Water is the most common quenchant for all aluminum alloys.
Itis easy and inexpensive to obtain, and it is readily disposed unless
severely contaminated. Water is used as a quenchant from ambient
temperatures for sheet metal, to 90°C for castings and thick forgings
to reduce quenching thermal stresses.

As the temperature of water is raised, the stability of the vapor
phase increases, and the onset of nucleate boiling in a stagnant fluid

Aluminum parts are typically forged, cast, or formed prior to heat treatment.
Each of these processes produce significant tensile or residual stresses.
(Courtesy: Shutterstock)

is suppressed. The maximum rate of cooling is decreased, and the
overall rate of cooling is also decreased. This can result in non-uni-
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Figure 3: Comparison of water and PAG quenching results for different size 1.5 mm thick panels: (A) water quenched; (B) PAG quenched at 20%. Upper left panel is
300 x 250mm; Upper right panel is 100mm x 300 mm; lower left and right panels are 300 x 300 mm.

form quenching of part, with resultant distortion and high residual
stresses.

Polyalkylene glycol quenchants (PAG) were developed to provide
a quench rate in between that of water and oil. By control of agita-
tion, temperature, and concentration, quench rates like water can
be achieved. PAG quenchants are described by AMS 3025 [15], and
the concentration is governed by AMS 2770 [16] for aerospace alloys.
The benefits of quenching in a PAG are shown in Figure 3.

PART ORIENTATION AND RACKING

Racking of the parts is critical [17]. The parts should be fully sup-
ported, with the loads spread out over a large area, since the creep
strength of aluminum is poor. Parts, particularly sheet metal parts,
are often fixed into place with steel or stainless wire to hold the parts.
This practice can increase distortion or cause damage to the part.
Aluminum has a very high coefficient of thermal expansion, while
steel has a coefficient of thermal expansion that is approximately
half that of aluminum (13 x 10-6 mm/mm-°C for aluminum and
8 x 10-6 mm/mm-°C for carbon steel). This means that the alumi-
num parts will grow twice as much as the steel constraining wires.
Aluminum parts should be wired loosely and allowed to freely
expand without constraint.

CONCLUSIONS
In this very brief article, the causes of distortion when heat treating
aluminum alloys are discussed. This is a very complex subject, and
many papers have been written to cure the very expensive problem
of aluminum distortion during heat treatment.

Should you have any questions or comments on this column, or
suggestions for further articles, please contact the author or editor. §
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