
Dry and Clean Age Hardening of Aluminum
Alloys by High-Pressure Gas Quenching

A. Irretier, O. Kessler, F. Hoffmann, and P. Mayr

(Submitted December 10, 2003)

When precipitation-hardenable aluminum parts are water quenched, distortion occurs due to thermal
stresses. Thereby, a costly reworking is necessary, and for this reason polymer quenchants are often used
to reduce distortion, with the disadvantage that the quenched parts have to be cleaned after quenching. In
opposition to liquid quenchants, gas quenching may decrease distortion due to the better temperature
uniformity during quenching. Furthermore, cleaning of the quenched parts can be avoided because it is a
dry process. For this purpose, a heat-treating process was evaluated that included a high-pressure gas-
quenching step. Gas quenching was applied to different aluminum alloys (i.e., 2024, 6013, 7075, and
A357.0), and tensile tests have been carried out to determine the mechanical properties after solution
annealing, gas quenching, and aging. Besides high-pressure gas quenching, alloy 2024 was quenched at
ambient pressure in a gas nozzle field. The high velocity at the gas outlet leads to an accelerated cooling
of the aluminum alloy in this case. Aluminum castings and forgings can be classified as an interesting field of
application of these quenching methods due to their near-net shape before the heat treatment. Cost savings
would be possible due to the reduced distortion, and therefore, less reworking after the precipitation hardening.
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1. Introduction

Precipitation hardening of aluminum alloys requires high
quenching rates after solution annealing to avoid coarse inter-
metallic precipitates at the grain boundaries. A supersaturated
solution of the alloying elements is a requirement for the for-
mation of fine intermetallic precipitates during aging, which
improve the mechanical properties. Water is used predomi-
nantly nowadays to suppress coarse precipitates during quench-
ing. Due to the Leidenfrost phenomenon, distortion occurs as a
result of the formation and collapse of a vapor blanket around
the part.[1] This nonuniform cooling causes distortion, espe-
cially in thin or complex-shaped parts (e.g., sheets, castings, or
forgings), and makes costly reworking necessary.[2] The con-
trol of the cooling rate is only possible by varying the tem-
perature of the water or by adding additives like polymers to
the aqueous quenching medium. Furthermore, where polymers
have been used for the control of the quenching process, it is
necessary to clean the parts.

During the high-pressure gas quenching, parts are immersed
in a cooling gas instead of an aqueous medium. Because the
Leidenfrost phenomenon is absent, the improved temperature
uniformity provides an opportunity to manufacture parts with
only slight distortion, and this can reduce the costs related to
reworking or excess scrap. By varying the gas pressure, gas
velocity, or the gas itself, a well-directed manipulation of the
cooling rate is possible.[3]

Besides gas quenching under high pressure in a cooling
chamber, cooling is also possible at ambient pressure in a gas
nozzle field. In this case, the flow velocity and degree of tur-
bulence can be increased and varied by the primary pressure,
the shape of the nozzles, or the number and arrangement of the
nozzles.[3,4]

Age-hardenable aluminum alloys are often quench-
sensitive, on the one hand, requiring a high cooling rate to
create the desired microstructure and the mechanical proper-
ties, while on the other hand, requiring a cooling rate as slow
as possible to reduce the distortion and residual stresses in the
part. In consideration of both requirements, the potential to
reduce distortion exists by using high-pressure gas quenching
or nozzle field quenching. For both possibilities, the following
question arises: is the cooling rate during quenching sufficient
to obtain the specific required strength after aging of the alu-
minum alloys? Therefore, the primary aim of this work was to
prove that high-pressure gas quenching and nozzle field
quenching are reliable processes for the precipitation hardening
of aluminum alloys with high quench sensitivity.

2. Quench Factor Analysis

Quench factor analysis (QFA) is a procedure that is used to
correlate the quench rate in a part with the precipitation be-
havior during the quenching process.[5] To understand the pre-
cipitation behavior, one must recognize that the rate of precipi-
tation during quenching depends on two competing factors:
supersaturation and diffusion. At high temperatures, supersatu-
ration is low, and so the precipitation rate is low despite the
high diffusion rate. At low temperatures, the diffusion rate is
low, and thus the precipitation rate is low despite the high
degree of supersaturation. At intermediate temperatures, the
precipitation rate is highest. Consequently, the times needed to
produce equal amounts of precipitation at a given temperature
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(i.e., isothermal conditions) follow a C-shape pattern. For these
C-curves, Eq 1 was developed.[5,6]

CT = K1 * K2 * exp� K3 * K4
2

R * T�K4 − T�2� * exp� K5

R * T� (Eq 1)

where CT is the critical time required to precipitate a constant
amount, K1 is a constant that equals the negative natural loga-
rithm of the fraction not precipitated, K2 is a constant related to
the reciprocal of the number of the nucleation sites, K3 is a
constant related to the energy required to form a nucleus, K4 is
a constant related to the solvus temperature, K5 is a constant
related to the activation energy for diffusion, R is the gas con-
stant (8.3143 J/Kmol), and T is the temperature (K).

If the numerical values for the constants in Eq 1 are known,
the C-curve for each particular alloy can be constructed. Typi-
cal K values for alloy 7075-T73 are given in Table 1.[7] In
the underlying investigation, alloy 7075 was solution heat
treated at 460-471 °C, quenched, and aged at 100-112 °C for
6-8 h and at 170-182 °C for 8-10 h.

Using the K values from Table 1 in Eq 1, the calculation of
the C-curve for 7075-T73 is possible, as is shown in Fig. 1.
After recording the cooling curves, these continuous cooling
curves can be compared with the isothermal C-curves by QFA.
For this purpose, the cooling curves have to be split into iso-
thermal steps (�t) at certain T values. The CT value is then
calculated at these temperatures using Eq 1. The ratio of
the time step length, �t, divided by the CT value provides
the incremental quench factor (q), which is calculated using
Eq 2.[5]

q =
�t

CT
(Eq 2)

The sum of the incremental quench factors during cooling of
the parts through the critical temperature range, normally de-
fined as being between 425 and 150 °C, results in the quench
factor Q corresponding to Eq 3.[5]

Q = �
150

425

q = �
150

425
�t

CT
(Eq 3)

High quench rates are associated with low Q values, minimum
precipitation during quenching, and therefore, high yield
strengths after aging. Conversely, higher Q values indicate
slower quench rates and lower strength values. The prediction
of the attainable yield strength from a given cooling curve is
then possible using Eq 4.[5]

�Y = �maxe
−K1Q (Eq 4)

where �Y is the predicted yield strength, and �max is the yield
strength after an infinite quench and following temper cycle.

3. Experimental Procedure

The required cooling rate strongly depends on the chemical
composition of the aluminum alloy. Particular attention in this
work was given to quench-sensitive aluminum alloys, in which,
in fact, a water or polymer quench seems to be needed to obtain
a supersaturated solution. In consequence of the Leidenfrost
phenomenon, which promotes the distortion, these quench-
sensitive alloys are, therefore, simultaneously vulnerable to
distortion. Corresponding to Table 2, three different aluminum
wrought alloys and one cast alloy have been used for the in-
vestigations.

The solution annealing as well as the aging of the alloys was
equal to the conventional heat treatment with water quenching.
Temperatures and times match the normal values used for pre-
cipitation hardening of the alloys.[8,9]

3.1 High-Pressure Gas Quenching

Corresponding to Table 3, wrought alloys 2024 and 7075
were available as plates, 20 mm in thickness, while alloy 6013
was available as plates, 4.5 mm in thickness. The cast alloy
A357.0 was already available as cylindrical tensile specimens
with a length of 120 mm and a diameter of 8 mm. These
samples were made by investment casting.

By varying the specimen thickness of the wrought alloys
between 3 and 20 mm, a decreasing cooling rate with an in-
creasing specimen thickness could be achieved. In this manner,
it was possible to correlate the measured strength of the speci-
mens with the different cooling rates during high-pressure gas
quenching. After gas quenching and aging, three flat tensile
specimens were manufactured from each quenching sample
thickness corresponding to DIN 50125-Form E. Flat tensile
specimens with a thickness of 3 mm were taken from the core
of the 20 mm thick quenched plates. In the case of the casting
alloy A357.0, five specimens (Form B) have been used for the
determination of the mechanical properties.

Solution annealing and high-pressure gas quenching were
realized in a double-chamber vacuum furnace type IPSEN In-

Table 1 Constants for calculating C-curve and quench
factor at 99.5% of attainable yield strength[7]

Alloy K1 [−] K2, s K3, J/mol K4, K K5, J/mol

7075-T73 0.00501 1.37 × 10−13 1069 737 1.37 × 105

Fig. 1 Calculated CT-curve (AW-7075-T73)
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ternational GmbH, Clive, Germany, RVTC 550 × 550 × 310
mm (Fig. 2).[10] The system is equipped with a heating chamber
on the left side and a separated “cold” cooling chamber on the
right side. Compared with single-chamber systems, higher
cooling rates are possible because quenching takes place in a
chamber with ambient temperature. Thus, it is not necessary to
cool the chamber together with the batch. After solution an-
nealing, the door between the chambers is opened, and the
batch is transported into the cold chamber. The chamber is
filled with the cooling gas, and the gas is continuously recir-
culated through the chamber. The quench delay can be ne-
glected because solution annealing and transport have taken
place in vacuum with only a minimal temperature loss to the
specimens. For later applications, solution annealing and trans-
port of the specimens will take place in atmosphere. In this
case, the construction of the double-chamber furnace will be
considerably easier, but it will still be possible to meet the
required quench delay time to avoid the precipitation of the
alloying elements during the transport.

For the temperature measurement in the core of the speci-
mens (thickness between 3 and 20 mm), each batch setup was
equipped with thermocouples. The specimens were mounted
vertically on a batch holder to provide a large surface for the
heat exchange between the specimens and the quenching gas.
To obtain high quench intensities, helium was used as cooling
gas at a pressure of 16 bar. The aging of the specimens was
carried out in a conventional air furnace.

3.2 Nozzle Field Quenching

Investigations on a gas nozzle field at ambient pressure have
been carried out with tensile specimens (AW-2024) of different
circular cross sections (Ø5, 8, and 12 mm) corresponding to
DIN 50125-Form B.

As demonstrated in the experimental setup in Fig. 3,
quenching took place in a nozzle field with four nozzle rows.
Utilizing measurements with a hot wire anemometer, a gas
(nitrogen) velocity of approximately 150 m/s was calculated at
the gas outlet.

Solution annealing was carried out in a tube furnace, which
was positioned above the nozzle field, using the heat-treating
parameters for the alloy 2024, as listed in Table 2. After solu-
tion annealing, the specimens were dropped into the nozzle
field. During quenching with nitrogen at ambient pressure, the
temperature was measured in the core of reference specimens
(Ø5, 8, and 12 mm). After quenching and aging, the tensile
properties of the specimens were determined.

4. Results and Discussion

4.1 High-Pressure Gas Quenching

Regarding the precipitation of intermetallic phases during
quenching, the temperature between 425 and 150 °C was de-
fined as a critical interval for the QFA. Therefore, the cooling
rate must be very high in this interval. From the cooling curves
in Fig. 4, an average cooling rate of approximately 70 K/s was
determined for a material thickness of 3 mm. The cooling rates
decreased to 36 K/s for a thickness of 6 mm, 23 K/s for
a thickness of 10 mm, and 10 K/s for a material thickness of
20 mm.

After aging, the mechanical properties of the specimens

Table 3 Dimensions and shape of the specimen

Alloy
Quenching
specimen

Tensile specimen
DIN 50125

AW-2024 (20 mm) 160 × 30 × 3 mm Form E/3 mm
160 × 36 × 4 mm Form E/4 mm
210 × 60 × 6 mm Form E/6 mm
275 × 75 × 10 mm Form E/10 mm
160 × 100 × 20 mm Form E/3 mm (core)

AW-6013 (4.5 mm) 160 × 30 × 3 mm Form E/3 mm
160 × 36 × 4 mm Form E/4 mm

AW-7075 (20 mm) 160 × 30 × 3 mm Form E/3 mm
160 × 36 × 4 mm Form E/4 mm
210 × 60 × 6 mm Form E/6 mm
275 × 75 × 10 mm Form E/10 mm
160 × 100 × 20 mm Form E/3 mm (core)

A357.0 (Ø8 mm) 120 × Ø8 mm Form B/8 mm

Table 2 Investigated aluminum alloys and their
heat-treating parameters

Alloy
Solution

annealing Aging

AW-2024
AlCu4Mg1 495 °C/70 min RT/>96 h

AW-7075
AlZn5,5MgCu 470 °C/70 min 120 °C/12 h

+180 °C/11 h
AW-6013

AlMg1Si0,8CuMn 565 °C/30 min 190 °C/4 h
A357.0

AlSi7Mg 0.6 540 °C/825 min 160 °C/4 h

Fig. 2 Schematic of a double-chamber vacuum furnace[10]
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were determined in tensile tests. The results have been com-
pared with the minimum required values for the relevant alloy
standards. Furthermore, a conventional heat treatment with wa-
ter quenching has been carried out for the direct comparison
between water and gas quenching.

The mechanical properties of 6013-T6 are pictured in Fig. 5.
After the conventional heat treatment with water quenching, as
well as after the heat treatment with gas quenching, the me-
chanical properties exceed the minimum values[11] for a mate-
rial thickness of 3 mm, whereby the values after water and gas
quenching are nearly similar. The tensile properties of 2024-T4

are shown in a scatter band with little variation around the
minimum mechanical properties[12] for 2024-T4 up to a thick-
ness of 20 mm (Fig. 6).

The tensile properties of 7075-T73 after gas quenching are
compared in Fig. 7. Because this alloy is more quench sensitive
than 2024-T4 under the same quench conditions, there is a
greater loss in strength, and the minimum tensile properties[12]

can be attained only up to a specimen thickness of approxi-
mately 5 mm. At this point, it has to be mentioned that the
minimum tensile properties for 7075 in Fig. 7 are only valid in
the heat-treating condition T7351 (i.e., stretched and over-
aged). The cold deformation during stretching leads to an in-
crease in dislocation density and, therefore, to an increase in
Rp0.2 and Rm. Therefore, the tensile properties should increase
when an additional stretching is applied to the gas-quenched
specimens before aging.

As already mentioned, a prediction of the yield strength is
possible where the C-curve and the cooling curves are known.
Both requirements are fulfilled for the alloy 7075-T73. Using
Eq 1-4, it is possible to calculate the quench factor Q and the
predicted yield strength �Y from the measured cooling curves
at different specimen thicknesses during high-pressure gas
quenching of the alloy.

The predicted yield strength in Table 4 was calculated from
Eq 4 with a value of 450 MPa for the yield strength �max,
because this was the maximum attainable yield strength after
cold water quenching and aging of a thin section of the alloy
7075-T73. The measured yield strengths for the different speci-
men thicknesses are compared with the predicted yield strength
curve �Y in Fig. 8. The measured yield strength is situated
slightly below the predicted yield strength. The different aging
conditions in this work and in the literature[7] are probably
responsible for the lower measured values.

The yield strength after two-step aging is not only a function
of the average quench rate, but also depends on the first-step
aging temperature. Larger differences in yield strength were
obtained with average quench rates below about 50 K/s.[13]

Cooling rates between 10 and 50 K/s also have been measured
during high-pressure gas quenching. The higher first-step aging
temperature after gas quenching (120 °C), compared with the
first-step aging temperature (100-112 °C) given in the litera-
ture,[7] would lead to lower yield strengths after the complete
aging treatment. These uncertainties in QFA could be over-

Fig. 3 Nozzle field with four nozzle rows and a tensile specimen in
the center (alloy AW-2024; Ø5 mm)

Fig. 4 Cooling curves with different specimen thickness (high-
pressure gas quenching; He 16 bar; alloy AW-2024)

Fig. 5 Tensile properties of alloy AW-6013-T6 by comparison (3
mm, after aging at 190 °C for 4 h)
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come if continuous cooling transformation (CCT) diagrams of
Al alloys instead of isothermal transformation diagrams ex-
isted.[14]

For casting alloy A357.0, it was possible to measure an
average cooling rate up to 90 K/s in the temperature interval
between 425 and 150 °C. The tensile properties after water and
gas quenching are compared in Fig. 9. The minimum require-
ments for investment castings[15] could be exceeded for water
quenching as well as for gas quenching, but it has to be men-
tioned that the usual aging time of 4 h is not sufficient after gas
quenching to obtain the desired tensile properties. The strength

properties after gas quenching are further increased with an
extended aging time of 12 h at 160 °C. After 12 h, it was
possible to achieve a yield strength of 275 MPa and an ultimate
tensile strength of 346 MPa with an elongation of 10%.

Vickers hardness measurements have revealed a maximum
in hardness after water quenching and aging for approximately
6 h (Fig. 10). After gas quenching, the maximum was found to
be at a slightly lower hardness level after an aging time of
10-12 h. One reason for the increasing aging time could be the
lower vacancy density after gas quenching necessary for the
diffusion of alloying atoms and the creation of precipitates. In
the case of a lower vacancy density, the diffusion rate of al-
loying atoms would decrease and the aging time would in-
crease.[16]

4.2 Nozzle Field Quenching

The cooling curves for the nozzle field quenching have been
similarly determined and are plotted in Fig. 11. The cooling
rates were again calculated in a temperature interval between
425 and 150 °C. For the thinnest cross section of Ø5 mm, an
average cooling rate of 65 K/s was determined (Ø8 mm � 45
K/s; Ø12 mm � 30 K/s).

The tensile properties of AW-2024-T4 after nozzle field

Fig. 6 Strength properties with increasing specimen thickness. Dot-
ted line � minimum values (alloy AW-2024-T4, gas quench 16 bar
aged at RT for >96h)

Fig. 7 Strength properties with increasing specimen thickness. Dot-
ted line � minimum values (alloy AW-7075-T7, gas quench 16 bar
aged at 120 °C for 12 h + 180 °C for 11 h)

Table 4 Calculated quench factor Q, predicted yield
strength �Y, and measured yield strength after
high-pressure gas quenching
AW-7075-T73; �max � 450 MPa

Variable

Specimen thickness

3 mm 6 mm 10 mm 20 mm

Quench factor Q 4.91 9.00 14.43 31.29
Predicted yield strength (�Y), MPa 439 430 418 384
Measured yield strength (Rp0.2), MPa 409 377 359 347

Fig. 8 Predicted and measured yield strength as a function of the
quench factor Q (alloy 7075-T73)

Fig. 9 Strength properties of alloy A357.0-T6 by comparison (Ø8
mm, after gas quenching 16 bar He + aging 160 °C 12 h and after water
quenching + aging 160 °C 4 h
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quenching and aging are shown in Fig. 12. The mechanical
properties exceed the minimum required values[12] for the alloy
not only at a diameter of 5 mm, but also at a specimen diameter
of 12 mm with a cooling rate of 30 K/s. This equals approxi-
mately the cooling rate obtained after high-pressure gas
quenching of 2024 (6 mm), leading to comparable mechanical
properties.

5. Prospects

The following question arises: which parts of aluminum
alloys can use the high-pressure gas quenching or the nozzle
field quenching during precipitation hardening? Differences in
manufacturing routing have to be considered. In contrast to
steels, the machining of aluminum alloys is easily performed in
a condition of maximum strength. Thus, parts can be machined
after the heat treatment. Because the distortion will be removed
by further machining operations, any distortion of the semifin-
ished material plays a minor role. Therefore, high-pressure gas
quenching or nozzle field quenching is only economically vi-
able for certain semifinished products.

Castings and forgings are usually in a near-net-shape con-
dition prior to heat treatment. Ideally, only functional surfaces

should be machined after the heat treatment. The distortion of
castings and forgings often exceeds the form tolerance and
requires time- and cost-intensive reworking. High-pressure gas
quenching and nozzle field quenching could be interesting al-
ternatives to water quenching in these manufacturing routes, if
the desired mechanical properties could be achieved.

It is a common practice to reduce distortion by quenching in
hot water or by adding polymers.[1,2,17] This is associated with
a reduction in cooling rate and therefore with a loss in strength.
To determine the equivalent water temperature that corre-
sponds to the high-pressure gas quenching, a comparison of the
cooling rates during gas quenching with helium at 16 bar and
water quenching at different water temperatures is represented
in Fig. 13.[18] With increasing specimen thickness, the cooling
rates decrease. Apart from the cooling rates in water and gly-
col, the diagram was supplemented by the cooling rates during
high-pressure gas quenching with helium at 16 bar for different
specimen thicknesses. For all gas-quenched specimens, the
cooling rates are situated above that of 40% glycol with a
temperature of 21 °C. For the thinnest examined specimen (3.2
mm), the cooling rate corresponded to an equivalent water
temperature of 60 °C. Therefore, high-pressure gas quenching
as well as nozzle field quenching would be alternatives to
quenching in water at higher temperatures or in polymer solu-
tions with relatively high polymer concentrations. It is a fact
that quenching in a gaseous medium reduces residual stresses
and distortion. Several investigations have demonstrated this
for the martensitic hardening of steels.[19-21] The gas quenching
of aluminum alloys offers, also, the opportunity for a reduction
of residual stresses and distortion during age hardening, be-
cause the critical mechanisms for the development of distortion
are the same. This will be examined in further investigations.

6. Summary

While maintaining the conventional heat-treating param-
eters, the precipitation-hardenable aluminum wrought alloys
2024, 6013, and 7075, and the casting alloy A357.0 were
quenched in helium at 16 bar instead of water. In the tempera-
ture range between 425 and 150 °C, quenching rates of up to 90
K/s could be achieved. The determination of the mechanical

Fig. 10 Aging behavior of alloy A357.0 at 160 °C after water
quenching and after gas quenching

Fig. 11 Cooling curves with different specimen diameters (nozzle
field quenching with nitrogen; alloy AW-2024)

Fig. 12 Strength properties of alloy AW-2024-T4 by comparison
(nozzle field quenching; aged at RT for >96 h)
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properties for the examined alloys resulted in sufficient
strength after gas quenching and aging up to a thickness of
several millimeters compared with the required minimum val-
ues. For thin sheets (i.e., 3 mm), nearly similar mechanical
properties could be achieved after gas quenching and aging as
those after water quenching and aging. In the case of the cast-
ing alloy A357.0, a different aging behavior after gas quench-
ing was observed. It was found that the maximum hardness and
strength are shifted to slightly lower levels at longer aging
times. The tensile strength after the gas nozzle field quenching
and aging of alloy 2024 with a specimen diameter between 5
and 12 mm, approximately equals the mechanical properties
after high-pressure gas quenching of alloy 2024 (diameter 6
mm) specimens.

Aluminum castings and forgings can be classified as an
interesting field for the application of high-pressure gas
quenching, or nozzle field quenching, during precipitation
hardening. Cost savings would be possible in these manufac-
turing chains due to reduced distortion and, therefore, to re-
duced reworking of the parts. A further advantage is the avoid-
ance of intensive cleaning operations of polymer-quenched
parts.
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