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(§87) Abstract: The process if for ageing
heat treatment of an age-hardenable
aluminium alloy which has alloying
elements in solid solution. The process
includes holding the alloy at an elevated
ageing temperature which is appropriate for
ageing the alloy to promote precipitation of
at least one solute element, herein termed
"primary precipitation” for a period of
time which is short relative to a T6 temper.
Resultant underaged alloy then is cooled
from the ageing temperature to a lower
temperature and at a sufficiently rapid
rate to substantially arrest the primary
precipitation. The cooled alloy then is
exposed to an ageing temperature, lower
than the elevated ageing temperature for
primary precipitation, so as to develop
adequate mechanical properties as a
function of time, by further solute element
precipitation, herein termed "secondary
precipitation”.
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. 1
HEAT TREATMENT OF AGE HARDENABLE ALUMINIUM ALLOYS

UTILISING SECONDARY PRECIPITATION

This invention relates to the heat treatment of aluminium alloys that are
able to be strengthened by the well known phenomenon of age (or precipitation)
hardening.

Heat treatment for strengthening by age hardening is applicabie to alloys
in which the solid solubility of at least one alloying element decreases with
decreasing temperature. Relevant aluminium alloys include some series of
wrought alloys, principally those of the 2000 (Al-Cu, Al-Cu-Mg), 6000 (Al-Mg-Si)
and 7000 (Al-Zn-Mg) series of the International Alloy Designation System
(IADS). Additionally, many castable alloys are age hardenable. The present
invention extends to all such aluminium alloys, including wrought and castable
alloys as well as metal matrix composites, powder metallurgy products and
products produced by unconventional methods such as rapid solidification.

Heat treatment of age hardenable materials usually involves the following
three stages:

1. Solution treatment at a relatively high temperature to produce a single
phase solid solution, to dissolve alloying elements;
2. Rapid cooling, or quenching, such as into cold water, to retain the solute
elements in super saturated solid solution; and
3. Ageing the alloy by holding it for a period at one, sometimes at a second,
| intermediate temperature to achieve hardening or strengthening.

The strengthening that results from such ageing occurs because the
solute retained in the supersaturated solid solution 'forms precipitates, as part of
an equilibration response, which are finely dispersed throughout the grains and
increase the ability of the material to resist deformation by the process of slip.
Maximum hardening or strengthening occurs when the ageing treatment leads
to the formation of critical dispersions of one or more of these fine precipitates.

Ageing conditions vary for different alloys. Two common treatments
which involve only one stage are to hold for an extended time at room
temperature (T4 temper) or, more commonly, at an elevated temperature for a

shorter time (eg. 8 hours at 150°C) which corresponds to a maximum in the

hardening process (16 temper). Some alloys are held for a prescribed period of
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time at room temperature (eg. 24 hours) before applying the T6 temper at an

elevated temperature.

In other alloy systems, the solution treated material is deformed by a
given percentage before ageing at an elevated temperature. This is known as
the T8 temper, and results in an improved distribution of precipitates within the
grains. Alloys based on the 7000 series alloys can have two or more stages Iin
their ageing treatment. These alloys can be aged at a lower temperature before
ageing at a higher temperature (eg. T73 temper) . Alternatively, two such
stages can precede a further qtreatment, where the material is aged further at a
lower temperature (sometimes known as retrogression and reageing or RRA).

In a recent proposal for the alloy 8090, the material is aged for a given
period at an elevated temperature, followed by short periods at incrementally
decreasing temperature stages. This provides a means to develop improved
fracture behaviour Iin service.

In our co-pending International patent application PCT/AU00/01601,
there is disclosed a novel three stage age hardening treatment. This describes
a process of ageing first for a relatively short period at the normal elevated
ageing temperature, followed by an interrupt for a given period at ambient
temperature or slightly above, followed finally by further ageing at, or close to

the first typical ageing temperature. Such a temper has thus been designated
1616, signifying the elevated temperature ageing treatment before and after the

interrupt step (I). This process is applicable to all age hardenable aluminium
alloys, and relies on a secondary precipitation process to instigate low
temperature hardening during the interrupt stage (I), then utilising these
secondary precipitates to enhance the final response to age hardening at
elevated temperature.

Some forms of secondary precipitation may have a deleterious effect on
properties, as has been shown with the lithium-containing aluminium alloy 2090
and the magnesium alloy WE54. In these cases the finely dispersed,
secondary precipitates that form when these alloys are aged to the T6 condition
and then exposed for long times at lower temperatures, for exampie in the
range of about 90°C to 130°C, may produce unacceptable decreases in ductility

and toughness.
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The present invention is directed to providing ageing treatments that

enable enhanced combinations of mechanical properties to be obtained for

many age hardenable aluminium alloys.

‘The present invention provides a process for the ageing heat treatment
of an age-hardenable aluminium alloy which has alloying elements in solid
solution, wherein the process includes the stages of:

(a) holding the ailoy at ah elevated ageing temperature which is appropriate
for ageing the alloy to promote precipitation of at least one solute
element, herein termed “primary precipitation” for a period of time which
Is short relative to a T6 temper, to thereby produce underaged alloy;

(b)  cooling the underaged alloy from the ageing temperature for stage (a) to
a lower temperature and at a sufficiently rapid rate to substantially arrest
the primary precipitation; and

(c) exposing the cooled alloy produced by stage (b) to an ageing
temperature, lower than the ageing temperature of stage (a), so as to
develop adequate mechanical properties as a function of time, by further
solute element precipitation, herein termed “"secondary precipitation”. |
Under the convention proposed Iin the above-mentioned

PCT/AU00/01601, the temper provided by the process of the present invention

is designated T6I4. This denotes that the material is artificially aged for a short

period, quickly cooled such as by being quenched with a suitable medium, ana
then held (interrupted) at a temperature and time sufficient to allow suitable
secondary ageing {o occuir.

We have found that a large proportion of age-hardenable aluminium
alloys exhibit a favorable response to such the heat treatment of the present
invention. In alloys exhibiting a favourable response, it is possible to attain
tensile properties and hardness values approximately equivalent to, and
sometimes greater, than those properties produced following a typical T6
temper. The process of the invention also can enable a concurrent
improvement to other mechanical properties such as fracture toughness and
fatigue resistance.

The enhanced combinations of mechanical properties enabled by the

process of the present invention are achieved by controlled secondary
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precipitation. The enhanced properties are able to be achieved within a

reduced time at the artificial ageing temperature when compared {0 equivalent
16 treatments. It can be possible to achieve tensile properties within normal
statistical variability of those for the typical T6 alloy material, or greater, but
often with, for example, a notably improved fracture toughness. The time
factored benefit of the process relates to a shorter duration of the artificial
ageing cycle in which the alloy must be artificially heated. Strengthening then is
able to continue more slowly at, or close to, ambient temperature for an
indefinite period. The strengthening which occurs during the initial heating for
artificial ageing usually results in material meeting the minimum specification for
engineering service, although the alloy then can continue to strengthen when
stored, transported or used.

The ageing treatments in accordance with the present invention are
normally applied to alloys that have first been solution heat treated (eg. at
500°C) to dissolve solute elements and retain them in a supersaturated solid
solution by quenching to close to ambient temperature. Both of these
operations may precede stage (a) of the ageing treatment or have previously
been applied to alloy as received. That is, the alloy as received for application
of stage (a) may already have the alloy elements in solid solution. Alternatively,
the process of the invention may further include, prior to stage (a), the stages

of:

- (i) heating the alloy to a solution treatment temperature for a period of time

sufficient to take solute elements of the alloy into solid solution, and
(i) quenching the alloy from the solution treatment temperature to thereby
retain the alloy elements in solid solution.
Quenching from the solution treatment temperature may be made directly to the
ageing temperature for stage (a), so that reheating from the ambient
temperature is avoided, or the quenching may be to a lower temperature, such
as ambient temperature. However, alloy with solute elements retained in
supersaturated solid solution can result from some casting operations, and the
process of the invention also can be applied to such alloy as received. Also the
invention applies to alloy in which solute elements are retained in solid solution

by press quenching from the solid solution temperature or by cooling of alloy
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during extrusion from the solution treatment temperature, whether this has been

achieved in the alloy as received or is achieved In the process of the invention
prior to stage (a).

The temperature and time for the stage (a) ageing treatment usually is
selected so as to achieve underageing providing not more than 85%, preferably
from 40 to 75%, of the maximum hardness and strength attainable from a
conventional T6 temper. Depending on the alloy concerned, this may involve
holding for times ranging from a few minutes up to several hours at the stage
(a) temperature. Under such conditions, the material is said to be underaged.
The period of time at the ageing temperature for stage (a) may be from several
minutes to about 8 hours. However, provided it is less than the time for full
strengthening, it may be in excess of 8 hours.

Cooling in stage (b) from the stage (a) treatment, may be to a
temperature in the range of from about 65°C to about -10°C. In two practical

alternatives, the cooling may be to substantially ambient temperature, or to

‘substantially the ageing temperature for stage (c). The cooling is preferably

achieved by quenching into an appropriate medium, which may be water or
other suitable fluid, such as a gas or polymer based quenchant, or in a fluidised
bed. The purpose of the cooling of stage (b) is principally to arrest the primary
precipitation which occurs during stage (a).

For stage (c), appropriate times and temperatures are interrelated. For
the purpose of the present invention, stage (c) preferably is to establish
conditions whereby aged aluminium alloys may achieve strengths similar to, or
greater than those for the respective T6 conditions. Temperatures for stage (c)
generally lie within the range of 20 to 90°C, depending on the alloy, but are not
restricted to this range. For stage (c), appropriate temperatures and hoiding
times are required for the occurrence of secondary precipitation as detailed
above. As a rule, the lower the temperature for stage (c), the longer the time
required to achieve the desired combination of mechanical properties. This is
not a universal rule however, since there are exceptions.

Stage (c) may be conducted for a period of time which, at the ageing
temperature for stage (c), achieves a required level of secondary precipitation.

Stage (¢) may be conducted for a period which, at its ageing temperature,
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achieves a required level of strengthening of the alloy beyond the level obtained

directly after stage (b). The period may be sufficient to achieve a required level
of tensile properties. The level of tensile properties may be equal to, but
preferably greater than, that obtainable with a full T6 temper. The period may
be sufficient {o achieve a combination of a required level of tensile properties
and of fracture toughness. The fracture toughness may be at least equal to that
obtainabie with a full T6 temper.

The process of the present invention is applicable not only to the
standard, single stage T6 temper but also applicable to other tempers. These
include any such tempers that typically involve retention of solute from higher
temperature, so as to facilitate age-hardening. Some examples include (but are
not restricted to) the T5 temper, T'8 temper and T9 temper. In these cases, the
application of the invention is manifest in quenching at a sufficiently rapid rate
from the ageing temperature applied specifically to provide underaged material
(stage (a) mentioned above); before holding at reduced temperature (stage (c)
above). These tempers, following the previously mentioned convention, would
be termed T5I4, T814 and T9I4, meaning that an underaged version of the T5,
T8, or T9 treatment is followed by a dwell period at reduced temperature.

In at least one stage of the process of the invention, the alloy may be
subjected to mechanical deformation. The deformation may be before stage
(a). Thus, where for example, the alloy undergoes solution treatment and
quenching stages (i) and (ii) detailed above before stage (a), as part of the
process of the invention, the alloy may be subjected to mechanical deformation
between stages (i) and (a), such as during stage (ii) by, for example, press
quenching or during extrusion of the alloy. However the alloy may be subjected
to mechanical deformation between stages (b) and (c) or during stage (¢). In
each case, working of the alloy resulting from the deformation is able to further
enhance properties of the alloy achievable by means of stages (a) to (c) of the
process.

As with stage (c) as indicated above, the temperature and period of time
for stage (a) are interrelated. In each case, the period increases with decrease
in temperature for a given level of primary precipitation in stage (a) and of

secondary precipitation in stage (c). However, the conditions for each of stages
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(a) and (c) are interrelated in that the level of underageing achieved in stage (a)

determines the scope for secondary precipitation in stage (c).

The range of suitable underageing in stage (a) varies with the series to
which a given alloy belongs and, at least in part, is chemistry dependent. Also,
while it is possible 1o generalise for the alloys of each series on the appropriate
level of underageing, there inevitably are exceptions within each series.
However, for alloys of the 2000 series in general, underageing {o provide from
50 to 85% of maximum tensile strength and hardness obtainable from a full T6
temper generally is appropriate, at least where the alloy is not subjected to
mechanical deformation, such as by cold working. When an alloy of the 2000
series is subjected to such deformation, underageing to a lower level of
strengthening can be appropriate, depending on the level of working involved.
In contrast, alloys of the 7000 series generally enable short time periods for
stage (a), such as several minutes, for attainment of appropriate underageing
for providing from 30 fo 40% of maximum tensile strength and hardness
obtainable from a full T6 temper.

The process of the present invention enables many alloys, such as the
casting alloy 357 as well as 6013, 6111, 6056, 6061, 2001, 2214, Al-Cu-Mg-Ag
alloy, 7050 and 7075, for example, to achieve equivalent to, or greater than, the
level of tensile properties or hardness attained in the equivalent T6 tempers.
This may occur by a notably reduced time of artificial ageing, and in the case of
the 6000 series alloys, Al-Cu-Mg-Ag, some 7000 series alloys and some casting
alloys, can provide a simultaneous improvement in the fracture toughness of the
alloy. Therefore, in such instances, the alloys display an improved level of
fracture toughness for the equivalent level of tensile properties, but with-a
notably reduced time at the artificial ageing temperature. This suggests that the
improvements facilitated by the process of the present invention apart from
providing mechanical property benefits, may also include processing cost
benefit. In this context, it is decreased time of artificial ageing enabled by the
invention that is relevant, since it provides higher strength at reduced cost and
faster process times. For example, in alloy 7050 typical T6 properties are
achieved after 24-48h of artificial ageing time. By the process of the present

invention for alloy 7050, the amount of time required at elevated temperature In
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stage (a) may be as short as 5-10 minutes, prior to stage (b) quenching and

then conducting stage (c) at close to ambient temperature. Additionally, the
time required for artificial ageing with the invention is able to be reduced to a
level in 6000 series alloys, for example, such that it can be accommodated in
the paint-bake cycle for automotive body sheet, meaning also that multiple
processing stages necessary in current practice may be avoided.

In order that the invention may more readily be understood, description
now is directed to the accompanying drawings, in which:

Figure 1 is a schematic time-temperature graph illustrating an application
of the process of the present invention;

Figure 2 is a schematic time-temperature graph illustrating secondary
precipitation of the experimental alloy Al-4Cu, when aged to different initial
times, and illustrating the process of the invention; |

Figure 3 is a series of Nuclear Magnetic Resonance (NMR) scans A to D,
exhibiting the secondary precipitation response for Al-4Cu, as a function of hold
time at 65°C;

Figure 4 shows a plot of time against both hardness and atomic % of Cu
in GP1 zones for Al-4Cu alloy subjected to heat treatments as detailed for
Figure 3;

Figure 5 is a plot of time against hardness, illustrating secondary
precipitation response of alloy 7050 in application of the process of the
invention, as compared to the T6 temper;

Figure 6 shows a plot of time against hardness, showing the response In
the process of the invention for alloy 2001, as compared to the T6 temper;

Figure 7 shows a plot of time against hardness for alloy 2001, showing
the response of the process for each of the T8I4 and 1914 tempers, as
compared to the T8 temper;

Figure 8 shows a plot of time against hardness, showing the response in
the process of the invention for alloy 6013 (which exhibits substantially similar
behaviour to each of alloys 6111 and 6056);

Figure 9 is a plot of time against hardness, illustrating secondary
precipitation response at 25°C of alloy 7075 and alloy 7075 + Ag in application

of the process of the invention;
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Figure 10 is a plot of time against hardness, illustrating the secondary

response at 65°C of alloy 7075 and alloy 7075 + Ag, in application of the
present invention;

Figure 11 shows ageing curves for casting alloy 357 aged from different
initial times;

Figure 12 exhibits the effect of stage (b) cooling rate on the subsequent
secondary precipitation response for alloy Al-4Cu, and exhibits the contrasting
effect of using either an ethylene glycol based quenchant cooled to -10°C or
quenching into hot water at 65°C;

Figure 13 is as for Figure 12, but for alloy 6013;

Figure 14 is as for Figure 12, but for alloy 7075; and

Figure 15 is as for Figure 12, but for alloy 8090.

The present invention enables the establishment of conditions whereby
aluminium alloys which are capable of age hardening may undergo this
additional hardening and/or strengthening at a lower temperature in stage (C) it
they are first underaged at a higher temperature in stage (a) for a short time and
then cooled in stage (b) such as by being quenched to room temperature. This
effect is demonstrated in Figure 1, which shows the general principles of the

1614 ageing treatment of the present invention and which is a schematic

representation of how secondary precipitation is utilised under the conditions of
the process of the present invention for T6I4 processing of age hardenable

aluminium alloys.

As shown in Figure 1, the T614 ageing process utilises successive stages
(a) to (¢). However, as shown, stage (a) is preceded by a preliminary solution
treatment, designated in Figure 1 as treatment ST, in which the alloy is held at a
relatively high initial temperature and for a time sufficient {o facilitate solution of
alloy elements. The preliminary treatment may have been conducted in the
alloy as received, in which case the alloy typically will have been quenched to
ambient temperature, as shown, or below ambient temperature. However, Iin an
alternative, the preliminary treatment may be an adjunct to the process of the
invention. In that alternative, quenching after treatment ST may be to ambient

temperature or below, or it may be to the temperature for stage (a) of the
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process of the invention, thereby obviating the need to reheat the alloy to the

latter temperature.

In stage (a), the alloy is aged at a temperature at or close fo a
temperature suitable for a T6 temper for the alloy in question. The temperature
and duration of stage (a) are sufficient to achieve a required level of underaged
strengthening, as described above. From the stage (a) temperature, the alloy is
quenched in stage (b) to arrest the primary precipitation ageing in stage (a);
with the stage (b) quenching being to a temperature at, or close to, ambient
temperature. Following the quenching stage (b), the alloy is maintained at a
temperature in stage (c) which is below, typically substantially below the
temperature in stage (a), with the temperature at and the duration of stage (c)
sufficient to achieve secondary nucleation.

In relation to the schematic representation shown in Figure 1 of the
ageing process and how it is applied to all suitable age hardenable aluminium
alloys, the time at temperature in stage (a) is from between a few minutes to
several hours, depending on the alloy.

Figure 2 shows the process as applied to hardening of the wrought
experimental alloy Al-4Cu. With more specific reference to Figure 2, the plot
therein is of hardness as a function of time and shows the secondary
precipitation of alloy Al-4Cu under-aged from different initial times. The alloy
was solution treated at 540°C and then quenched to retain solute elements in
solid solution. The stage (a) primary precipitation was then conducted at
150°C, and its course is represented by the solid line. The courses of
respective stage (c) secondary precipitations, achieved by holding at 65°C,
following the different times for stage (a) are shown by the broken lines and
respective stage (c) ageing times of 1, 1.5, 2.5, 3, 4.5, 8 and 24 hours are
represented. The full T6 hardness for alloy Al-4Cu aged at 150°C was found to
be 132 VHN. However, as shown by Figure 2, the alloy undergoes significant
secondary precipitation at the lower stage (c) temperature, so that its hardness
eventually approaches that gained for the conventionally aged T6 alloy within

the timeframe shown.



10

15

20

25

30

CA 02439919 2003-09-05

WO 02/070770 PCT/AU02/00234

11
Figure 3 shows a series of Nuclear Magnetic Resonance (NMR) scans A

to D, exhibiting the secondary precipitation response for alloy Al-4Cu. Scan A
exhibits the NMR scan for material that has been solution treated at 540°C,
quenched, aged 2.5h at 150°C, quenched and then immediately tested. Within

the scan is shown two distinct peaks, the first of which (Peak P1) corresponds
to the intensity of copper atoms that are remaining within the solid solution of
the alloy. The second peak, (Peak P2), corresponds to the intensity of copper
atoms that are present within the GP1 zones (first order Guinier-Preston zones)
in the alloy. GP1 zones are the first nucleated precipitate phase that forms and
contributes to strengthening. The peaks of scans A-D have been normalised to
the intensity of the GP1 zone peak, so that changes in the concentration of
copper in solid solution are most readily observed. Scan A therefore represents

material in which the first ageing stage at 150°C has led to the formation of GP1

zones at this temperature, and have consumed approximately half of the total
copper present in the alloy. NMR scans B to D then show the differences In
these peaks present after stage (¢) hold times, following the stage (b) quench
after the under-ageing stage (a), of 240h (B), 650h (C) and 1000h (D) at 65°C,

for comparison. Measurement of the respective areas under these peaks
shows that the copper retained within solid solution decreases as a function of
stage (c) hold time, where the proportion of copper present within GP1 zones
increases with stage (c) hold time. By expressing the atomic fraction
(1.73At%Cu total) of copper present within GP1 zones as a function of hold
time, the general shape of the secondary hardening curve may be generated.
When this is then compared to the hardness-time curve, as is shown by Figure
4, the two methods show a high degree of correlation.

Figure 4 therefore shows a plot of time against both hardness and atomic
% of Cu contained in GP1 zones for Al-4Cu alloy subjected to heat treatments
as detailed for Figure 3;

Figure 5 shows the process as applied to hardening of the wrought
(Al-Zn-Mg-Cu) alloy 7050. With more specific reference to Figure 5, the plot
therein shows the secondary precipitation of alloy 7050 aged from different
initial times, compared to the T6 ageing curve for ageing at 130°C. The alloy
was solution treated at 485°C. The stage (a) primary precipitation was



10

15

20

29

30

CA 02439919 2003-09-05

WO 02/070770 PCT/AU02/00234

12
conducted at 130°C and its course Is represented by the solid line. Following

stage (b) quenching, the course of respective stage (c) secondary precipitation
from different times for stage (a) are shown by the broken lines (dashed and
dotted lines). The full T6 hardness for alloy 7050 aged at 130°C was found to
be 209 VHN. However, as shown by Figure 95, the alloy undergoes significant
secondary precipitation at the lower stage (¢) temperature, of 65°C in this
instance, so that its hardness eventually equals that of the T6 temper.

Figure 6 exhibits the process of the present invention as applied to the
wrought (Al-Cu-Mg) alloy 2001, and compared to the T6 ageing curve
generated at 177°C. The underaged primary precipitation in stage (a) was
obtained by heating the alloy at 177°C. The stage (c) secondary precipitation
was from different initial times and achieved at 65°C (broken lines). The peak
T6 hardness for alloy 2001 is approximately 140 VHN. For the T614 conditions
shown in Figure 6, material initially aged 2 hours typically then hardened {o 140
to 143 VHN, that is, equal to or slightly greater than that of the typical T6 alloy.
Other initial times of stage (c) underageing display a lesser response to stage
(c) secondary hardening, but eventually equalise in the manner shown by
Figure 6.

Figure 7 exhibits an alternative form of the process of the present
invention as applied to the wrought (Al-Cu-Mg) alloy 2001. In this instance, the
application is directed at tempers that include a cold working stage. The solid
line and diamond markers are for the standard T8 temper, when 10% cold work
is applied after solution treatment and prior to ageing at 177°C. The broken line
with square markers is a representation of 1814 ageing, where the alloy was

solution treated, quenched, cold worked 10%, aged at 177°C for 40 minutes
and quenched, then held at 65°C for various times. The broken line with closed
triangle markers is for T9I4 ageing, where the alloy was solution treatedq,

quenched, aged at 177°C for 2 hours, quenched, cold worked 10%, then held at

65°C for various times.

Figure 8 exhibits the process of the invention as applied to the wrought
alloy 6013. In this case, the underaged primary precipitation in stage (a) shown

by the solid line was obtained by heating the alloy at 177°C. The stage (c)

secondary precipitation was from different initial times and achieved at 65°C
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(broken lines). The peak T6 hardness for alloy 6013 is approximately 144 VHN.

For alloy 6013 aged during stage (a) for between 30 and 60 minutes, the T614
hardness reaches values of 142VHN in the time frame shown.

The alloy 6013 has similar chemistry to each of alloy 6111 and 6056.
While not shown, each of alloy 6111 and alloy 6056 is found to exhibit
substantially identical ageing behaviour to that illustrated in Figure 8 for alloy
6013 and to that shown later herein with reference to Figure 13 for alloy 6013,
resulting in equivalent properties to alloy 6013.

Figure 9 exhibits T6I4 ageing curves according {o the process of the
present invention for the (Al-Zn-Mg-Cu) alloy 7075 (diamonds) and the
experimental alloy 7075 + Ag '(squares). In each case, the alloy was initially
subjected to stage (a) ageing for 0.5 hours at 130°C, quenched and then stored
at 25°C for stage (c) secondary precipitation for extended times up to and
beyond 10,000 hours. Corresponding T6 peak hardness for alloy 7075 is
approximately 195VHN and, for alloy 7075 + Ag it is 209 VHN. However,
Figure 9 shows that, with application of the T6I4 process of the invention, the
hardnesses continue to rise at such extended times. Over the time interval
shown in Figure 8, the alloy 7075 has exceeded the hardness in the T6
temperature and the alloy 7075 + Ag already is approaching the hardness for
the T6 temper. The graphs of Figure 9 highlight the continuing stage (c)
secondary precipitation effect, which continues even at times greater than one
year.

Alloy 7075 and alloy 7075 + Ag were subjected to further .heat
treatments, similar to those illustrated in Figure 9, but with stage (c) ageing over
extended times at 65°C rather than 25°C. This is shown in Figure 10 and the
plateau observed at extended times in the hardening curve may be indicative of
the maximum hardening obtainable for the alloy, that significantly exceeds
those for the T6 temper.

Figures 9 and 10 also highlight that trace additions of minor elements,
such as Ag in this case, may significantly effect the speed and efficacy of
secondary precipitation.

Figures 9 and 10 also highlight the differences brought about by altering
the temperature of the stage (c¢) hardening. From these Figures, it is readily
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seen that at equivalent times, the material produced by stage (c) hardening at

25°C has not achieved the same levels of hardness that have been generated
from material that has undergone stage (c¢) hardening at 65°C.

As indicated by Figure 10, the hardening that occurs at the reduced
temperature may reach a maximum at extended times, that is greater than that
of the T6 alloy. It may therefore be expected that for the given conditions of the

experiments and process schedules,m strengthening eventually plateaus and

- does not rise further, and may correspond to a complete depletion of solute

from solid solution.

Figure 11 shows ageing curves for casting alloy 357 (Australian
designation alloy 601) aged to the T6I4 temper from different initial times in
stage (a) at 177°C. Following the stage (b) quench, the alloy was subjected to
stage (c) heating at 65°C. At extended times, the curves display a similar trend
to those presented in Figures 5 and 6. The alloy 357 exhibits ageing under
secondary precipitation to eventually approach T6 hardness of 124 VHN and T6
tensile properties. Table 1 sets out tensile properties for alloy 357 resulting
from several different ageing treatments.

Table 1. Comparative tensile properties of the 357 casting alloy resulting

from several different ageing treatments.

s -

Treatment Yield Stress UTS ~ Elongation to
Failure
" T6 T 287MPa | 340MPa | 7%
T6I6 '“ 327 MPa 362 MPa 3%
UA40 ‘ 229MPa | 296 MPa ~ 9% |
UAG0 250 MPa | 312MPa | 8%
UA90 T 261 MPa | 316 MPa | 8%
‘T6I4-40 260MPa | 339MPa 8% "
T614-60 280 MPa 347 MPa 8% o
~ T614-90  281MPa | 342 MPa ] 6% "_,

In Table 1, the UA treatments represent implementation of stage (a) and
(b) of the present invention, without stage (c), in which the alloy 357 was simply

heated at 177°C for 40, 60 or 90 minutes and then quenched to ambient
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temperature. These treatments are followed by three treatments according to

the invention in which the alloy was heated at 177°C for 40 60 or 90 minutes,
quenched to ambient temperature, and then held for 1 month at 65°C to achieve
property enhancement by secondary precipitation. The T6I6 treatment is one
according to the four stage process of our above-mentioned specification
PCT/AU00/01601, in which the treatment involved ageing the alloy 357 at
177°C for 20 minutes, quenching into water, interrupted at 65°C for a given
period, and re-ageing at 150°C.

Table 2 shows the tensile and fracture toughness values for the casting
alloy 357 after each of the first three heat treatments of Table 1.

Table 2. Tensile properties and Fracture Toughness for 3 different heat
treatments (Alloy 357) comparing the properties of T6, T616 and T6I14

material.
~ Treatment YieldStress |  UTS “Fracture |
Toughness
T6 |  287MPa | 340 MPa 255 MPavm |
T6I6 327 MPa —362MPa | 26MPavym |
T614 280 MPa 347 MPa 35.9 MPaVvm _:

Figure 12 exhibits the effect of the stage (b) cooling rate on the
subsequent secondary precipitation response for alloy Al-4Cu. Figure 12 shows
the effect of quenching in stage (b) either into an ethylene glycol based
quenchant cooled to ~-10°C, or into hot water at 65°C. In Figure 12, the alloy

was first aged 2.5h at 150°C prior o secondary ageing conducted at 65°C. The
secondary ageing response for the alloy quenched from 150°C into the cooled
quenchant is shown by the broken line and solid triangles. The secondary
ageing response for the alloy quenched from 150°C into water at 65°C is shown

by the solid line and open squares. It is readily noted that the rate at which

secondary precipitation then occurs is much higher for the fastest cooled
material.

Figure 13 is as for Figure 12, but for the alloy 6013. In this instance, the

alloy was first aged 20 minutes at 177°C prior to quenching and subsequent
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exposure at 65°C. The secondary ageing response for the alloy quenched from

177°C into the cooled ethylene glycol based guenchant is shown by the broken

line and solid triangles. The secondary ageing response for the alloy quenched

from 177°C into water at 65°C is shown by the solid line and open squares. In

this alloy, there is little difference in the secondary ageing response for the two

conditions examined, except at the greatest times of exposure at 65°C. As

indicated above, each of alloy 6111 and alloy 6056 exhibit substantially identical
behaviour to that shown in Figure 13 for alloy 6013.
Figure 14 is as for Figure 12, but for the alloy 7075. In this instance, the

alloy was first aged 30 minutes at 130°C prior to quenching and subsequent
exposure at 65°C. The secondary ageing response for the alloy quenched from
130°C into the cooled ethylene glycol based quenchant is shown by the broken

line and solid triangles. The secondary ageing response for the alloy quenched

from 130°C into water at 65°C is shown by the solid line and open squares. In

this alloy, the only difference of significance is that'the initial hardness value
after cooling in hot water is slightly higher than for the alloy cooled by quenching

into the quenchant cooled to ~-10°C. Otherwise, there is little difference in the

rate of secondary ageing for the two conditions examined.
Figure 15 also is as for Figure 12, but for the alloy 8090. In this instance,
the alloy was first aged 7.5h at 185°C prior to quenching and subsequent

exposure at 65°C. The secondary ageing response for the alloy quenched from
185°C into the cooled ethylene giycol based quenchant is shown by the broken

line and solid triangles. The secondary ageing response for the alloy quenched

from 185°C into water at 65°C is shown by the solid line and open squares.
The sample cooled in the cooled quenchant at ~-10°C exhibits an initial
hardness value higher than that of the alloy cooled from 185°C into water at
65°C. However, its subsequent rate of secondary precipitation is moderately

slower than for the more slowly cooled sample. However, after extended

durations at 65°C, the two lines converge and the more rapidly cooled material
exceeds the hardness values for the sample cooled into water at 65°C, but only

at longer durations.
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Table 3 shows examples of the tensile properties for the wrought alloys

7050, 2214 (var.2014), 2001, 6111, 6061 and experimental Al-5.6 Cu-0.45 Mg-
0.45 Ag alloy, after each of the T6 and T6I4 heat treatments, as an example of

how differences apply for different alloys in application. Here it can be noted
that for the alloy 7050, the T6I4 temper has a slight reduction in yield stress, but
little change to the UTS or strain or failure. Alloy 2214 displays a slight
reduction in yield stress, with a slight increase in UTS and strain at failure.

However, the time spent at 177°C for ageing to the T6 condition ranges from 7

to 16h (in this instance, 16h), whereas the time spent at 177°C for ageing to the
T614 condition was 40 minutes, followed by a reduced temperature dwell period
to develop full properties. Alloy 2001 displays similar behaviour to the 2214
alloy, but there is a greater increase in both the UTS and strain at failure for this
condition. The experimental Al-5.6Cu-0.45Mg-0.45Ag alloy exhibits little
change to the yield stress, but an increase in the UTS and a decrease in the
strain at failure. Alloy 6111 exhibits little difference in the tensile properties of
the two conditions and is also representative of the alloys 6013 and 6056.
However, as for alloy 2214, the typical time for T6 ageing and generation of

properties in alloy 6111 at 177°C is 16h, whereas the typical time spent at
177°C for stage (a) of T614 ageing is 40 minutes to 1h. Alloy 6061 displays an

improvement in vield stress, UTS and strain to failure, with similar process
schedules to those detailed above for alloy 6111. These are examples of how
the process may affect tensile properties of differing alloys treated to the T614

temper.
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Table 3. Tensile Properties for Alloys Given The T614 Temper
or the T6 Temper.
Alloy | Treatment | Yield | UTS | % Strainat
Stress Failure
7060 | 76 . 546 MPa | 621 MPa 14%
7050 | Tol4 527MPa | 626 MPa 16%
2214 | T6 | 386 MPa | 446 MPa 14%
2214 - Tél4 | 371MPa 453 MPa - 13% -
2001 T6 265 MPa 376 MPa 14%
- 2001 1614 | 260MPa | 420 MPa 23%
Al-Cu-Mg-Ag | 16 442 MPa | 481 MPa | 12%
Al-Cu-Mg-Ag | To14 443MPa | 503MPa | 8% |
6111 T6 "339MPa | 406MPa | 13% |
6111 T6l4 | 330MPa | 411MPa | 14%
6061 T6 | 267MPa | 318MPa | 13%
6061 T614 | 302 MPa I" 341 MPa 16%

Table 4 shows examples of the fracture toughness determined in the S-L
5 orientation for each of the alloys listed therein. For alloys listed (except 8090),

their corresponding tensile properties are shown in Table 3. Alloy 7050 exhibits
~a significant improvement (38%) in the fracture toughness over that of the 16

case. The fracture toughness of the 2001, 2214, and 8090 alloys listed is little

changed by the T6I4 temper, except where Ag is added, as is the case for the
10 experimental Al-5.6Cu-0.45Mg-0.45Ag alloy, that shows a 20% increase in
fracture toughness. For the alloy 6061, the fracture toughness is increased 17%
with the T614 temper over the T6 temper.
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Table 4. Fracture Toughness in the S-L orientation * for Alloys Given The

T6I4 Temper or the T6 Temper.

i P, i N s

~ Alloy Treatment | ~ Fracture
Toughness (S-L)
7050 I 76 376 MPaym
7060 |  ToH4 52 MPaVm |
| 2214 6 - 26.9MPaVvm
2214 | 7164 | 274 MPavym
- 2001 | T6 . 56.8 MPaVym
2001 | Tem4 - 56.9 MPaVm
"Al-Cu-Mg-Ag | T6 ~ 23.4 MPaVm
Al-Cu-Mg-Ag T6l4 |  28.08 MPaVym
8090 | T8 | 242MPa¥m
8090 | 71614 | 257 MPaym
6061 | 16 | = 36.8MPaym
6061 — TeM4 | 432 MPavm |
* Note all tests conducted in S-L orientation on samples tested according

to ASTM standard E1304-89, “Standard Test Method for Plane Strain

(Chevron Notch) Fracture Toughness of Metallic Materials.

As will be appreciated, the hardness curves shown in various Figures are
in accordance with established procedures. That is, they are based on samples
of selected alloys which are treated for respective times and then quenchead for
hardness testing. This applies to hardness curves for conventional heat
treatments such as T6 and T8. It also applies to stage (a) and stage (c)
treatments in accordance with the present invention. Also, while not detailed Iin
each case, a suitable solution treatment is implicit in all instances, as is
quenching following solution treatment to retain solute elements in solia
solution. While alternatives are detailed herein, all alloys were subjected to a
suitable solution treatment and quench, prior to being subjected to a

conventional heat treatment or a heat treatment in accordance with the
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invention, with the quench generally being to ambient temperature or below for

convenience. Also, where alloys were subjected to a stage (a) and then a stage
(c) treatment in accordance with the invention, an intervening stage (b) quench
is implicit and, except where otherwise indicated, the stage (b) quench was to
ambient temperature or below.

Finally, it is to be understood that various alterations, modifications
and/or additions may be introduced into the constructions and arrangements of

parts previously described without departing from the spirit or ambit of the

Invention.
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CLAIMS:
1. A process for the ageing heat treatment of an age-hardenable aluminium

10

15

20

29

30

alloy which has alloying elements in solid solution, wherein the process includes

the stages of:

(a) holding the alloy at an elevated ageing temperature which is appropriate
for ageing the alloy to promote precipitation of at least one solute
element, herein termed “primary precipitation” for a period of time which
is short relative to a T6 temper, to thereby produce underaged alloy;

(b)  cooling the underaged alloy from the ageing temperature for stage (a) to
a lower temperature and at a sufficiently rapid rate to substantially arrest
the primary precipitation; and

(c) exposing the cooled alloy produced by stage (b) to an ageing.
temperature, lower than the ageing temperature of stage (a), so as to
develop adequate mechanical properties as a function of time, by further

solute element precipitation, herein termed “secondary precipitation”.

2. The process of claim 1, wherein the temperature and period of time for
stage (a) are such as to achieve underageing providing not more than 85% of

the maximum hardness and strength obtainable from a full T6 temper.

3. The process of claim 1, wherein the temperature and period of time for
stage (a) are such as to achieve underageing providing not more than 40% to

75% of the maximum tensile strength obtainable from a full T6 temper.

4. The process of any one of claims 1 to 3, wherein the lower temperature

to which the underaged alloy is cooled in stage (b) is substantially ambient

temperature.

D. The process of any one of claims 1 to 3, wherein the lower temperature
to which the underaged alloy is cooled in stage (b) is from about 65°C to about
-10°C.
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6. The process of any one of claims 1 to 4, wherein the lower temperature

to which the underaged alloy is cooled in stage (b) is substantially the ageing

temperature required for stage (c).

7. The process of any one of claims 1 to 6, wherein the lower temperature
to which the underaged alloy is cooled in stage (b) is achieved by quenching

into an appropriate quenching medium.

8. The process of claim 7, wherein the quenching medium is a fluid or
fluidised bed.
9. The process of claim 7, wherein the quenching medium Is water or a

polymer based quenchant.

10. The process of any one of claims 1 to 9, wherein the ageing temperature

for stage (c) is within the range of about 20°C to about 90°C.

11. The process of any one of claims 1 to 10, wherein the ageing

temperature for stage (c) is ambient temperature.

12.  The process of any one of claims 1 to 11, wherein the alloy as received

for application of stage (a) has the alloying elements in solid solution.

13.  The process of any one of claims 1 to 11, wherein the process further

inciudes, prior to stage (a), the steps of:

(i) heating the alloy to a solution treatment temperature for a period of time
sufficient to take solute elements of the alloy into solid solution, anad

(il  quenching the alloy from the solution treatment temperature to thereby

retain the alloy elements in solid solution.

14. The process of claim 13, wherein the quenching step (ii) cools the alloy
from the solution treatment temperature to a temperature below the ageing

temperature for stage (a).
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15.  The process of claim 13, wherein the quenching step (ii) cools the alloy
from the solution treatment temperature substantially to the ageing temperature

for stage (a).

16. The process of claim 12, wherein the alloy is subjected to mechanical

deformation before stage (a).

17. The process of any one of claims 13 to 15, wherein the alloy is subjected

to mechanical deformation between step (i) and stage (a).

18. The process of claim 17, wherein the mechanical deformation occurs
during step (ii) by the cooling being conducted by press quenching or during

extrusion of the alloy.

19.  The process of claim 17, wherein the alloy is subjected to mechanical

deformation between step (ii) and stage (a).

20. The process of any one of claims 1 to 15, wherein the alloy is subjected

to mechanical deformation between stage (b) and stage (c).

21. The process of any one of claims 1 to 15, wherein the alloy is subjected

to mechanical deformation during stage (c).

22. The process of any one of claims 1 to 21, wherein the period of time at

the ageing temperature for stage (a) is from several minutes to 8 hours.

23. The process of any one of claims 1 to 21, wherein the period of time at
the ageing temperature for stage (a) is in excess of 8 hours, but less than the

time required to reach full strengthening.
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24.  The process of any one of claims 1 to 23, wherein stage (c) is conducted

for a period of time which, at the ageing temperature for stage (c), achieves a

required level of secondary precipitation.

25.  The process of any one of claims 1 to 23, wherein stage (c) is conducted
for a period of time which, at the ageing temperature for stage (c), achieves a
required level of strengthening of the alloy beyond that attained directly after

stage (b).

26. The process of claim 24 or claim 25, wherein the period of time for stage

(c) is sufficient to achieve a required level of tensile properties.

27. The process of claim 24 or claim 25, wherein the period of time for stage
(c) is sufficient to achieve a required level of tensile properties and of fracture

toughness.

28. The process of claim 27, wherein the level of fracture toughness is at

least equal to that obtainable with a full T6 temper.

29. The process of any one of claims 26 to 28, wherein the level of tensile

properties is at least comparable to the level obtainable with a full T6 temper.

30. An age hardened aluminium alloy produced by the process of any one of

claims 1 to 29.
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