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Abstract 
The effect of quench rate on the natural aging behavior was examined using 
microhardness, conductivity and the differential scanning calorimeter.  The data 
indicated that GPZ formed during extended natural aging of 7075, while extended 
aging of 7050 resulted in the precipitation of η’.  
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INTRODUCTION 
 
The aluminum alloy system Al-Zn-Mg-Cu is the mainstay of aluminum alloys 

used in the aerospace industry.  This alloy system is being used in fatigue and 
fracture critical applications in military and commercial aircraft.  With increasing 
applications, and shrinking budgets, it is important that the most performance be 
obtained from any alloy system.  Strength, as well as affordability, must be achieved 
for modern aircraft applications. 

An understanding of precipitation during quenching and aging can be understood 
by nucleation theory applied to diffusion controlled solid-state reactions.[1] The 
kinetics of precipitation during quenching are dependent on the degree of solute 
supersaturation and the diffusion rate.  As an alloy is quenched, there is greater 
supersaturation (assuming no solute precipitates) and the diffusion rate decreases 
with decreasing temperature.  When either the supersaturation or the diffusion rate is 
low, the precipitation rate is low.  At intermediate temperatures, the amount of 
supersaturation is relatively high, as is the diffusion rate.   Therefore the precipitation 
rate is the greatest at intermediate temperatures.  The amount of time spent in this 
critical temperature range is governed by the quench rate and quench path. 

Quenching, and the cooling effect of quenchants have been extensively 
studied.[2-5]  The first systematic attempt to correlate properties to the quench rate in 
Al-Zn-Mg-Cu alloys was performed by Fink and Wiley[6] for thin (0.064") sheet.  A 
Time-Temperature-Tensile Property curve was created and was probably the first 
instance of a TTT diagram for aluminum.  It was determined that the critical 
temperature range for 75S is 400°C to 290°C.  This is similar to the critical 
temperature range found for Al-Zn-Mg-Cu alloys.[7] At quench rates exceeding 
450°C/sec., it was determined that maximum strength and corrosion resistance were 
obtained.  At intermediate quench rates of 450 to 100°C/sec., the strength obtained 
is lowered (using the same age treatment), but the corrosion resistance was 
unaffected.  Between 100°/sec and 20°C/sec, the strength decreased rapidly, and 
the corrosion resistance is at a minimum.  At quench rates below 20°C/sec, the 
strength decreases rapidly, but the corrosion resistance improved. 

After quenching, parts are generally artificially aged to produce either peak 
strength, or overaged to produce improved corrosion properties. This is a complex 
process, and requires an understanding of vacancies, and the interaction of 
precipitation and metastable phases.  In general, the sequence of precipitation 
occurs by clustering of vacancies, formation of GP Zones; nucleation of η΄; 
precipitation of η, and finally the coarsening of the precipitates. 

The effect of quench rate on the formation of Frank and prismatic dislocation 
loops has been studied.[8-10] The number of dislocation loops increased when the 
specimens were water quenched. The formation of loops is promoted by a small 
amount of solute atoms, and this effect depends on the kind of solute atoms and the 
difference of atomic radii between the trace element and aluminum.  As the 
difference in solute radii increases, the formation of loops is promoted. 

As the Mg content in aluminum is increased, there is a decreasing dependence 
of the quench rate.[11] The density of dislocation loops is higher with increasing Mg 
content at the same aging temperature as the pure aluminum.  This is due to the 
difference between the aluminum and magnesium atomic radii.   It was concluded 
that Frank loops are formed from vacancy clusters[12] of approximately                    
10 vacancies.[13]  As the density of dislocation loops increases, there is a finer and 
more uniform distribution of nucleation sites. These vacancy rich clusters, present 
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immediately after quenching, form ordered GP zones.[14-15] In addition, the formation 
rate of these GP zones is enhanced, because of the shorter distance solute atoms 
have to diffuse to a vacancy rich cluster or Frank Loop. 

The kinetics of vacancy-rich cluster formations are changed radically by the 
presence of Mg and this is interpreted as diffusion of Zn atoms along Mg-vacancy 
couples.[16] These couples readily move throughout the matrix at room temperature, 
and there is a strong binding energy between vacancies and Mg atoms.  Polmear[17] 
investigated the aging characteristics of ternary Al-Zn-Mg alloys and found that the 
aging process was greatly modified by the addition of Mg to the binary Al-Zn alloys.  
He attributed this to the clustering of zinc and magnesium atoms as suggested by 
atomic size and thermodynamics. At low temperatures, nucleation proceeds 
predominately by the migration of Zn atoms.  The consensus is that during the 
growth of the GP zones, Mg + Zn or Mg + Zn + vacancy complexes play a role.[18-20] 

Comparing the characteristic properties of different trace elements on the 
precipitate dimensions and density after aging showed[21] that a combination of high 
solute/vacancy binding energy and diffusivity was required to significantly affect the 
length, thickness, and density of η'.  The mechanism by which these trace elements 
affect the microstructure is to reduce the number of quenched-in dislocation loops for 
heterogeneous nucleation of precipitates.  The decreased number of nucleation sites 
leads to a prolonged matrix super-saturation, which causes an increase in the length, 
thickness, and density of η'. 

After quenching, small diffuse clusters of solute atoms are formed[22,23] prior to 
the formation of GP Zones.  This was first demonstrated by Guinier[24,25] and 
Preston.[26,27] GP zones and the vacancy rich clusters (VRC) with a critical solute 
concentration are η'nucleation sites.[28] The precipitation mechanism is VRC → η' for 
water quenched specimens, and GPZ → η' for direct and step quenched 
specimens.[29] The vacancy rich clusters are most likely Frank Loops at aging 
temperatures.  Nucleation of η' precipitates occurs in the matrix when no excess 
vacancies are available; and on quenched-in vacancy clusters.  GP zones were not 
observed to be nuclei for the equilibrium precipitates (η).[30] The critical temperature 
for η precipitation corresponds to the intersection of the temperature of the C-curves 
for η and the η΄ phases and does not correspond to the GP zone solvus 
temperature.[31] 

Staley[32] found that tensile strength and conductivity followed a sigmoidal curve 
in 7050 as a function of aging time that was subsequently followed by a linear 
portion.  The sigmoidal curve was attributed to the formation of G.P. Zones.  The 
linear portion of the curve was attributed to the growth of the G. P. zones. Two 
stages for GP zone formation have been found.[33] In the first stage, the kinetics can 
be described by Cottrell-Bilby[34] type kinetics. 

Duration of this stage is strongly influenced by the aging temperature and the 
composition of the alloy.  It was thought that the formation of GP zones starts by the 
clustering of Zn atoms.  Shortly thereafter, Mg atoms join the clusters.  The process 
proceeds by the formation of nuclei of zones on these clusters.  It is rate controlled 
by the diffusion of Mg-vacancy couples.  In the second stage, the GP zones are 
growing.  The growth of these GP zones is slowed by the formation of coherency 
strains around the GP zones, and the decrease in supersaturation.  

As discussed, GP Zones are thought to be precursors for the intermediate 
precipitate η'.  Mukhopadhyay[35] found direct evidence of η' precipitating on pre-
existing GP Zones.  Using small angle scattering measurements, it was found that 
the size of the GP Zones was limited to approximately 35-40 Å[36] prior to the 
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formation of the intermediate precipitate η'.  This led to the conclusion that there was 
a critical GP Zone size for the precipitation of η'.[37,36] 

Precipitation processes in Al-Mg-Zn-Cu alloys can be divided into three different 
types[38-39,17] defined by the temperatures utilized.  The first type is for alloys 
quenched and aged above the GP zone solvus. Since no GP zones are formed, no 
easy nuclei for precipitation occurs.  A very coarse dispersion of precipitates occurs 
with nucleation of η' occurring primarily on dislocations.  The second type is for alloys 
quenched and aged below the GP zone solvus. GP zones form continuously and 
grow to a size where η' precipitation can occur.  Nucleation and precipitation of η' is 
not effected by the quenching process except when vacancy-rich clusters form. The 
third type are alloys quenched below the GP solvus, and aged above the GP solvus. 
The final dispersion of precipitates and the PFZ width is controlled by the nucleation 
treatment below the GP zone solvus.  This is the common situation for commercial 
heat treatments, and is typical of the T73 and T76 Tempers. 

When Al-Zn-Mg-Cu alloys are quenched slowly, solute depletion and the loss of 
vacancies occurs.  This depresses the critical nucleation temperature. This indicates 
that the solute lost during slow quenching (and the associated loss of strength from 
the loss of solute) is not recoverable.  This loss can be partially compensated by 
adjusting the first stage aging practice to a temperature that allows the GP zones to 
grow to a stable size.  This can also be accomplished by slow heating rates to the 
first stage age temperature.[32] 

In 7XXX Al-Zn-Mg-Cu alloys, several phases have been identified that occur as 
a function of precipitation sequence.  Four precipitation sequences have been 
identified.  These are: 

 

η⇒α

η⇒η′⇒⇒⇒α

⇒′⇒α

⇒α

sss

sss

sss

sss

GPZVRC

TT

S

 

 
In the first precipitation sequence, the S phase, Al2CuMg, is precipitated directly 

from the supersaturated solid solution.  In the second precipitation sequence, an 
intermediate phase T´ occurs in the decomposition of the supersaturated solid 
solution.  Bernole and Graf first observed this phase.[40] 

In the third sequence of precipitation, the supersaturated solid solution 
decomposes to form vacancy-rich clusters, Guinier-Preston Zones, η' and then η.   
Guinier-Preston Zones have been inferred in Al-Zn-Mg alloys, based on small 
increases in electrical conductivity and an increase in hardness during the initial 
stages of aging.[17] The η' phase is an intermediate step toward the precipitation of 
the equilibrium phase η (MgZn2). 

The fourth sequence generally occurs during slow quenching, or when aging 
temperatures are significantly above the GP-solvus. 

Review of the literature indicates that there is a dispute over the occurrence of η' 
and its nucleation.[46,41,39,11,42-45] This leads to the speculation that the formation of η' 
is path dependant, and subject to local chemical variations.  Mondolfo et al.[46] and 
others[47] indicate that nucleation of η' occurs by the segregation of alloying elements 
to stacking faults (Frank Loops), gradually losing coherency until the ordered η 
phase develops.[48] Others indicate that the formation of η' is the result of vacancy-
rich clusters (VRC),[19,18] unless the temperature is greater than 100°C, in which 
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case, it is the result of Frank Loops.  GP zones are also thought to nucleate 
η'.[49,45,37,50] 

The kinetics of precipitation during artificial aging, measured by yield strength 
and conductivity, obey an Arrhenius relationship and indicate that the activation 
energies of 7075 and 7050 are similar.[32] The higher strength by aging at higher 
temperatures for 7050 was attributed to the effect of copper increasing the G.P. 
Zone solvus.  

The kinetics of a reaction can be examined using the Johnson-Mehl-Avrami 
equation:[51-52]  

( ) 



−−= nktexp1fV  

where Vf is the fraction transformed, k is a rate constant (sec-1), and n is the Avrami 
exponent.  This exponent contains information regarding the type of kinetics are 
occurring.[51] The rate constant k is described by: 

RT

Q

0ekk
−

=  

where Q is the activation energy for transformation, T is the temperature (°K) and R 
is the gas constant.  The fraction transformed, Vf is described by:[53]  

( )
if

i
f

t
V

ρ−ρ

ρ−ρ
=  

where ρ is the property measured, and the subscripts indicate either the initial or final 
value of the property.  

The assumptions in the Johnson-Mehl-Avrami equation are that nucleation and 
growth occurs simultaneously during the transformation.  In addition, the nucleation 
of precipitates is homogeneously distributed throughout the matrix.  It was also 
assumed that the nucleation rate was constant during the transformation process.  

 
EXPERIMENTAL PROCEDURE 
 

7075 and 7050 Jominy End Quench specimens were solution heat-treated at 
480°C for two hours.  These specimens were quenched, and allowed to naturally 
age for 1, 10, and 1000 hours.  Hardness and conductivity measurements were 
taken as a function of time on the specimens naturally aged for 1000 hours. 

 
RESULTS 
 

The microstructures of naturally aged 7075 and 7050, quenched under different 
conditions were examined  The 7075 water quenched specimens showed some 
precipitation at the longitudinal grain boundaries.  There was little etching of the grain 
boundaries in the 7050 water-quenched specimens.   

For both 7075 and 7050, as the quench rate decreased, there was more 
precipitation evident at the grain boundaries and in the interior of the grains.  
Evidence of precipitation on subgrain boundaries was observed in 7050.  At the 
slowest cooling rate, copious precipitation has occurred.  The precipitates that have 
formed are large, and have precipitated on grain boundaries and in the interior of 
grains.  The microstructure has the appearance of an annealed aluminum structure. 

The 7075 hardness results (Figure 1) show similar slopes toward the quenched 
end as 7050.  Only two regions of hardening were observed.  During the initial 
natural aging, 7075 exhibited a slight growth in hardness for the first 27 hours.  This 
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was followed by a more rapid increase in the hardness. The rate of hardening from 
approximately 27 hours to the final hardness reading was nearly identical.  The initial 
rate of response was more rapid as the quench rate was increased. 
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Figure 1. Aggregate natural hardening data for 7075. 

 
The 7050 hardeness results (Figure 2), taken in aggregate, suggested that three 

stages of hardening occur.  To approximately 10 hours after quench, all positions on 
the 7050 Jominy End Quench specimen harden at the same rate.  After 
approximately 10 hours, a hardness plateau occurred until approximately 27 hours.  
After 27 hours, hardness again increases.  Hardening occurs at the same rate at all 
positions. 
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Figure 2. Aggregate natural hardening data for 7050. 

 
Irrespective of the quench rate, 7075 and 7050 showed different responses 

during natural aging.  This suggests a fundamental difference in the natural aging 
response and precipitation sequence of the two alloys. 

The conductivity results for 7050 and 7075 exhibited similar behavior, and 
showed a decrease in the conductivity as the specimens naturally aged.  A rapid 
decrease in the conductivity occurred until approximately 12 hours.  After 12 hours, 
the change in conductivity plateaus.  This indicates that predominately all vacancies 
were annihilated in the first 12 hours. The lack of vacancies caused the diffusion rate 
of the solute to decrease after 12 hours. 
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The effect of natural aging time on 7075 and 7050 was also examined using 
DSC.   The results are shown in Figure 3.  As before, there were generally four 
distinct regions.  The first region was associated with GP Zone formation.  The 
second region was indicative of η' and η formation.  The third region was η 
dissolution, with the fourth region was the peak associated with S phase (Al2CuMg) 
dissolution.  

 

 
Figure 3. Effect of natural aging on the DSC Thermograms of 7075 and 7050. 

 
For 7075, in the first region, attributed to GP Zone formation or dissolution, at 

times less than 12 hours, as the natural aging time increased, the peak temperature 
of GP Zone formation increased, indicating that the number of vacancies was being 
depleted, and the reaction required increased thermal activation.  The range 
decreased as the natural aging time increased.  As the natural aging time was 
increased, the amount of GP Zones formed during the DSC scan decreased.  This 
indicates that the transformed fraction of GP Zones present was increasing with 
natural aging.  There was little effect of natural aging time on the peak temperatures 
of Regions II and III, at times less then 12 hours. 

This implies that at times less than twelve hours, nucleation and growth of GP 
Zones occur.  At approximately 12 hours, all the vacancies have been consumed.  
After twelve hours, existing GP Zones grow at the expense of smaller or less stable 
GP Zones.  Initially there is a large size distribution.  As the small GP Zones revert or 
are absorbed, the size distribution decreases with increasing time and the size of the 
GP Zones grow with increasing time. 

At t ≈ 12 hours, the volume fraction of GP Zones forming is approximately equal 
to the amount of GP Zones dissolving.  At times greater than or equal to 12 hours, 
the peaks became endothermic, showing greater dissolution with increasing time, 
with a wide temperature range that decreases with natural aging time.  This suggests 
that no new GP Zones are formed during the DSC scan, and that the number of GP 
Zones is decreasing with natural aging time.  However, the GP Zones that remain 
are larger and more stable. 

The increased area under the endothermic peaks suggests that a greater 
fraction of GP Zones were present as the natural aging time was increased during 
the DSC scan.  It was likely that some GP Zones were growing at the expense of 
others because of the large size differences, indicated by the large temperature 
ranges.  In Region II, the amount of η’ and η present were generally constant as a 
function of increasing natural aging times.  This indicates that there was increased 
amounts of η' precipitation occurring during natural aging.  There was some possible 
transformation of GP Zones to η’ as the natural aging time is increased past           
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12 hours.  An incubation time was apparent before the GP Zones grow to an 
adequate size to precipitate η’.     

Aluminum alloy 7050 exhibited a similar behavior to 7075.  Region I was 
exothermic, and showed an increasing amount of GP Zones formed as a function of 
time.  At a time slightly greater than 12 hours, the amount of GP Zones formed 
during the DSC scan was equal to the amount of GP Zones dissolved as the 
temperature was increased.  As the aging time was increased, the peaks in Region I 
become endothermic and showed increased GP Zone dissolution.  This indicates 
that more GP Zones were present. No natural aging effects were observed in 
Regions II and III. 

From,[54] the area under the curve of either an endothermic or exothermic peak in 
a DSC scan is proportional to the volume fraction participating in formation or 
dissolution.  Therefore it would be expected that the Region I area would show a 
progressive increase in the area associated with GP Zone formation or dissolution.  
An increase in the area under the curve was observed for the endothermic region.  A 
gradual increase in the area under the formation peaks was observed.  The shapes 
of the curves in Figure 4 for both 7075 and 7050 were similar, and show a sigmoidal 
increase, and indicate that a similar mechanism related to the growth and formation 
of GP Zones were occurring in each alloy.  Increases in the delay before aging time 
and decreases in the first stage heating rate have been shown[55] to improve the 
properties at slow quench rates.   
 

-0.3

-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.1 1 10 100

Log Natural Aging Time (hours)

A
re
a
 u
n
d
e
r 
G
P
Z
 F
o
rm
a
ti
o
n
 o
r 
D
is
s
o
lu
ti
o
n
 P
e
a
k
s

7050 7075  
Figure 4. Volume fraction of GPZ from the area under the DSC formation and dissolution peaks. 

 

DISCUSSION 
 

Examination of the kinetics of GP zone formation during natural aging was 
accomplished using the Avrami equation:[51-52] 

( )[ ]n
f ktV −−= exp1

 
where Vf is the fraction transformed, k is the rate constant (sec-1) and n is the 
Avrami time exponent. 

Using the as-quenched hardness of 7075 and 7050 from Figure 1 and Figure 2 
for ρi, and the peak-aged hardness of 205HV for ρ0, the fraction transformed during 
natural aging was calculated.  

Interestingly, the plateaus indicated in the hardness plots are shown more 
dramatically in the Avrami Plots (Figure 5).  These plots show that the volume 
fraction increases steadily for approximately 12 hours after quenching, then plateaus 
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for approximately 18 hours, then increases steadily again at the same rate as before.  
This suggests that either a different precipitate has formed, and is growing at the 
same rate as the GP Zones. 

 
Figure 5. Avrami plot of the changes in fraction transformed, calculated from hardness, during natural 
aging of 7075 and 7050. 
 

As can be seen from the plotted values of Vf versus time for 7075 and 7050 
(Figure 5), the Avrami exponent, n, is the same for either alloy at the later regions of 
hardening, with n ≈ 0.5.  This value of the Avrami exponent corresponds to spherical 
growth in the absence of impingement, when all nucleation sites are present at          
t = 0.[56]  This exponent is also characteristic of parabolic growth.  This value makes 
sense in view of the accepted understanding of GP zones in Al-Zn-Mg-Cu alloys.[57] 

It was also observed that the Avrami exponent for hardening was the same 
regardless of the quench rate.  This indicates that GP zones are present after all 
quench rates, and grow at the same rate.  However, the quantity of GP zones 
decreases with decreasing quench rate. This decrease is due to the limited number 
of vacancies and vacancy-rich-clusters (VRC) present at low quench rates, and the 
low supersaturation of solute that occurs at slow quench rates.  The mechanism for 
hardening during natural aging is the same for all quench rates, because of the 
Avrami exponent for hardening was the same for all quench rates.  This is true for 
even the quench sensitive 7075 alloy. 

The similarity of the slopes between the fast and slow quenched end of the 
Jominy End Quench specimen suggests that the mechanism of hardening is similar.  
However, the available quantity of hardening agents is different.  At the fast-
quenched end, there is a maximum supersaturation of solute.  The driving force for 
the creation of GP zones is great.  In addition, the amount of vacancies available for 
diffusion is also the greatest. 

At the slow quenched end, there is a reduced amount of solute available for 
precipitation, and a reduced amount of vacancies.  This reduction of solute and 
vacancies reduces the amount of hardening that occurs.  However, the hardening 
Avrami exponent is similar in either the fast or slow cooled ends of the Jominy End 
Quench. 

However, the change in hardness between the fast-quenched end and the slow 
quenched end is much smaller in 7050 than 7075 under identical conditions.  This 
would indicate that either more solute is retained into solid solution over a broad 
range of quench rates, or that more vacancies are retained over a broad range of 
quench rates. 

The natural aging response of 7050 exhibited a gradual increase in the 
hardness, followed by a plateau, then a gradual increase in the hardness.  The 
Avrami exponents for the increases in hardness on either side of the plateau were 
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equivalent suggesting that the same mechanism was responsible for the increase in 
hardness.  The shape of the curves can be explained by a gradual incubation time 
for vacancy rich clusters to form, with the formation of GP Zones occurring 
simultaneously.  As more GP Zones are formed, the smaller zones revert, or are 
absorbed by larger GP Zones.  This produces a net effect of a plateau in the 
hardness.  The second increase in the hardness is from the growth of η'. 

The 7075 natural aging response exhibited a gradual increase in hardness, 
followed by an increased rate of hardening.  In this alloy, the shape of the curve 
suggests that there is a gradual increase in hardness due to clustering of vacancies, 
followed by the increase in hardness due to the formation of GP Zones. 

This is evidenced by the changes in conductivity during natural aging.  As the 
7050 specimens naturally aged, the conductivity showed an initial plateau, followed 
by a decrease in conductivity.  This decrease in conductivity was followed by another 
plateau in conductivity.  In naturally aged 7075, there was an initial decrease in 
conductivity, followed by a conductivity plateau. 

This data, along with the DSC data, suggests that all the vacancies have been 
consumed during growth to the first plateau.  The data also suggests that in 7050, 
extended natural aging times causes the precipitation of η', while in 7075, only GPZ 
are formed. 
 
CONCLUSIONS 
 

Examination of the interaction of natural aging and quench rate showed that the 
natural aging time prior to artificial aging was critical for obtaining properties.  An 
examination of the kinetics suggested that the kinetics correspond to spherical 
growth in the absence of impingement, when all nucleation sites are present at the 
beginning of transformation.  Decreases in the Avrami-Mehl index as a function of 
quench rate was explained as being related to the amount of vacancies trapped 
during quenching.  As the quench rate is decreased, the amount of vacancies also 
decreases.  DSC and conductivity results indicate that the vacancies are consumed 
within the first 12 hours of natural aging.  This effects the diffusion rate, and hence 
the formation of GP Zones. 

The natural aging response of 7075 and 7050 differed.  In 7075, it was found 
that initial clustering was followed by the formation and growth of GP zones.  No 
evidence for the formation of η’ was observed.  In 7050, the sequence of clustering 
followed by GP Zone formation was also observed.  However, it was also observed 
that at long natural aging times, the precipitation of η’ occurred.  These observations 
conflict with those of Staley[58] who indicated that only the formation of GP Zones 
occurs during natural aging of 7050. 
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