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Abstract

The quench sensitivity of AA7136 has been experimentally investigated using Jominy
end quench and test coupons of various heat treatments. It was found thatytligs allo

not quench sensitive. In addition, the effects of heating rate on both solution and aging
treatments on AA7136 and AA7075 were determined using a newly developed reverse
Jominy heating test. It was observed that hardness was reduced after rapgl heatin
during aging and hardness increased slightly after rapid heating during solutionizing.

These results are discussed in terms of microstructural developments.
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Executive Summary

This study investigated the effects of heating and cooling rates on two 7000wsetight
aluminum alloys, AA7136 and AA7075h&re have been few studies on AA7136, aiZAMg-

Cu-Zr alloy, whereasAA7075 an Al-Zn-Mg-Cu-Cr alloy, has been studied extensively

To determinghe effects of cooling rate, a series of Jominy end quench tests, ASTM A255, were
conducted where aging tinaad temperature was varied. Jominy end quench tests involve a bar,
2.54 cm in diameter and 10.16 cm long and water is sprayed at one end to cool the specimen,
resulting in one dimensional coolinghermocouples placed at the center of the bar recordhgooli
data.Properties along the bar can then be related to the cooling rate. In this study hardness was the
property investigated. The Rockwell B scale was used and measurements were taken along the bar
according to the standartihe hardness measurement:glthe AA7136 test specimens varied by

less 4 HRB and the hardness measurements along the AA7075 specimens decreased by
approximately 25 HRBThis data indicates that AA7136 is not quench sensitive, but AA7075 is
affected by cooling raté\ series of expgments were also conducted to relate hardness to aging
treatment. It was observed that peak hardness occurs at an aging treatmet@ é6r124 hours.

The asquenched hardness was 44 HRB and increased to 86 HRB after two ofamhsral aging

at roomtemperature

Optical and SEM microscopy was used to study microstructure. After solution treatment for five
hours, AICu-Fe particles were not dissolved, indicating that not everything was in solution. Longer
treatment of 24 hours still did not dissole particles. An increase in temperature of 10 degrees

resulted in insipient melting between grain boundaries. After agirdknMg-Cu precipitates were



observed in addition to the Alu-Fe particles.

A test, based on Jominy end quench, was developsddy the effects of heating rate. The test
apparatus is comprised of a standard Jominy bar and a-KIdNG; salt bath in a conventional
furnace. The bar is placed so that one inch is submerged in the salt bath and the rest of the bar is
outside the furnae The portion bthe bar outside the furnacginsulated. Tis resultsn one
dimensional heatingrhermocouples were placed at the center of the bar to record heating data.
Propertieshardness in this study, areen related to heating rate. Hardnegasurements were

taken every 3.17 mm starting from the heated end, using a Rockwell hardness tester.

The test matrix for this erse Jominy test included experimentsere the solution treatment was

done using reverse Jominy followed by an aging treatimnea conventiondurnace and

experimeng where the solution treatment was done in a conventional furnace and aging was done by
reverse Jominy method. For the set of tests where reverse Jominy was conducted during solution
treatment, the hardness vaioatwas lesshantwo and thereforansignificant.Optical microscopy
revealed fine equiaxed grains after rapid heafliegts where the aging treatment was done by

reverse Jominy resulted a variation of 45 HRB at each end where the slowly heatedveasl

harder. This is probably because the rapid heat up did not allow time for GP zones to form, where
the hardening phase, MgZprecipitates. SEM confirmed a greater density of fine precipitates after

a slow quench.

Further studies should be done onhbibie quench sensitivity investigation and reverse Jominy

testing. TEM should be used to identify the precipitates that form in AA7136 and more aging



experiments should be conducted to determine the behavior of the alloy under various conditions.
For revese Jominy, different heating methods should be investigated, such as using an oil bath so
that heating rates during aging can be studied at lower temperatures, since the salt bath used in this
study was not molten at temperatures below’@5The effect®f a very slow heating ratsuch as

less than %C/sshould be studied as well.

In conclusion, his research determined the quench sensitivity of AA7136 and the effects of heating
rate on AA7136 and AA707RA7136 is not a quench sensitive materialt AA7075 is quench
sensitive Rapid heating rate during solution treatments results in fine equiaxed grains. Rapid heating

during aging results in a lower densityprécipitatesand decreased mechanical properties.
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Introduction
The 000series of aluminum alloys are primarily used in the aerospace industry as
structural components and are strengthened byragkening. The 7136 wrought
aluminum alloy is an AZn-Mg-Cu-Zr alloy. Limited data for the agingmetics of this
particular alloy is available in the literature. A series of Jominygrehch tests (ASTM
A255) were performed to investigate the effect of cooling rate on the aging performance
of the alloy. The process variables used in this study vwgeng éime and temperature.
Natural aging experiments were also conducted to verify the hardenability of the alloy at
room temperature. In this study the Jominy end quench data is used to determine quench
sensitivity of the alloy. The results provide a betinderstanding of the aging kinetics of

AAT7136.

Studies have shown that heating rate also has an effect on the microstructure and
properties of aluminum alloys. Heating rate experiments were conducted on AA7136 and
AA7075 using a salt bath and a convenal air convection furnace. In these experiments
the heating rates were varied during both solution and aging treatments. With the use of a
standard Jominy end quench bar a test was designed which resulted in a distribution of

heating rates throughoutsagle specimen by means of one dimensional heating.
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1. Al-Zn-Mg-Cu Alloys

The 7000 series of aluminum alloys are-agedenable. During ageardening, also

known as precipitation hardening, precipisaterm in a super saturated solid solution

and strength increases as the number and size of precipitates increase until a maximum

critical value is reached and the material becomes overaged and coarsening begins,

reducing mechanical properties [1]. The GG@ries is made up of ZIn-Mg-Cu alloys

where zinc is the strengthening component [2]. These alloys are primarily used in the

aerospace and automotive industries because of their high strength and heat treatability.

In aluminum alloys with greater tha®3Zn and a Zn to Mg ratio greater than two, the

hardening mechanismisMgZnd) [ 2] . Precipitates in these

which become dE coherent platelets and trans

2. Precipitation Hardening in 7000 Series Aluminum Alloys

Precipitation hardening is affected by the chemical compositioredfithersaturated
solution, the composition of the phases that form during aging, the kinetics of the
precipitation reactions, time, temperature, and properties of the precipitates [4]. The
temperature ranges and solvus lines for heat treatment of binarynam alloys are

shown in Figure 1.
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Figure 1 Temperature ranges and solvus lines for binary aluminum alloys [4]

Solution treatments are the first step in precipitation hardening. The material is heated so
that there is only anphase present. In 7000 series aluminum alloys the solutionizing
temperature is very close to the melting point and therefore tempecatutrol is very
important. Ingpient melting may occur at grain boundar&semperatures slightly above

the solutim treatment temperatuvéhere the melting point is lowegb].

Natural aging, or aging at room temperature, occurs in most 7000 series alloys. A natural
aging curve of an AZn-Mg-Zr alloy is shown in Figure.Z'he hardness after a water

guench is obseed to be greater than after a slower quench inraotder to increase

aging kinetics, artificial aging is done at a higher temperature. During natural aging the
peak strength becomes stable, but in artificial aging, the strength reaches a maximum and

after long aging times or high aging temperaturs the strength begins to deacktse a



alloy becomes overaged][4'he T6 treatment, or the heat treatment that results in peak
hardness, consists of a solution treatment followed by artificial aging. The@om

industrial artificial aging treatment for these alloyd24 C for 24 hours [6
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Figure 2 Natural Aging of an Al-Zn-Mg-Cu-Zr Alloy [7]

The yield strength with respect to ageing tempeesaind time is shown in Figure 3
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Figure 3 Yield stress versus aging (a) time and (b) temperature of an Al-Zn-Mg alloy [8]

The hareéning phase] Hesults from GP zones which form on vacancy rich clusters
(VRCs) from the supersaturated solutidrBf11]. VRCs are believed to be formed right
after or duringa quench to room temperature [18he concentration of vacanciess
controlled by quench rate [12,).3Very slow quench rate in some alloys may also lead to

the precipitatbn of coarse secondary phaseq.[Bnce the hardening phases rely on the



formation of GP zones and VRCs, at tinggreaging step is induced (,1315]. GP
zones form between room temperature and@%05]. GP zones are thermallytaated

and need time to form [13

These alloys can be divided into two groups: Zr containing alloys wi#r Alrticles

and Cr containing alloys with ACr particleswhere Zror Cr areadded as dispersador
grain structure control [16The type of dispersoid added has an effect on
recrystallization kinetics as well as quench sensitivi§;17] Grain boundary maps of a
Zr-containing alloy and a @ontaining alloy are siwn in Figure4 [17], reveaing that
Cr-containing alloys have a higher fraction of recrystallizat®tarink and L{16] also
showed that Zcontaining alloys are approximately 35% recrystallized andd@taining
alloys are approximately 65% recrystadid. SEM and EDS showed that mostly S

(Al,CuMg) phase and ACwFe was present in AAn-Mg-Cu alloys.
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Figure 4 Grain boundary maps of (top) Zr-containing alloy and (bottom) Cr-containing alloy
[17]

According toStarink and L[16], there are three possible precipitation sequences:

(i) SSSA GP I zone8 dissolution

A GP Il zoneg, A d

(i) SSHT
(i) SSHS
where SSS is a supersaturated solid solution, GP zones are Gummierst on zones, d

guaternary phase of MgZwith AICuMg components, T isphase containing

MgsZnzAl,, and S is AICuMg. The eutectic structuresi®@ 0 al | oys ar e UAI +



Mg(Zn,Cu,Al), and coarse ACwFe particles and a phase transformation from
Mg(Zn,Cu,Al) to Al,CuMg occurs [18]The dominant phase aftdre T6 treatmeni s d E..
If the Zn:Mg ratio is too high then Mgn;;, an equibrium phase, maylso appear [1P

GP | zones tend to dissolve during heat treatment, whilends to form on GP Il zones

[20].

The phase diagram for 8%2Zn, 2%Cu, 0.3%Zr and Mg8%4) a composition similar to
AA7136 which isstudiedin thisresearch, is shown in Figube
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Figure 5 Calculated Phase Diagram for 8.0Zn-2.0Cu-0.3Zr-0~8.0Mg Al alloy [21]

Archambault et. al. [JZonstructed a TTT curve fafprecipitation shown in Figure 6



440

A5 0

e

ns 07

400 /_f"

N

POl LIE 14wtk

0% - 90% (@)
sote n -
o ] ‘m o
ol e . | 5
£ L ‘. | &
gaof e - e
E ‘. - I E
g - i B
= 2504 o, L. 250
. |
200 ey o 200
1o 100 1000 0 1
Time (s}
Figure6 (a) TTT <curve
d phase [ 22]

3. Quench Sensitivity

When an alloy forms nehardenablgrecipitates after a slow cool, the alloy is said to be
guench sensitive?3]. Alloys that experience a loss of mechanical properties due to slow
cooling usually have increased electrical conductivi§].[Quench sensitivity is

important when forming tlek plates, as used in the aerospace induséigause the

center may be weaker than the rest of theghatto slower coolindg=igure 7shows the
cooling rate differences throughout a thick forgi@goling rateis also important

because sometimes a rapigench may caugesidual stresses in the part [24
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Figure 7 Cooling rate variation in a thick forging [25]

Quench sensitivity is affected by dispersoids (Zr or Cr), alloying elements (Cu, Zn and
Mg), and Cu additionsls,25. Cu has been shown to increase quench sensitivity and a
higher Zn:Mg ratio allows for homogeneous nucleation and decreases quench sensitivity
[16,29. The distribution of dispersoids ismkndent on the distribution of GP Il zones

which are not homogenasly distributed, but are in bands, due to their low diffusivity in
aluminum R6]. The addition of Cu also increases the rate of precipitation in similar

alloys [8]. High Zn:Mg ratios also decrease particle size and increases the precipitate

number density20]. The use of Zr over Cr dispersoids also creates a less quench

sensitive material9).
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Maximum agehardening occurs with a rapid quench since the precipitate free zone
increases with quench rate @rd leterogeneous precipitation is gpupssed witHfaster

cooling rateg24]. Although a rapid quench may result in desirable strength, thermal
stresses and distortion may occur, and therefore these properties must be balanced during
the cooling proces£B,24. Also, during a slow quench large precipgatmay grow on

dispersoids and grain boundaries, decreasing mechanical pesp2gi

Jominy end quench (JEQ) experime®STM A255allow for the determination of a

ma t esrsenaitlvify to cooling rate [27The experiment, ASTM A255, usas25.4 mm
diameter cylindrical bar which is quenched at one end, resulting in a distribution of
cooling rates throughout the bar. Mechanical properties such as hardness or electrical
conductivity can then be related to quench rate. Jominy end quench was first used t
determine the hardenability of steels and many studies have shown that this test can be
applied to nonferrous alloys as we2bBf31]. Cooling rate fo a 7010 Jominy end quench

[24] is shown in Figurd@ with the corresponding hardness and residual ssetg®vn in

Figure9.
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Figure 9 Residual stresses and hardness profile of a 7010 JEQ bar [24]

4. Quench Factor Analysis

13



Quench Factor Analysi®FA) is a method predicting properties based on cooling rate
and can be applied to the Jominy end quench s¢ quench factor is based on the rate
of precipitation during coolinvhich is dependerdn supersaturation and diffusios.|
Quench Factor Anabys as described by [5] is as follows:
The equation for quench factor is represented by
U = YP(dt/ C 1)

where U i s t he;isdhe eritical imeffoaaspecific peacentage®
transformation to occur from the TTP curve. The equation f& @escribed by

C=K 1K J[exp(KsK/RT(K4-T)?)exp(Ks/RT)] 2)
whereT is the temperature in Kelvin aiftlis the universal gas constaNt. is a constant
equalto In(0.995)or the fraction untransformed during quenchikgis a constant
related to the reciprocal of the number of nucleation dfieis a constant related to the
energy required to form a nuclels,is a constan related to the solvus temperaand
Ks is related to the activation energy required for diffusion.
This method uses a-€urve to determinghe constants, shown in Figure, ithich is a

collection ofC; points and is scarce in the literature for most alloys.

14
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Figure 10 Schematic of how quench factors are calculated [5]

Properties such as hardness, strength, and conductivity can be related to the quench factor
by
) =k (3)

where} maxis the maximum attainable property with infinite quench rate.
The cumulative quench factdp, is the sum of the incremental quench factors which are
represented by a series of equations such as

U= ofii+ Afb+yCs+ é + /Gt

B= i+ AL+ PYCs+ € + /Gt (4)

B= i+ Afb+yCs+ é + /Gt

U= i+ Afb+yCs+ é + /Gt

whereqis a temperature interval adis the critical time.

5. Effects of Heating Rate

Unlike quench sensitivity, studies on the effects of heating ralesseommomn the

15



literature. An understanding of the effects of heating rate is important in evaluating
methods to result in desirable microstructure and properties, as well asccostean

savings during heat treatments. It is important to study different materials as not all
results are in agreement for various materials. There havecbetnversiaktudies on

MnZn and NiZn ferrite$32]. These studies agree that densificatiorréser with

increased heating rate, however a MnZn study contradicts the NiZn studies by concluding
that average grain size increases with increasing heatin@gt& fie grain size results

from this study are presented as a fiorcof heating rate inigure 11
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Figure 11 Average grain size of MnZn ferrites with relation to heating rate [32]

There have also been studies on the aluminum alloy LY12 byd&eg[33,34 The
results showed that with increased heating ratese miefects occur in the microstructure
attributed by local thermal inconsistency (LLTWhere some areas were affected more
than others by the heating raliewas also shown that rupture strength is lowered after

rapid heating. A study on the effectsha&fating rate on the continuous cast aluminum

16



alloy 3105 concludes that elongated recrystallized grains occur after a slow anneal
whereas fine equiaxed grains were observed after a rapid anneal and micrographs of this
phenomenon are shown in Figures 12 88¢35. The study also showed that a rapid salt

bath anneal results in greater tensile strength than that of a slow air furnace anneal.

Figure 12 AA3105 after annealing at (a) 371 (b)427 (c) 482 (d) 5%¥®for 6 h with a

heating rate of 1°C/min [35]
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