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Abstract

The quench sensitivity of AA7136 has been experimentally investigated using Jominy
end gquench and test coupons of various heat treatments. It was found that this alloy is
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 rapid heating
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 7000 series wrought
aluminum alloys, AA7136 and AA7075. There have been few studies on AA7136, an Al-Zn-Mg-

Cu-Zr alloy, whereas AA7075 an Al-Zn-Mg-Cu-Cr alloy, has been studied extensively.

To determine the effects of cooling rate, a series of Jominy end quench tests, ASTM A255, were
conducted where aging time and 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 cooling. Thermocouples placed at the center of the bar record cooling
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 standard. The hardness measurements along the AA7136 test specimens varied by
less 4 HRB and the hardness measurements along the AA7075 specimens decreased by
approximately 25 HRB. This data indicates that AA7136 is not quench sensitive, but AA7075 is
affected by cooling rate. A series of experiments were also conducted to relate hardness to aging
treatment. It was observed that peak hardness occurs at an aging treatment of 121°C for 24 hours.
The as-quenched hardness was 44 HRB and increased to 86 HRB after two months of natural aging

at room temperature.

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

resulted in insipient melting between grain boundaries. After aging Al-Zn-Mg-Cu precipitates were



observed in addition to the Al-Cu-Fe particles.

A test, based on Jominy end quench, was developed to study the effects of heating rate. The test
apparatus is comprised of a standard Jominy bar and a KNO3-NaNOs 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 furnace. The portion of the bar outside the furnace is insulated. This results in one

dimensional heating. Thermocouples were placed at the center of the bar to record heating data.
Properties, hardness in this study, are then related to heating rate. Hardness measurements were

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

The test matrix for this reverse Jominy test included experiments where the solution treatment was
done using reverse Jominy followed by an aging treatment in a conventional furnace and
experiments 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 variation was less than two and therefore, insignificant. Optical microscopy
revealed fine equiaxed grains after rapid heating. Tests where the aging treatment was done by
reverse Jominy resulted in a variation of 4-5 HRB at each end where the slowly heated end was
harder. This is probably because the rapid heat up did not allow time for GP zones to form, where
the hardening phase, MgZn,, precipitates. SEM confirmed a greater density of fine precipitates after

a slow quench.

Further studies should be done on both the 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 reverse 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 250°C. The effects of a very slow heating rate, such as

less than 1°C/s should be studied as well.

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

during aging results in a lower density of precipitates and decreased mechanical properties.

Vi



Chapter I Introduction

vii



Introduction
The 7000 series of aluminum alloys are primarily used in the aerospace industry as
structural components and are strengthened by age-hardening. The 7136 wrought
aluminum alloy is an Al-Zn-Mg-Cu-Zr alloy. Limited data for the aging kinetics of this
particular alloy is available in the literature. A series of Jominy end-quench 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 were aging time 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 better understanding of the aging kinetics of

AAT136.

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 conventional 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 throughout a single specimen by means of one dimensional heating.
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1. Al-Zn-Mg-Cu Alloys

The 7000 series of aluminum alloys are age-hardenable. During age-hardening, also
known as precipitation hardening, precipitates form 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 7000 series is made up of Al-Zn-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 than 3% Zn and a Zn to Mg ratio greater than two, the
hardening mechanism is MgZn, (1) [2]. Precipitates in these alloys start as GP zones

which become 1" coherent platelets and transform to n over time [3].

2. Precipitation Hardening in 7000 Series Aluminum Alloys

Precipitation hardening is affected by the chemical composition of the supersaturated
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 binary aluminum 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 one phase present. In 7000 series aluminum alloys the solutionizing
temperature is very close to the melting point and therefore temperature control is very
important. Incipient melting may occur at grain boundaries at temperatures slightly above

the solution treatment temperature where the melting point is lowest [5].

Natural aging, or aging at room temperature, occurs in most 7000 series alloys. A natural
aging curve of an Al-Zn-Mg-Zr alloy is shown in Figure 2. The hardness after a water
guench is observed to be greater than after a slower quench in air. In order 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 decrease and the



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

industrial artificial aging treatment for these alloys is 121C 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 temperature and 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 hardening phase, n’, results from GP zones which form on vacancy rich clusters
(VRCs) from the supersaturated solution [4,9-11]. VRCs are believed to be formed right
after or during a quench to room temperature [14]. The concentration of vacancies is
controlled by quench rate [12,13]. Very slow quench rate in some alloys may also lead to

the precipitation of coarse secondary phases [12]. Since the hardening phases rely on the



formation of GP zones and VRCs, at times, a pre-aging step is induced [10,13-15]. GP
zones form between room temperature and 150°C [15]. GP zones are thermally activated

and need time to form [13].

These alloys can be divided into two groups: Zr containing alloys with AlsZr particles
and Cr containing alloys with Al;Cr particles, where Zr or Cr are added as dispersoids for
grain structure control [16]. The type of dispersoid added has an effect on
recrystallization kinetics as well as quench sensitivity [16,17]. Grain boundary maps of a
Zr-containing alloy and a Cr-containing alloy are shown in Figure 4 [17], revealing that
Cr-containing alloys have a higher fraction of recrystallization. Starink and Li [16] also
showed that Zr-containing alloys are approximately 35% recrystallized and Cr-containing
alloys are approximately 65% recrystallized. SEM and EDS showed that mostly S

(Al,CuMg) phase and Al;Cu,Fe was present in Al-Zn-Mg-Cu alloys.



Flig]ure 4 Grain boundary maps of (top) Zr-containing alloy and (bottom) Cr-containing alloy
According to Starink and Li [16], there are three possible precipitation sequences:
(i) SSS->GP I zones—>dissolution
>GP Il zones> 1>
(i) SSS->T
(ili) SSS-=>S
where SSS is a supersaturated solid solution, GP zones are Guinier-Preston zones, 1 is a
quaternary phase of MgZn, with AICuMg components, T is a phase containing

MgsZnzAl,, and S is Al,CuMg. The eutectic structures in 7000 alloys are oAl +



Mg(Zn,Cu,Al), and coarse Al;Cu,Fe particles and a phase transformation from
Mg(Zn,Cu,Al), to Al,CuMg occurs [18]. The dominant phase after the T6 treatment is 1"
If the Zn:Mg ratio is too high then Mg,Zn;1, an equilibrium phase, may also appear [19].

GP 1 zones tend to dissolve during heat treatment, while n” tends to form on GP 1l zones

[20].

The phase diagram for 8%2Zn, 2%Cu, 0.3%Zr and Mg of 0-8%, a composition similar to
AAT7136 which is studied in this research, is shown in Figure 5.
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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. [22] constructed a TTT curve for n precipitation shown in Figure 6.
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1 phase [22]

3. Quench Sensitivity

When an alloy forms non-hardenable precipitates after a slow cool, the alloy is said to be

quench sensitive [23]. Alloys that experience a loss of mechanical properties due to slow

cooling usually have increased electrical conductivity [13]. Quench sensitivity is

important when forming thick plates, as used in the aerospace industry, because the

center may be weaker than the rest of the part due to slower cooling. Figure 7 shows the

cooling rate differences throughout a thick forging. Cooling rate is also important

because sometimes a rapid quench may cause residual 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 additions [16,25]. Cu has been shown to increase quench sensitivity and a
higher Zn:Mg ratio allows for homogeneous nucleation and decreases quench sensitivity
[16,25]. The distribution of dispersoids is dependent on the distribution of GP Il zones
which are not homogeneously distributed, but are in bands, due to their low diffusivity in
aluminum [26]. 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 density [20]. The use of Zr over Cr dispersoids also creates a less quench

sensitive material [25].

11



Maximum age-hardening occurs with a rapid quench since the precipitate free zone
increases with quench rate [1] and heterogeneous precipitation is suppressed with faster
cooling rates [24]. 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 process [23,24]. Also, during a slow quench large precipitates may grow on

dispersoids and grain boundaries, decreasing mechanical properties [13].

Jominy end quench (JEQ) experiments, ASTM A255 allow for the determination of a
material’s sensitivity to cooling rate [27]. The experiment, ASTM A255, uses a 25.4 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 to
determine the hardenability of steels and many studies have shown that this test can be
applied to nonferrous alloys as well [28-31]. Cooling rate for a 7010 Jominy end quench
[24] is shown in Figure 8 with the corresponding hardness and residual stresses shown in

Figure 9.

12
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4. Quench Factor Analysis
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Quench Factor Analysis (QFA) is a method predicting properties based on cooling rate
and can be applied to the Jominy end quench test. The quench factor is based on the rate
of precipitation during cooling which is dependent on supersaturation and diffusion [5].
Quench Factor Analysis as described by [5] is as follows:
The equation for quench factor is represented by
T=[(dvCy) 1)

where 7 is the quench factor and C; is the critical time for a specific percentage of
transformation to occur from the TTP curve. The equation for C; is described by

C=KiKo[exp(KsKA/RT(K4-T)))exp(Ks/RT)] (2)
where T is the temperature in Kelvin and R is the universal gas constant. K; is a constant
equal to In(0.995) or the fraction untransformed during quenching, K, is a constant
related to the reciprocal of the number of nucleation sites, K3 is a constant related to the
energy required to form a nucleus, K4 is a constan related to the solvus temperature, and
Ks is related to the activation energy required for diffusion.
This method uses a C-curve to determine the constants, shown in Figure 10, which is a

collection of C; 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
_ kt
P=Pmax€ (3)
where pmax IS the maximum attainable property with infinite quench rate.

The cumulative quench factor, Q, is the sum of the incremental quench factors which are

represented by a series of equations such as
11 = Aty/Cy + Atp/Cy + Ats/Cs +...+ At/C,,
T = Aty/Cy + Ato/Cy + Ats/Cs +...+ At/C,, 4)
13 = Ats/Cy + Ato/Cy + Ats/Cs +...+ At/C,,
T4 = Ats/Cy + Ato/Cy + Ats/C3 +...+ At/C,,

where At is a temperature interval and C is the critical time.

5. Effects of Heating Rate

Unlike quench sensitivity, studies on the effects of heating rate are less common in 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 as cost and time
savings during heat treatments. It is important to study different materials as not all
results are in agreement for various materials. There have been controversial studies on
MnZn and NiZn ferrites [32]. These studies agree that densification is greater with
increased heating rate, however a MnZn study contradicts the NiZn studies by concluding
that average grain size increases with increasing heating rate [32]. The grain size results

from this study are presented as a function of heating rate in Figure 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 LY 12 by Peng et al. [33,34]. The
results showed that with increased heating rates, more defects occur in the microstructure
attributed by local thermal inconsistency (LTI), where some areas were affected more
than others by the heating rate. It was also shown that rupture strength is lowered after

rapid heating. A study on the effects of heating 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 and 13 [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) 599°C for 6 h with a

heating rate of 11°C/min [35]

17



Figure 13 AA3105 after annealing at (a) 427 (b) 454 (c) 482 (d) 599°C for 6 hin a

salt bath [35]

A study by Blue et al. [36] at Oak Ridge National Lab (ORNL) shows that rapid infrared
preheating of forged products leads to higher fatigue strength than gas infrared which
results in a lower heating rate (Fig. 14). Energy savings were also significant and die life
was extended. This study is in agreement with [35] that grain size in aluminum alloys is
decreased with higher heating rates. The two heating rates used in this study are
presented in Figure 15 with their resulting microstructures. A further study at ORNL [37]
confirms that fast heating increases grain size in forged products and also increases

hardness, yield strength, and fatigue strength.

18
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S.S. Sahay and K.B. Joshi [38] found similar results for steel. Figure 16 shows the
microstructural changes in grain size with respect to heating rate. They found that

increased heating rate leads to smaller, equiaxed grains and that a 67% increase in mean

19



grain size was observed when cooling rate decreased from 10°C to 1°C [38].
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Figure 16 Microstructure of samples annealed at 725°C for 6 h with heating rates of
(@) 10°C/min (b) 5°C/min (c) 3°C/min (d) 1°C/min [38]

A study by Deschamps and Bréchet [7] was conducted on a Zr containing 7000 alloy to
qualitatively determine the effects of heating rate. Deschamps and Bréchet found that
after rapid heating during aging there was a decrease in peak hardening. Another study by
Deschamps and Nicolas [39] showed that with rapid heating of Al-Zn-Mg, particles
become unstable and dissolve. This results in variations in average grain size since the
small particles dissolve much more quickly than larger particles. The effect of heating
rate on volume fraction of precipitation is shown in Figure 17. Deschamps et al. [40]
found that after rapid heating during aging the initial precipitate radius is larger than after

slow heating. Precipitation of " is difficult in the rapid heating because of the reversion

20



of GP zones [40]. Deschamps and Bréchet [41] determined the precipitate radius after

fast and slow heating using small angle X-ray scattering which is presented in Figures 18

and 19.
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Abstract
The 7000 series of aluminum alloys are primarily used in the aerospace industry as
structural components and are strengthened by age-hardening. The AA7136 wrought
aluminum alloy is an Al-Zn-Mg-Cu-Zr alloy. Limited data for the aging kinetics of this
particular alloy is available in the literature. A series of Jominy end-quench tests were
performed to investigate the effect of cooling rate on the aging performance of the alloy.
The process variables used in this study is aging time 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.

Introduction

The 2000, 6000, and 7000 series of aluminum alloys are precipitation or age-hardenable.
During age-hardening precipitates form in a supersaturated solid solution and strength
increases as the number and size of precipitates increase until a maximum value is
reached and the material becomes overaged and coarsening begins, reducing the strength
of the alloy [1]. The 7000 series is comprsed of Al-Zn-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 than 3% Zn and a Zn to Mg ratio greater than 2, the hardening phase
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IS MgZn, (n) [2]. Precipitates in these alloys start as GP zones which become 1" coherent

platelets and transform to 1 over time [3].

Jominy end quench (JEQ) experiments allow for the determination of a material’s
sensitivity to cooling rate [4]. Maximum age-hardening occurs with a rapid quench [1].
The experiment consists of a cylindrical bar which is quenched at one end, resulting in a
distribution of cooling rates throughout the bar. Mechanical properties can then be related
to quench rate. Jominy end quench was first used to determine the hardenability of steels

and many studies have shown that this test can be applied to nonferrous alloys as well

[5].

In this study the Jominy end quench experiments are used to determine the effects of
cooling rate on the hardness of AA7136. A number of other experiments were also

conducted to determine the effect of aging temperature and precipitate formation.

Experimental Procedure

The composition of the AA7136 is presented in Table 1. This composition was analyzed
by JMatPro [6], a materials property modeling software based on CALPHAD method [7]
which can predict phase equilibria in multi-component alloys. Round bars, 2.54 cm

diameter, 10.2 cm long, were prepared from the received material to serve as Jominy end

quench bars according to ASTM A255 [4].
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Table 1: Composition by Spectro Analysis

Si Fe Cu Mg Zn Zr Al

0.029 | 0.073 | 2.152 | 1.936 | 8.542 | 0.127 | 87.06

For the heat treatment of JEQ bars, the industrial T6 heat treatment used for many 7000
alloys was prescribed (aged at 121°C for 24 hours) [8]. JEQ bars were aged at 250°C for
various times. The test matrix is presented in Table 2. Thermocouples were placed at
1.27cm, 5.08cm, and 7.62cm from the quench end of the bars in order to record cooling
rate using LabVIEW 6.1. Solutionizing was done in a tube furnace and quenching took
place in a JEQ apparatus built according to the ASTM standard (Fig.1). Samples were
transferred from the furnace to the quenching apparatus in less than five seconds. Once
the bars cooled to 6-8°C, the temperature of the quenching water, they were placed in a
conventional freezer for holding. The bars were aged in a small box furnace according to
the test matrix and quenched in ice water. Again, the bars were placed in a freezer for
holding.

Table 2: Test Matrix for JEQ bar heat treatment

Sample | Solution Treatment; Aging

No. | Treatment

1 | 475°C, 5hr; 121°C, 24hr

2 | 475°C, 5hr; 250°C, 2hr

3| 475°C, 5hr; 250°C, 10hr

4 | 475°C, 5hr; 250°C, 24hr
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Figure 1: Jominy End Quench (JEQ) apparatus

Hardness profiles were obtained using a Rockwell B scale on a Wilson digital Rockwell
hardness tester, which was calibrated against a standard. Four sides of each bar, about 90°
apart, were milled to 0.381 mm from the surface, according to the ASTM standard.
Hardness testing was conducted on each bar, starting from the quenched end at intervals

as specified by the standard.

Cross sections of the heat treated JEQ bars were mounted in Bakelite and polished using

SiC papers, 1 micron alumina, and finished with Buehler Mastermet silica polishing

33



suspension. Samples were etched using Keller’s Reagent. Optical and SEM microscopy

was conducted.

To determine the effects of aging temperature on AA7136, several samples were cut into
pieces about 1cm x 1cm x 2.5cm. These were heat treated and aged according to the test
matrix shown in Table 3. After solution treatments the samples were quenched in ice
water, except for one, which was air cooled. The artificially aged samples were quenched
in ice water and held in a freezer, while the naturally aged samples were placed at room
temperature. Hardness was conducted similarly to the JEQ bars on the Rockwell B scale.
TEM studies on these samples are underway in order to study the precipitate formation

during aging of this alloy.
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Table 3: Test Matrix 2

Sample

No.

Solution Treatment; Aging Treatment

as-received

475°C, 5hr; air cool

475°C, 5hr; room temperature age

475°C, 5hr; 121°C, 4hr

475°C, 5hr; 121°C, 10hr

475°C, 5hr; 121°C, 24hr

475°C, 5hr; 121°C, 100hr

475°C, 5hr; 180°C, 10hr

475°C, 5hr; 250°C, 10hr

In addition, a bar of AA7075 underwent the same T6 JEQ test for comparison purposes,

since this alloy has been extensively studied.

Spectro and JMatPro Data

The composition of the as-received AA7136 presented in Table 1 and AA7075 was
analyzed by JMatPro and the calculated TTT diagram is shown in Figure 2. The diagrams
show the start of transformation (0.5% amount of phase formed) of various phases from
the supersaturated Al phase. At temperatures below 180°C, the GP zone formation is

favored and the kinetics are very rapid. The precipitation hardening mechanisms in 7000

Results and Discussion
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alloys are based on three phases or the metastable forms of these phases; (1) n-MgZns,
(2) T-AlCuMgZn and (3) S-Al,CuMg. The results of the AA7136 TTT diagram were

used in determining a test matrix for aging heat treatment.

Alumnum Alloy 7136 TTT Diagram
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Figure 2: Calculated TTT Diagram for (top) AA7136 and (bottom) AA7075 using

JMatPro [6]
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Figure 3 shows the metastable phases that may form during the aging heat treatment of
AAT7136 alloy. As shown in the figure, n* phase will form in substantial amounts in the

temperature range of 100 — 250°C, that of used for aging in this study.

14 r ——ETA_PRIME
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—A—-BETA”

—>=—B PRIME

—— THETA_PRIME
S o ——GP Zone

12 F

10 F

wt. % phase

0 S T st s s i

0 100 200 300 400

Temperature, °C

Figure 3: Calculated phase % vs. temperature plot for metastable phases in AA7136

alloy. GP calculation assumes other phases are not formed

Cooling Data

The cooling data for AA7136 correlated with the data for AA7075 as well as the cooling
data for A356, studied by S. Ma [9] (Fig. 4). In all alloys the cooling rates were close to
the same after about 25 seconds. AA7136 experienced a maximum cooling rate at 12.7
mm from the quenched end of about 30°C/s, while 50.8 mm from the quenched end
reached a maximum of about 22°C/s. AA7075 had maximum cooling rates of about

45°C/s and 26°C/s at 12.7 mm and 50.8 mm, respectively.
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Figure 5 Time-temperature data at 1.3 cm from quenched end during JEQ for AA7136

and AA7075 compared to A356 by [9]

Hardness Profiles

The hardness profile for AA7136 alloy that was solutionized for 5 hours at 475°C is
presented in Figure 6. As seen in the figure, the bars aged at 250°C were overaged,
showing Rockwell B values of less than 35, much lower than the JEQ bar aged at 121°C.
Since the hardness values only vary by a maximum of 7.5 HRB, the alloy is somewhat
quench rate insensitive. The results of the AA7075 JEQ specimen are presented with the
results of D.S. Mackenzie [10] in Figure 7. The data from [10] was converted from
Vickers to HRB and the data sufficiently matches the hardness profile from this study.

Figure 8 is a comparison of AA7136 and similar commercial alloys, AA7075 and
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AAT7050 [11]. The figure shows that AA7136 is considerably less quench sensitive than

aluminum alloys 7075 and 7050.
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Figure 6: Hardness Profiles on Jominy End Quench (JEQ) bars
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Figure 7: Hardness Profile of AA7075 compared to the results by D.S. Mackenzie [10]
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Figure 8: Hardness profiles of selected 7000 alloys [11]

Figure 9 presents average HRB after various aging temperatures. The highest average
hardness values were heat treated at 121°C, 180°C, and room temperature. The sample

heat treated at 250°C is clearly overaged with an average value about 40 HRB.

B As Received B Natural age 20 days @ 121C 10 h @ 180C 10 h m 250C 10 h

100

80 -

60 -

40 A

20 A

Average Rockwell B Hardness

0_

Figure 9: Average Rockwell B values for various samples
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Figure 10 presents the aging kinetics of AA7136 for natural aging as well as artificial
aging at 121°C. Five minutes after quenching from solution treatment resulted in average
hardness of 44 HRB, which increased to 60 after 1 day, 69 after 4 days and 84 after 20

days in case of natural aging. On the other hand peak hardness of 92 HRB is reached after

24 hours at 121°C.
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Figure 10: Aging Curves of AA7136

Microstructure

The microstructure of as-received AA7136 is shown in Figure 11. As seen in the
photomicrograph, the microstructure consists of equiaxed grains of a-Al with various
intermetallic and precipitate phases at the grain boundaries. Figure 12 presents the
scanning electron microscopy (SEM) image of age hardened AA7136 alloy. Energy

Dispersive X-ray (EDX) analysis, as shown in Figure 13, was performed on the
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precipitates along grain boundaries. EDX revealed that the precipitates in age hardened

AAT136 after the T6 temper were Al-Cu-Mg-Zn.

Figure 1: Photomicrograph of the as-received AA7136 alloy, etched with Keller’s

Reagent
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Figure 12: SEM image of aged hardened AA7136 alloy etched with Keller’s Reagent
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Figure 13: EDX at 14000X on a grain

Future Work

Transmission Electron Microscopy (TEM) analysis, which is currently underway, will
determine the identity of the precipitates that form and help clarify the aging kinetics of
AAT7136. More aging experiments should be conducted to provide information on the
performance of this alloy under various conditions. Quench factor analysis based on the
Jominy end-quench test data is currently underway, that will allow for the determination

of a C-curve, thus allowing property prediction in this alloy [9,10]. Further research will
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allow for a better understanding of the properties and phase transformations in this

material, allowing possible applications for AA7136 to be identified.

Summary

The Jominy end quench tests revealed that the AA7136 alloy is not quench rate sensitive.
Experiments show that after 20 days the average HRB increases from about 44 after
solutionizing to about 83 at room temperature, proving that the alloy naturally ages. The
experiments conducted in this study also show that peak hardness occurs after artificially

aging at 121°C for 24 hours.
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Abstract
The quench sensitivity of various steels and aluminum alloys has been studied with the
use of the Jominy end quench test (ASTM A255). Some studies have shown that heating
rates also have an effect on mechanical properties, but data is scarce in the literature. A
methodology has been developed in order to study the effects of heating rates. The
apparatus designed is for a type of “reverse” Jominy test which makes use of a standard
Jominy bar and results in one dimensional heating throughout the specimen, and
therefore, a distribution of heating rates. Two 7000 series alloys, AA7075 and AA7136,
were heated using this method to study the effects of heating rate on both solution and
aging heat treatments. The effects of a rapid heat up by immersion in a salt bath were also
studied versus the effects of a slow air furnace heat up. This study provides a better

understanding of the effects of heating rate on 7000 series aluminum alloys.

Introduction

Unlike quench sensitivity, studies on the effects of heating rate are less common in the
literature. An understanding of the effects of heating rate is important in evaluating
methods to result in desirable microstructure and properties, as well as cost and time
savings during heat treatments. It is important to study different materials as not all
results are in agreement for various materials. There have been controversial studies on
MnZn and NiZn ferrites [1]. These studies agree that densification is greater with
increased heating rate, however a MnZn study contradicts the NiZn studies by concluding

that average grain size increases with increasing heating rate [1].
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There have also been studies on LY12, an Al-Cu-Mg-Mn alloy, by Peng et al. [2,3]. The
results showed that with increased heating rates, more defects occur in the microstructure
attributed by local thermal inconsistency (LTI), a phenomenon where some areas were
affected more than others by the heating rate. It was also shown that rupture strength is
lowered after rapid heating. A study on the effects of heating rate on the continuous cast
aluminum alloy 3105 concludes that elongated recrystallized grains occur after a slow
anneal whereas fine equiaxed grains were observed after a rapid anneal [4]. The study
also showed that a rapid salt bath anneal results in greater tensile strength than that of a

slow air furnace anneal.

A study by Blue et al. [5] at Oak Ridge National Lab (ORNL) shows that rapid infrared
preheating of forged products leads to higher fatigue strength than gas infrared which
results in a lower heating rate. Energy savings were also significant and die life was
extended. This study is in agreement with [4] that grain size in aluminum alloys is
decreased with higher heating rates. A further study at ORNL confirms that fast heating
increases grain size in forged products and also increases hardness, yield strength, and

fatigue strength [6].

S.S. Sahay and K.B. Joshi [7] found similar results for steel. They found that increased
heating rate leads to smaller, equiaxed grains and that a 67% increase in mean grain size

was observed when cooling rate decreased from 10°C to 1°C [7].
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This study was performed to examine the effects of heating rate on 7000 series, Al-Zn-
Mg-Cu, alloys where either zirconium or chromium are added as dispersoids. A study by
Deschamps and Bréchet [8] was conducted on a Zr containing 7000 alloy to qualitatively
determine the effects of heating rate. Deschamps and Bréchet found that after rapid
heating during aging there was a decrease in peak hardening. Another study by
Deschamps and Nicolas [9] showed that with rapid heating of Al-Zn-Mg, particles
become unstable and dissolve. This results in variations in average grain size since the
small particles dissolve much more quickly than larger particles. Deschamps et al. [10]
found that after rapid heating during aging the initial precipitate radius is larger than after
slow heating. Nucleation of 0" is difficult in the rapid heating because of the reversion of

GP zones [10].

This paper investigates the effects of heating rates on two 7000 series aluminum alloys
using a test which was developed to obtain a distribution of heating rates throughout a
single specimen, similar to that of the Jominy end quench test [11]. Tests were conducted

with variable heating rates during both solution and aging treatments.

Experimental

The effects of heating rate were studied on two wrought aluminum alloys, AA7136 which

contains Zr as the dispersoid and AA7075 which contains Cr as the dispersoid, the latter

being much more quench sensitive (Fig. 1).
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Figure 1: Quench sensitivity of selected 7000 alloys [12]

A test was developed similar to the Jominy end quench test, ASTM A255, where instead
of one dimensional cooling, there is one dimensional heating. A schematic of the
apparatus constructed for this test is shown in Figure 2. It consists of a potassium nitrate
50% and sodium nitrate 50% salt bath which is placed in a conventional furnace. The top
of the furnace is insulated except for an approximately 2.54 cm diameter hole which fits
the standard Jominy bar. While conducting the test the bar was hung so that it sat about
2.54 cm in the molten salt. The bar was then covered with insulating material in order to
promote the one dimensional heating of the bar. Temperatures were recorded at 1.3 cm
from the end of the bar in the salt, 3.8 cm, and 7.6 cm using K type thermocouples and an
Omega 3000 series datalogger. The time constant of the thermocouples is about 0.003 s
and since data was collected every 1 s, the time constant is insignificant. The test matrix

for this type of “reverse” Jominy test, which will be referred to as RJ, is presented in
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Table 1.

Thermocouple
Jominy bar

Insulation \

Conventional furnace

Figure 2: Schematic of reverse Jominy apparatus
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Table 1: Test Matrix

Solution Heat Treatment

Age Heat Treatment

7136

Reverse Jominy

475C, 24hr

Conventional Furnace

121C, 24hr

7136

Reverse Jominy

475C, 24hr

Conventional Furnace

250C, 2hr

7136

Conventional Furnace

475C, 24hr

Reverse Jominy

250C, 2hr

7075

Reverse Jominy

480C, 24hr

Conventional Furnace

121C, 24hr

7075

Reverse Jominy

480C, 24hr

Conventional Furnace

250C, 2hr

7075

Conventional Furnace

480C, 24hr

Reverse Jominy

250, 2hr

Hardness profiles were obtained using the Rockwell B scale on a Wilson digital

Rockwell tester. Four flats were milled 0.381 mm from the surface on each RJ bar.

Hardness measurements were taken every 3.17 mm.

In addition to the RJ tests, samples of each alloy were cut, 2.54 cm diameter, and 0.635
cm thick. One sample of each alloy was solutionized by complete immersion into the
same salt bath used for the RJ tests for five hours and one sample was solutionized with a

conventional air furnace for five hours. Both were aged using the common industrial T6
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aging treatment, 121C for 24 hours [13]. Hardness measurements were taken on these

samples after aging.

Optical and SEM microscopy was used to investigate differences in microstructures after

various heating rates.

Results and Discussion

Time-Temperature Data

Figure 3 presents the time temperature data at a point submerged in salt, 12.7mm from
the end of the bar and a point 12.7mm above the salt of an AA7136 bar and an AA7075
bar solutionized using the RJ method. At the point 12.7 mm above the salt, the maximum
heating rate for AA7136 was about 23°C/s and 12.7mm above the salt the maximum
heating rate was about 12°C/s. The maximum heating rates for AA7075 were 14 °C/s and
9°C/s at 12.7mm from the bottom and 12.7mm above the salt, respectively. The heating
rates versus time and temperature are presented in Figure 4. Figures 5 and 6 show the
effects of heating rate during aging. Maximum heating rates during aging of AA7136 and
AAT075 were about 3.7°C/s at 12.7mm and 2-2.5°C/s at 12.7mm above the salt for both

alloys.
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Figure 3: Time-temperature data for RJ during solution treatment
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Figure 4: Heating rate versus time and temperature for RJ during solution treatment
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Figure 5: Time-temperature data for RJ during aging treatment of 250°C, 2 h
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Figure 6: Heating rate versus time and temperature for RJ during aging treatment of

250°C, 2 h
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Hardness Data for AA7136 and AA7075

After an AA7136 specimen was solutionized using RJ and aged at T6, 121°C for 24 h, the
hardness was slightly higher at the rapidly heated end. There may not be a difference in
hardness after solutionizing using RJ and aging at 250°C for 2 h. Figure 7 shows the

hardness profile along the bar.

93.5

[(e]
w
1

92.5 A

Rockwell B Hardness
()
N

9 1 . 5 T T T T
0 20 40 60 80 100

Distance from heated end (mm)

Figure 7: Hardness profile of RJ solution treatment of AA7136-T6

The average hardness for the six measurements closest to the rapidly heated end and the

average of the six measurements closest to the slow heated end were calculated for each

bar. Figures 8 and 9 present the bars which experienced solutionizing by RJ and Figure

10 presents those bars which were aged by RJ.
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Figure 10: Effects of heating rate during aging treatment

Microstructure

Figures 11 and 12 are SEM images of AA7075 and AA7136 after a salt bath heat up and
an air heat up in a furnace, followed by T6 aging treatment. Figures 13 and 14 are optical
photomicrographs of the two alloys after RJ during solution treatment followed by a T6
age. The rapidly heated solution treatments result in finer grains. This agrees with the
literature [4-7,9,10]. The RJ samples have more equiaxed grains because they were

solutionized for longer. The grains are even more equiaxed after rapid heating.
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Figure 11: SEM photomicrograph of AA7075-T6 etched with Keller’s reagent (left)

solution treatment in salt bath (right) solution treatment in air convection furnace

Figure 12: SEM photomicrograph of AA7136-T6 etched with Keller’s reagent (left)

solution treatment in salt bath (right) solution treatment in air convection furnace
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Figure 13: Photomicrograph of AA7075 etched with Keller’s reagent, RJ during solution

treatment followed by T6 (left) rapidly heated end (right) slow heated end
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Figure 14: Photomicrograph of AA7136, etched with Keller’s reagent, RJ during solution

treatment followed by T6 (left) rapidly heated end (right) slow heated end

Future Work
Future work with reverse Jominy testing should include a test on the heating rates during
T6 aging using an oil bath; since the salt bath was not molten at 121°C, only the aging

temperature of 250°C was studied in this paper. This research should also be modeled in
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order to predict properties similarly to Quench Factor Analysis, which has been
conducted on a number of aluminum alloys during a regular Jominy end quench test [14,

15].

Summary

A test was developed in order to determine the effects of heating rate. It was found that

rapid heating during solutionizing results in a harder, finer microstructure, while rapid

heating during aging will result in a softer microstructure, probably due to the reversion

of GP zones [10].
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Recommended Future work

Further studies should be done on both the quench sensitivity investigation and reverse

Jominy testing.

e TEM should be used to identify the precipitates that form in AA7136 to provide a
better understanding of aging Kinetics.

e More aging experiments should be conducted to determine the behavior of the
alloy under various conditions.

e Different heating methods should be investigated using reverse Jominy, such as
using an oil bath so that heating rates during aging can be studied at low
temperatures, such as 121°C, the T6 aging temperature for most 7000 series
alloys.

e The effects of a very slow heating rate, such as less than 1°C/s should be studied
as well.

e The relationship between heating rate and resultant properties should be modeled
similarly to Quench Factor Analysis. This could allow for property prediction

after various heating rates.
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Conclusions

The purpose of this study was to determine the quench sensitivity of a new alloy,
AAT7136, and to develop a test method to determine the effects of heating rate. This
research presents the quench and heating rate sensitivities of 7000 series aluminum
alloys. It was found through Jominy end quench tests that the alloy AA7136 is not
quench sensitive. Rockwell B hardness measurements were taken in order to relate the
strength to cooling rate. The hardness varied by less than 5 HRB along the Jominy end
quench bar indicating that the alloy is not strongly affected by cooling rate. Since
AAT7136 is not quench sensitive, this alloy may be made into thick plates without

compromising strength in the center of the part after a slow cool.

There is no current standard for an experiment to study the effects of heating rate like
there is for cooling rate (JEQ). A reverse Jominy heating test was successfully developed
which results in a distribution of cooling rates throughout the bar. Experiments where the
heating rate was varied during solution treatments and aging treatments were applied to
standard Jominy end quench bars of AA7136 and AA7075. Optical and SEM microscopy
was used to study the microstructural differences between a fast and a slow heating rate.
Rapid heating during solutionizing led to a fine, equiaxed grain structure. Hardness was
related to heating rate. It was also found that rapid heating during solutionizing led to a
slightly harder microstructure, although the hardness values varied by less than 2 HRB.
This can be attributed to the finer microstructure after increased heating rates. Rapid
heating during aging, however, resulted in a softer microstructure. This phenomenon can

be attributed to the lack of GP Il zones, which the hardening phase 1" precipitates on. GP
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zones grow at lower temperature than the aging temperature tested, 250°C, and the slower

heating rate allowed enough time at lower temperatures for the GP zones to form.
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