Calorimetric Studies of 7000 Series Aluminum
Alioys: 1l. Comparison of 7075, 7050, and RX720

Alloys

PHILIP N. ADLER AND RICHARD DelASI

Differential scanning calorimetry (DSC) in conjunction with transmission electron micros-
copy (TEM) are used to characterize the matrix precipitate structure of high strength and
overaged tempers of three 7000 series aluminum alloys. Excellent consistency exists be-
tween the DSC results, based on the dissolution behavior of existing precipitates, and TEM
observations. Comparison is made between matrix precipitate constituency and mechanical
properties. A significantly high GP zone particle density was observed in a high strength
7050 alloy temper, but this temper did not have higher strength than other predominantly
GP zone matrix tempers. Maximum strength was observed in a 7050 alloy temper that
contained approximately equal amounts of GP zones and 7’ phase precipitates. Strength-
ening appears to be based on the contribution of both coherent GP zones and semicoherent
n' precipitates. Use of the DSC approach and the free energy of activation for precipitate
dissolution are recommended as rapid and quantitative means of precipitate identification.

A.S indicated by the previous paper in this series,®
differential scanning calorimetry (DSC) provides a
rapid and quantitative means of matrix precipitate
characterization for 7075 aluminum alloy. The ther-
modynamic and kinetic parameters associated with
dissolution of existing precipitate phases are sensitive
means by which the matrix microstructure can be iden-
tified. Other 7000 series alloys of the Al-Zn-Mg and
Al-Zn-Mg-Cu types are gimilarly strengthened by
matrix precipitate structures consisting of some com-
bination of GP zones, 1’ and phases,a’3 Therefore,
the DSC approach should be applicable to characteri-
zation of the precipitate structure in these other alloys.
In the present work, comparison is made between the
matrix microstructure in the high strength and over-
aged tempers of three 7000 series aluminum alloys,
7075, 7050, and RX720 (the RX720 alloy has also been
referred to as BAR). Matrix microstructures are
characterized using both DSC and transmission electron
microscopy (TEM), with TEM serving to verify the DSC
analysis. Mechanical properties were also measured to
assist in the comparison of these alloys.

The recent development of 7050 and RX720 aluminum
alloys was based on studies of the role of minor addi-
tion elements on quench sensitivity.* ** By reducing
quench sensitivity, thicker sections of uniform strength
can be fabricated. It was found that by substitution of
Zr for Cr, quench sensitivity could be substantially re-
duced while the desired recrystallization suppressing
effect of Cr was maintained. Both 7050 and RX720 con-~
tain Zr in place of the Cr found in 7075 alloy. In addi-
tion, 7050 and RX720 contain a lower Fe and Si content
than 7075; RX720 contains a higher Zn and lower Cu
content than the 7050 alloy. The influence of these com-
positional differences on both matrix precipitate struc-
ture and strength is considered,
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EXPERIMENT

Samples of 7050 alloy were taken from a 15.2 cm
(6 in.) thick hand forging; RX720 samples were ob-
tained from 7.6 cm (3 in.} thick rolled plate stock;
7075 samples were obtained from 7.6 cm (3 in.) thick
rolled bar stock. The composition of these materials,
determined by using X-ray fluorescence and emission
spectroscopy, is listed in Table L

The 7075 alloy was received in its high strength,
stress relieved, T651 temper. Specimens were over-
aged to the T7351 temper by heat treating at 175°C for
9 h. The RX720 alloy was received in its high strength,
T6 temper. Samples were heat treated for 21 h at
163°C to produce the overaged T7 temper.'® The 7050
alloy was received in an overaged T7352 temper. To
attain the high strength T6 temper, solution heat treat-
ment at 480°C for 2 h followed by duplex aging at 120°C
for 4 h and then 168°C for 4 h was used.'® The speci-
mens given this treatment were water quenched follow-
ing solution heat treatment. Another group of 7050 al-
loy specimens were aged for 24 h at 120°C following
the water quench to approximate the matrix micro-
structure of RX720-T6 and 7075-T651 alloys. We
designate this temper as T6X.

Calorimetric measurements were made using a Du-
Pont 900 Thermal Analyzer containing a DSC plug-in
module. This technique has been described'® and was
previously applied to analysis of 7075 aluminum alloy."®
Sample discs of 0.56 cm (7/32 in.) diam x 0.127 cm
{0.050 in.) thickness were prepared from each of the
seven tempers under investigation, A minimum of five
samples were tested for each temper. Conditions of
testing were identical to those reported earlier.' Sam-
ple preparation for transmission microscopy has also
been described.’

The stress-strain behavior of each temper was mea-
sured and used to determine the 0.2 pct yield strength,
ultimate strength, and elongation. A minimum of four
specimens from each temper was tested at a cross-
heat speed of 5.1 x107% cm/min (2.0 x10™% ipm). The
uniaxial loading direction of the specimen was parallel
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to the short transverse direction of the bar or forging.
Vickers diamond pyramid hardness (DPH, at a 5 kg
load) was also used to evaluate these tempers. Im-
pressions were made on surfaces that were polished
with 1 ym alumina.

RESULTS

Representative matrix microstructures of each of
the seven tempers examined are illustrated in the
electron micrographs of Figs. 1-3. The high strength
and overaged tempers of 7075 and RX720 are shown in
Figs. 1 and 2, respectively; the microstructures of the
isothermally aged temper, T6X, the highest strength
temper, T6, and the overaged temper of the 7050 alloy
are shown in Fig. 3. A summary of the TEM observa-
tions is given in Table II. Identification of the precipi-
tate phase is based on size consideration and numerous

observations of precipitate morphology in isothermally
aged samples of 7075 aluminum alloy.'® The indicated
percentages are based on particle count measurements
that were made at different areas in each temper. The
T6X temper of 7050 consists almost exclusively of
spherical GP zones while the higher strength tempers
of 7075 and RX720 also contain a small amount of the
semicoherent ' phase. On the other hand, the highest
strength temper of 7050 has a matrix consisting of ap-
proximately equal amounts of GP zones and n’. The
matrix precipitate in the overaged temper of the three
alloys consists exclusively of 7” and 1, but differences
in the size and amount of matrix precipitates between
alloys are evident.

The matrices of high strength and overaged tempers
of 7075 contain many large particles in the 0.1 to 0.2
um size range, as can be seen in Fig. 1. Particles of
this type have been described as Cr-rich Al ,Mg,Cr

Table 1. Chemical Composition, Wt Pct

Alloy Zn Mg Cu Zr Cr St Fe Ti Mn Al

7075 61 2.4 1.6 N.D. 020 011 0.20 0036 004 REM
RX720 72 24 1.4 0.094 ND 0.07 0.08 0.025 ND REM
7050 6.2 22 23 0086 ND 0.07 0.06 0.029 003 REM

(b}

Fig. 1~Transmission electron micrographs of 7075 aluminum
alloy in the (@) high strength temper, T651; and (b} overaged
temper, T7351.
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(b}

Fig. 2—Transmission electron micrographs of RX720 alumi-
num alloy in the (@) high strength temper, T6; and () over-
aged temper, T7.
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Tabte t1. Matrix Precipitate Observed Using Transmission Electron Microscopy

Matenal GP Zones n n Large Particles, um
7075-T651 ~95 pet ~35 pet ~ (01100.2)
Spherical (100 to 150A)
RX720-T6  ~95 pct ~5 pet - -
Spherical (100 to 150A)
7050-T6X  Spherical - - -
7050-T6 ~50 pet ~50 pot - -
Sphencal (100 to 1504)
7075-T7351 — ~65 pct ~35 pet (01t00G2)
(100 to 1504) (6004)
RX720-T7 - ~50 pet ~50 pct -
{100 to 1504) (8004)
7050-T7352 — ~90 pct ~10 pet -

(100 to 1504) (400A)

phase and Mn-rich MgZn, phase; these phases do not
dissolve during solution heat treatment.'””** These
particles are only slightly evident in RX720 and almost
absent in 7050 (see Figs. 2 and 3). Substitution of Zr
for Cr and reduction of the Fe and Si content in RX720
and 7050 alloys appear to have reduced the concentra-
tion of these particles. Since previous workers have
shown that such particles adversely affect the
mechanical properties of 7075,'>% their absence in
RX720 and 7050 is expected to be beneficial.

The DSC technique was used to characterize the solid
state reactions accompanying the dissolution and for -
mation of precipitates for the seven tempers that were
examined. Typical results are shown by the differential
heat capacity, ACy, vs temperature curves in Figs. 4
and § for high strength and overaged tempers, respec-
tively. In these illustrations, deviations from the hori-
zontal are indicative of solid state reactions accompa-
nying heating. The basis for computing these curves,
as well as their interpretation, is described in the
previous paper of this series.” In the present work,
we will focus on the first endothermic reaction, Region
1, since it describes the existing matrix precipitate,
i.e., GP zones and 7’ phase. The higher temperature
endotherm, Region 3, is associated with the dissolution
of n phase precipitates. As can be seen in Figs. 4 and
5, the characteristics of Region 1 differ for different
alloys of similar temper. Furthermore, the charac-
teristics in Region 1 for the higher strength tempers,
Fig. 4, differ from those of the overaged tempers,

Fig. 5. The higher strength tempers alsc undergo an
exothermic reaction, Region 2, attributable to the for-
mation and growth of 7’ and 7 precipitates.’ Thermo-
dynamic and kinetic parameters calculated from the
behavior in Region 1 enable quantitative comparison
between tempers, Values for these parameters are
listed in Table IIL

The maximum rate of dissolution occurs at the peak
dissolution temperature, Ty. For Region 1, T} is in-
dicative of the relative stability of existing precipi-
tates. As would be expected, the overaged temper of
each of the alloys has a higher peak temperature than
the higher strength temper. For 7050 alloy, the value
of 7, for the highest strength T6 temper is intermedi-
ate between that of the predominant GP zone T6X tem-
per and the overaged T7352 temper. Therefore, 7050-
T6 contains a matrix precipitate structure that is in-
termediate in stability, as would be expected for this
duplex aged temper.
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The area under Region 1 of the AC), vs temperature
curve is a measure of the heat of reaction associated
with precipitate dissolution. This heat, AHR, is pro-
portional to the volume fraction of precipitate and its
molar heat of dissolution. Over the higher tempera-
ture portion of Region 1, there is also a small exo-~
thermic contribution from the reactions associated
with the formation and growth of ' and 5 precipitates.
The value of AHpR for 7050-T6X is approximately 20
pet higher than for other tempers containing Gp zones.
This is consistent with the TEM observations (Figs.

ol f‘-}?‘)“ 3 :

()

Fig. 3—Transmission electron micrographs of 7050 aluminum
alloy in the {a) high strength temper, T6X; (b) high strength-
duplex aged temper, T6; and (c) overaged temper, T7352.
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Fig. 4—Differential scanning calorimeter (DSC) results for
high strength tempers.
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Fig. 5—~Differential scanning calorimeter (DSC) results for
overaged tempers.

Table [f1. Dissolution Characteristics* of GP Zones and 1’ Phase

Peak Activation Free Energy,

Temperature, . . +

°c Heat of Reaction, AHg Activation Energy, E, Activation Entropy, AST AGH
Maternal (Tp) J/kg calf/g kJ/mole kcal/mole J/mole—°C eu kJ/mole keal/mole
RX720-T6 18443 7490 £1670  1.79 £ 040 111.0£08 266%02 —611+0.8 ~146+0.2 136 £ 1 324+02
7075-T651 1902 7370 £ 920 1.76 £ 0.22 1080267 27216 —-728*159 -174+38 137+10 328+£23
7050-T6X 1941 9000 £ 170 215004 130225 270206 —615%59 -147%14 138+ 4 32909
7050-T6 2021 7120 £ 290 1.70+ 007 109.0£08 26.1 1.0 -76684 -183+20 1426 338214
7050-T7352 2131 9800 + 80 234002 628208 150+0.2 —183.0%13 —43.6 £ 0.3 147+ 1 352+03
RX720-T7 214 41 8120 £ 540 194 £0.13 858142 205210 -136.0+84 -324+20 148 + 6 353+14
7075-T7351 218+2 6240 + 630 1.49 +0.15 862%7.1 206+1.7 —136.0%10.0 -326%24 149+9 35621

*One standard deviation indicated
1-3) since 7050-T6X contains the highest GP zone since

density of all the tempers examined. For the
overaged tempers, the values of AHg are not in
agreement. This is caused by differences in 7’
precipitate density and the relative contribution

of Region 3 overlap. In any case, the large value

of AHp for 7050-T7352, highest of any temper exam-
ined, appears to be the result of the high precipitate
density of #’ in this temper (see Fig. 3(c)).

The activation energy, E,, and activation entropy,
AS:‘, were also determined from the data in Region 1.
For the tempers that contain GP zones, values for both
E, and ASY are comparable, ranging from 25.7 to 27.0
keal/mole for E, and —14.6 to —18.3 eu for ASY, Val-
ues of E, as well as AS? for overaged RX720 and 7075
tempers are almost equivalent and are quite different
from the values for tempers containing GP zones. On
the other hand, the overaged 7050-T7352 has the lowest
value of E, and most negative ASY of any temper ex-
amined.

The relative stability of the precipitate in these tem-
pers should be related to the kinetic barrier for disso-
lation, i.e., the free energy of activation, AG!. Values
of AG* can be calculated from E, and AS* py the fol-
lowing:*

AGY = AHT — T ASE
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E, = AHY + RT
aGY = B, — T(R + ast)

As shown in Table III, values of AGT are in total agree-
ment with relative stability based on Tp. Therefore,
the extrema in E, and AS? for 7050-T7352, a temper
that contains precipitates of intermediate stability by
both T, and AGY considerations, suggest unusual char-
acteristics for 1’ in this material.

Mechanical property results are summarized in
Table IV, Tensile specimens were stressed in the
short transverse direction, and the results reflect the
lower values normally associated with strength in this
direction. Direct comparison of the mechanical prop-
erties of these alloys should not be made because of
their different wrought forms. The 7050-T7352 was
fabricated as a 15.2 ¢m (6 in.)} thick hand forging,
whereas the other two alloys, RX720-T6 and 7075-T651,
were 7.6 cm (3 in.) thick plate and bar stock, respec-
tively. For 7050 aluminum alloy, 7.6 cm (3 in.) plate
has been reported to have an approximate 3 Ksi higher
longitudinal transverse yield strength than 15.2 cm
(6 in.) plate.”® Therefore, the strengths indicated in
Table IV for 7050-T7352 would be expected to be higher
for 7.6 cm (3 in.) thick stock. Bearing this thickness
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Table {V. Mechanical Properties of Aluminum Alloys*

0.2 Pet Yield Strength

Ultimate Strength

D.P Hardness

Alloy MPa Kst MPa Ksi Elongation. Pct (5 kg Load)
7075-T651 458+ 8 664+1.2 529+ 11 767+16 31+t 180+ 3
RX720-T6 473 £ 19 68627 528+ 20 7166+29 1604 2005
7050-T6X 456 + 23 66133 528+2S 766+36 6731 182+ 2
7050-T6 506 £ 15 734%21 542 %16 78623 4.7+26 1985
7075-T7351 386+ 17 56024 455+ 18 66026 3714 1624
RX720-T7 400+ 8 58.0%12 456 £ 15 66.2 % 2.1 34104 1713
7050-T7352 428 +12 62017 486 % 11 705+16 3.1+09 17726

*Tensile properties measured i the short transverse direction

factor in mind, it is apparent that the overaged 7050-
T7352 temper has significantly higher strength than
overaged RX720 or 7075 and is almost comparable to
high strength 7075-T651 and RX720-T6. Another ob-
servation that can be made from the results shown in
Table IV is that 7050-T6, which contains approximately
equal amounts of GP zones and i’ phase, has higher
yield and ultimate strengths than the tempers that con-
tain a predominant GP zone matrix microstructure,
i.e., 7075-T651, RX720-T6, and 7050-T6X.

DISCUSSION

In the present work, there is excellent agreement
between the DSC results and TEM observations. High
strength tempers that were observed to contain GP
zones in TEM, i.e., 7075-T651, RX720-T6, 7050-T6X,
and 7050-T6, exhibit comparable dissolution behavior.
They have peak dissolution temperatures, Ty, that are
lower than those of overaged tempers; they have simi-
lar values of dissolution kinetics for E, and AS? that
are different than those of overaged tempers; and they
undergo an exothermic reaction, Region 2, that is ab-
sent in overaged tempers. The high strength tempers
also have comparable values of AHR, with the excep-
tion of 7050-T6X. The high value of AHp for 7050-T6X
is in accord with its high GP zone particle density ob-
served by TEM. For the overaged tempers that were
observed to contain n' + 7 in their matrix, there is a
disparity in the AHp results. For 7050-T7352, the
maximum value for AHp can be explained by the high
particle density of 5’ observed in this temper.

While there is general agreement between DSC and
TEM results, the sensitivity of DSC reveals differ-
ences that exist between tempers of similar micro-
structural constituency. For example. two of the over-
aged tempers, 7075-T7351 and RX720-T%, have almost
identical values of E, and aS} for their dissolution
kinetics whereas values of Eq and AST for 7050-T7352
are quite different from those of any temper examined.
The minimum and maximum values of E, and ASE, re-
spectively, for 7050-T7352 appear reliable since they
lead to a AG? value of 35.2 kcal/mole, which is in ac-
cord with the relative stability of the precipitate in this
temper, The significance of the DSC behavior in
relation to mechanical strength will now be con-
sidered.

In earlier calorimetric study of tempers of 7075 that
contained a predominant GP zone matrix, it was con-
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cluded that the heat of reaction for matrix precipitate
dissolution, AHp, was a measure of GP zone particle
number density.”> This was based on hardness results
which had a linear increase with increasing AHp, an
assumed GP zone strengthening mechanism, as well
as limited TEM observations. In the present work, the
DSC and mechanical property results for 7075-T851
and RX720-T6 are consistent with this interpretation.
However, the 7050-T6X temper, which essentially con-
tains only GP zones in its matrix, has a 35 pet higher
value of AHp than the other two tempers but does not
have higher strength. I is apparent that either the en-
hanced GP zone particle density of 7050-T6X is not af-
fecting strength or the AHp value for this reaction,
while indicating an increased volume fraction of GP
zones, is not a measure of GP zone particle density.
As discussed earlier, TEM observations indicate that
7050-T6X does contain a higher GP zone particle den-
sity than the other two high strength tempers. It is
likely that the higher Cu content of the 7050 alloy (2.3
pet as compared to 1.4 and 1.6 pct for RX720 and 7075,
respectively) contributes to the higher GP zone den-
sity of 7075-T6X. Thompson found that Cu acts to na-
cleate and stabilize the early stages of GP zone forma-
tion in Al:5Zn:3Mg.** In view of the observed high GP
zone density and the high value of AHp for 7050-T6X,
it can be concluded that the enhanced GP zone particle
density is not contributing to the strengthening rela-
tionship observed at lower particle densities. There-
fore, there appears to be a maximum strengthening
effect attainable in 7000 series aluminum alloys via
a GP zone mechanism, and the GP zone particle den-
sity in 7050-T6X is in excess of this maximum.
Maximum strength in 7075 aluminum alloy has been
reported to correspond to a microstructure that con-
tained a predominant GP zone matrix.'>*® Similar ob-
servations have been made in other Al-Zn-Mg type al-
loys,* ® and Staley has reported that the peak strength
in 7050 is developed in a GP zone matrix.” Based on
these reports, strengthening can be considered to be
dependent on the presence and particle density of co-
herent GP zones. On the other hand, Thomas and Nut-
ting reported that maximum hardness occurred for a
microstructure that contained 2 maximum number of
GP zones and 5’ plates.”” In reviewing the Thomas and
Nutting work, Kelly and Nicholson observed that the
microstructure at peak hardness contained a prepon-
derance of n'.% Earlier, Nicholson, Thomas, and Nut-
ting had related age hardening in Al-Zn-Mg alloys to
a dispersion hardening mechanism caused by n' par-
ticles.?® Others have reported that maximum strength
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Fig. 6 —Mechanical properties as a function of matrix precip-
itate stability.

occurs when GP zones disappear and 7 first appears.2
For the present work, the temper of highest strength,
7050-T6, contains an approximately equivalent concen-
tration of GP zones and n’ phase. I addition, the com-
bination does not appear to be one of maximum particle
density. The DSC results confirm that the precipitate
phases in this temper are intermediate in stability be-
tween those of predominantly GP zones and 7’ phase.
This is illustrated in Fig. 6 where the relationship be-
tween strength and precipitate stability, AGI, is shown.
Maximum strength can be seen to coincide with inter -
mediate precipitate stability, and this is most evident
for the yield strength. When GP zones are not present,
as is the case for the three overaged tempers, strength
is reduced. The high strength exhibited by the 7050-T6

material is likely the result of a combined strengthening

effect provided by coherent GP zones and semicoherent
n' particles. A more systematic evaluation of the sig-
nificance of matrix microstructure to strength that in-
vestigates the region of intermediate stability using
isothermal aging sequences is the subject of an ongo-
ing study that is planned for subsequent publication.

CONCLUSIONS

1) Excellent consistency exists between DSC and
TEM analysis for the characterization of matrix pre-
cipitates in the three al'oys studied.

2) High strength tempers exhibit similar matrix pre-
cipitate dissolution behavior, but differences exist that
are indicative of differences in stability and particle
number density.

3) The dissolution behavior of overaged tempers of
7075 and RX720 are almost identical, but the overaged
7050 contains a large concentration of 5’ precipitates
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that have unique dissolution characteristics.

4) There appears to be a saturation in the strength-
ening effect associated with GP zones.

5) Highest strength was observed for a matrix con-
taining a combination of coherent GP zones and semi-
coherent n’ particles.

6) Use of over-all matrix precipitate stability, de-
scribed by the free energy of activation for dissolution,
is suggested as a quantitative means of precipitate
identification to relate to strength.
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