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Abstract 

The all.oy AI-2.01L!-1.1Cu-0.S9Mg-0.14Cr-0.52Mn was deformed in torsion to 
fracture and m compressIOn to E = 1.4 m the ranges of 300 - 550°C and 10.2 - 10 s". 
The compression results were analyzed by means of a power -Arrhenius 
relation~hlp . The .compressio!l ~nd the torsion result~ ",-,ere subjected to a (sinh cw)" 
-Ar!hemus analYSIS, WIth vanatIon of the stress multIplIer a from 0.01 to O.OS M~a" 
whIch caused the stress exponent n to decrease at a declining rate and Arrhemus 
slope s to rise linearly, thus causing the activation energy Q,-,w to rise towards a. sta~le 
value. The two test techniques gave very similar flow stresses and constltu.tlve 
constants. The activation energies from the two modes of analysis show only mInor 
differences. Examination of quenched and anodized specimens exhibited elongated 
grains with substructure and confirmed that the softenIng was dynamiC recovery. 

Introduction And Objectives 

Aluminum alloys containing Li with other elements have been su~jected to 
intense research in the past decade because of the promise of markedly mcrea~ed 
modulus and decreased density at constant strength [1-3]. The goal has been el~slve 
because of difficulties of ensuring the degree of isotropy, toughness and fatIgue 
resistance comparable to alloys currently employed. Research has bee.n ~ndertaKen 
into the hot workability of several alloys of the S090 type with varIatIons m the 
dispersoid inducing elements Zr, Mn and Cr. Such additions are expecte.d to cause 
minor variations in the hot strength but much stronger effects on du~tilIty an.d on 
the ease of recrystallization (SRX) after straining, whIch is importan~ In aVOIdIng a 
pancaked grain structure which gives poor through-thickness propertIes. 

The torsion and compression testing, presented with special e~phasis on .the 
former, were conducted on the S090-CrMn alloy, which was prOVIded by KaIser 
Aluminum Co. and had the composition listed in Table I, along with other alloys t.o 
be discussed . The as-cast alloys were homogenized at 53S'C for 16 hrs. and then aIr 
cooled. The torsion tests were carried out on a computer-directed, servo-controlled, 
hydraulically-powered torsion machine [4,5] . The tests were conducted to fracture or 
to a true stram of 4 on the matrix 0.1, 1 and 5 sol and 300, 400 and 500'C. The 
specimens were rapidly heated in a radiant furnace in an argon atmosphere to 
deformation temperature, T and held for 5 minutes before testing. The data were 
converted to eqUIvalent strain £ and stress (J by the following formulae [4,5]: 
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) 

(0 = (r / -v'3L) (angular velocity, radians / s) 

(J = (-v'3 / 2m3
)( torque )(3 + n" + m' ) 

(1) 

(2) 

where r is gage radius (3.17mm) .and L i~ gage length (17.Smm). Th~ stress 
corresponding to the .surf~ce st~am rate I~ ca1culate~ from ~orque, with t~e 
corrections for the gradient m stram and stram rate, which are given by the stram 
hardening rate n" (set at zero for am) and by the strain rate sensitivity m" (d log 
(torque)/d log ~). The compress~on tests on a~ MTS hydraulic machine w~re 
carried out in air, at constant stram rate on specimens 19.1 mm by 12.7 mm dia­
meter. The test matrix included the ranges 0.01, O.OS, 0.1, O.S, 1.0,5 and 10s·1 and 300, 
3S0, 400, 4S0, SOO and S3S·C to a strain of about 1.4. The specimens were heated at a 
rate of 10·C/min. in a split-resistance furnace and held at temperature for 15 min. 

The constitutive analysis was based on the following formula [4-11]: 

A(sinh aam )" = cexp(Ql/w / RT) = Z (3) 

where, am is the steady state or maximum stress, R, the gas constant and Z, the 
Zener-Hollomon parameter (combining the control variables T, c), A, a, material 
constants, n, the stress exponent and QIIW, the apparent activation energy. The value 
of a is varied from 0.01 to 0.08 MPa-1 including 0.OS2 MPa-1, which IS commonly 
used for Al alloys [7-10]. The data were also analyzed by the power law [12-13]. 

A' am n· = cexp(Q' I/W / RT) (4) 

and the material constants from both analyses are compared. The specimens (after 
polishi~g and anodizing) ~ere examined by polarized optical microscopy (POM), to 
aetermme wheth.er re~toratlOn had taken place by dynamic recovery (DRV), mar~ed 
by elongated grams With substructure, or by dynamic recrystallization (DRX), havmg 
equiaxed grains with substructure [8,9,14]. After deformation, the torsion specimens 
had been withdrawn longitudinally and cooled in a water spray within 3 s. They 
w~re cut pa~allel to the axis to expose a tangential view of the gage length ~nd 
adjacent sectIOn of the shoulder. Tne compression specimens, removed by openmg 
~::'e furnace, were dropped quickly into the cold water. 
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Figur: 1: Repr~sentative elevated T flow curves for as-cast and homogenized 8090-
CrMn. a) torSIOn tests and b) compression tests. 
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Results 

. A selection of flow curves for 8090-CrMn are presented in Figure 1. The 
torsIOn test, extending to about e = 2, exhibit slight peaks and a ~radual decline 
towards steady state re~ime. The ductility was highest at 400·C, mcreasing with 
dim~nishing e. At 500 C, the ductility was somewhat reduced going through a 
maXimum at 1.0 S-I. The compression tests, extending to e = 1.4, mona tonically 
attain a steady state. The maXimum stress am in each flow curve for both torsion 
and compressIOn was plotted according to Equation 1, illustrated in Figures 2 and 3. 
As the value of a was altered through the range 0.01, 0.02, 0.04, 0.052 and 0.08 MPa- I , 

the slopes in Figure 2 declined and tne constant T lines displaced to higher values of 
sinh a a. The slopes in Figure 3 increased and the constant i: lines displaced to 
higher values of smha a. For each value of a, the slopes in Figure 2 of the best-fit, 
constant-T lines were determined and nay evaluated, similarly the slopes in Figure 3 
of the best-fit, constant- i: lines were used to evaluate Say' The variation of nand s 
with a are portrayed in Figures 4 and 5: 1) n, which increases with nsmg T, 
decreases at a declming rate, with minimum variation at 0_01 MPa-1 for torsion and 
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Figure 2: Dependence of a and i: according to Equation 1 for 8090-CrMn torsion: a) 
a = 0.01 and 0.08 MPa- I , b) a = 0.052 MPa-! and c) compression, a = 0.052 MPa-!. 

Figure 3: Dependence of a and T accordinl? to Equation 1 for 8090-CrMn torsion: a) 
a = 0.01 and 0.08 MPa-1, b) a = 0.052 MPa- and c) compression, a = 0.052 MPa-!. 
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Figure 4: For torsion tests analyzed by Equation 1, the variation with a of a) stress 
exponent n b) Arrhenius slope s and c) activation energy ~w. 

Figure 5: For compression tests analyzed by Equation 1, the variation with 
stress exponent n b) Arrhenius slope s and c) activation energy ~. 

Table 1: Constitutive Constants And Compositions For 8090 AI-Li Alloys 

8090Cr/Mnt 8090Zrt 8090Att 
Torsion Compression Tor. I Comp. Tor. Mn 

IX Q .. A rz Q.v A rz Q.v· Q.v Q.v ll t 

MPa' kJ/lllo\ kJ/lllol kJ/lllol kJ/lllol 

O.oJ 150 4.6x II 0.990 182 1.4 x 14 0.993 234 188 202 Li 2.01 

0.02 163 192 194 197 183 CII 1.10 

0.04 181 4.7 x 10 0.975 200 1.0 x 12 0.980 178 205 181 Mg 0.88 

0.052 184 1.7 x 17 0.972 202 8.7 x 11 0.980 176 205 18211 Cr 0.14 

0.06 186 201 176 207 183 Zr 0.02 

0.08 188 4.7 x 10 0.972 202 5.2 x Il 0.978 176 207 184 Mil 0.52 

a of a) 

Zr A 

t it 

wt% 

2.06 2.5 

1.15 1.4 

0.87 0.6 

- -

0.08 0.08 

- -
'II For 400, 500°C only, when including 300°C, then Ql1W =' 317 kJ/mol or 11329 kJ/mol. 
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at 0.08 MPa-1 for compression and 2) s, which generally mounts with rising e, in­
creases almost linearly, with minimum variation for both modes at 0.01 MPa- l • The 
values of QHW (2.3 R n s) were calculated for each value of a for all combinations of 
n with savand s with nay [7] (Figures 4c and Sc); in both cases, QHW increases with a 
to become stable (0.04-0.08 MPa- I ): from 150 to 184 kJ /mol for torsion and from 182 
to 202 kJ/mol for compression. The values of QHW for each a were then employed 
to create plots of loS Z vs. log(sinhaam ), as portrayed in Figure 6, which shows that 
lines displace to hIgher Z and higher (sinh aa) as a increases. The values are 
established for A, (the intercept) and the correlation coefficients r (Table 2), which 
are highest for a = 0.01 MPa- l , where it can be seen that the data form a straight line, 
without curvatures at the extreme points, as is clearly noticeable at higher a. 

The compression data were also analyzed by the power law (Figure 7) [12-13]. 
In the log a-log e plots, the constant T data were linear, but the values of. n' 
increased from 6.21 to 11.7 as T declines, which average 2.21 at high a (300-400 C) 
and 2.99 at Iowa (4S0-S3S·C). In the Arrhenius plot, the constant e data have 
slopes s', which average 2.21 at high a and 2.99 at Iowa (0.01 - 0.03 Sl). The value of 
Q' (2.3 R n s) is evaluated to be 186 kJ /mol at high stress and 182 kJ /mol at low 
stress. The value of QllW' was also evaluated as dlne/d(1/T), at several constant 
stresses to be 195 kJ/mo!. For the compression specimens, an investigati<;)fi by POM 
confirmed the presence of elongated grains. For torsion, the POM ~mcrograPJ:s, 
over the compfete range of T and e, exhibited elongated grains as I~lu~tratea m 
Figure 8; the equiaxed shoulder grains are seen to turn into th~ helICOIdal g~ge 
grains. At high magnification, it was still not possible to distingUIsh the subgrams; 
nowever, examination by TEM clarified the presence of subgrains [15]. / 

Discussion 

The decrease in strain hardening rate and in the steady state flow stress ~s T 
rises and e falls, are strong indication of DRV as the sole restoration mechamsm. 
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The declines in the flow curves at higher £ and lower T are partially r~lated to 
deformation heating and partially to coarse.nin& o~ fine precipitat~s, whIch hc:ve 
dissolved at higher T. The degree of softemng IS hkely to be 1ess In compresslOn 
because of the 10nger heating time, which improves structural stabilization at the 
deformation temperature. Peaks followed by work softening have been observed in 
previous testing of Al-Li alloys [5,6,16-18)' notably when the prior heat treatment 
produced a hign solute level so that there was dynamic precipitation [5,6,11,16]. The 
8090A had high peaks in the solutioned condition, but in a precipitated condition 
reported here (Figures 2, 3), had moderate peaks more similar to the present alloy. 
The ductility in tne as-cast condition is relatively low compared to the 8090A taken 
from rolled plate, where fracture strains were over 2 at 300'C and over 4 at 400 and 
500'C [5,6]. The micrographs (Figure 8) confirm the absence of DRX and the TEM, 
reported separately [15], exposes subgrains which are larger and more perfect, as T 
rises and £ falls. The operation of DRV as the sole restoration mechanism has been 
clearly proven in the hot working of 8090A [6] and other AI-Li alloys [16-19]. 

_ The suitability of the sinh-Arrhenius Equation 1 was to be eXl?ected, since it 
~~as been used for many other Al alloys [5,7-11J. To facilitate comranson, ex == 0.052 
APa- 1 was initially employed. The values of 184 and 202 kJ Imo are considerably 
~jgher than commercial Al (150 kJ Imo!), but are in line with many commercial 
c.lloys [7-11]. The difference between the two test modes arises from fairly minor 
:::.ifferences in the measured stresses: in Table 2, it can be seen that the n (ex == 0.052 
MPa- 1) values are almost identical and the s values differ by 10% because the low T 
compre:sions. are slightly higher and the high T, slightly lower. Upon ini~ial 
companson WIth 8090A, there appeared to be a large discrepancy (329 kJ/mol), whIch 
was evidently due to the moderate peaks at 300'C [5,6]. The flow stresses at 400 and 
500'C were quite similar and the QIIW for that range (182 kJ/mo!) was quite similar. 
In the present testing program, the values agree quite well with 8090-Zr in Table 1; 
the 176 kJ/mol for torsion is a little low but it is only for the 400-500'C, since some 
precipitation and a high peak occurred at 300'C giving 317 kJ/mol (similar to the 
8090A) [5,6]. The C155 (2.1Li-2.7Cu-0.3Mg-0.7Zn-OAMn-0.04Zr), also tested in the 
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present rrogram, had much higher values (219 and 238 kJ Imol for torsion and 
compressIOn) than the 8090-CrMn. For AI-2.2Li-1.3Cu-1.2Mg-0.14Zr, Nikura et a!. 
[16] in a power law analysis found Q == 183 kJ/mo!. Parsons and Sheppard [17] 
determined 153 kJ/mol (a == 0.025. MPa·1) for AI-2.4Li-0.9Cu-3.5Mg-0.15Zr and 168 
kJ Imol (a == 0.~3 MPa:1

) f?r AI-2.2L~-3.6Mg-0.15Zr), somewhat lower than the prese~t 
results. The hIgh activatIOn energIes, compared to that of Al indicate that DRV IS 
impede? by complex intera~tio~s between .dislocations, particles .and solute [11,2.1]. 
Industnally, a hIgher QIIW mdicates that m a conventional rollmg schedule wIth 
declining T, the finishing passes will require higher forces. 

The effects of a variation on nand s (Figures 4, 5) are to be expected from the 
nature of the sinh( a 0') function. The decrease at declining rate for n and the linear 
increase for s agree with results for other alloys [7]. The initial rapid change and 
final saturation for QHW is in agreement with previous analysis, wnich led to the 
rec.o~mendati0r: that a shoul? be in the range 0.04 to 0.08 MPa'! in or~e: .to 
faCIlItate companson between dIfferent alloys [7J. However in that study, the mitIal 
variation in QHW was sometimes an increase as here and sometimes a decrease [7J. 
In fact for the alloys being considered in Table 1, the 8090-A and the torsion resl!lts 
for 8090-Zr exhibIt QIIW mitially falling; there seems to be no physical explanatIOn 
for this just the relative changes in the values of nand s. The sig~ificance of 
changing a is seen in Figure 6, where the Z plot is a perfect straight lme f,?r 0.01 
MPa-1 with a high corre1ation factor; this value is obviously the best ch.Olce for 
modeling purposes. However, it clearly is not the best for comparing QHW, eIther for 
the present alroys as can be realized by consulting Table 2, or in general [7J. 

In the power law analysis, the value of n' is seen to rise considerably as the 
temperature IS decreased from 535 to 300·C. These values from 6.2 to 11.7 are 
considerably higher than the common value of about 5 observed in .creep. at mu.ch 
lower stresses. The variation of n is not extraordinary from a theoretical VIeW pom.t / 
but it obviously makes modeling more difficult. The values of s also vary.wIth £ 
which is not usual in creep. Despite these problems, it was possible to obtam QH~ 
values of about 186 kJ/mol conSIstent with the sinh analyses. It shoul~ be no~e 
that the n values are quite different in the two analyses because of th~ mteryemng 
sinh a 0' function. It is interesting to note that the ideal value of n (-5) IS attamed a{ 
a == 0.02 MPa-1 where the QHW values are in the rapid variation mode. At a == 0.0 
MPa-1, the values of nand n' (Table 2) are about the same and the values of QIlW and 
QIIW' are almost the same; this is a novel observation. 

t~ 

~
".J\ 

~. \:' '~ 
t~, ,\';t ~11'f:.~' 
1::. \~.,: fl, '. '; , 

Figure 8: Microstructures by POM after torsion to £ ",2 at 400·C: a) 0.01 S·l, shoulder 
(equiaxed grains) and gage tangential section (X16) and b) 0.1 S·l helicoidal grains 
observed tangentially in the gage length (X400). 
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Conclusion 

The high temperature flow stresses for 8090-CrMn alloy measured in ~orsio~ 
and compression were very similar; the differences could be ascribed to the dlffe:fn

l pre-heatmg rates employed. Because of the heat treatmen.t employed, t~e lm;~t 
eak and work softenmg were smaller than observed m some previOus . 

~orkability of Al-Li a~loys. Dyna~ic recovery. was the .sol~ restorati~n mechamsm 
operating during strammg. The smh-Arrhemus constltutive analysls resulted bl 
fairly similar values of n, sand Qllwat (X = 0.052MPa-1; the QHW showed reasona d 
consistency with other Al alloys. The best-fit of the constitutive analysis was foun r 
at (X = 0.01MPa-1, because of the high stresses at low T relative to pure Ai. Howeve

n at such low (x, the values of QHW dlverged further for the two test modes .and e~he 
more for comparison with a similar alloy, 8090-Zr. The power law analysls ~as . n 
difficulty that the str~ss. exponent varies fron: 6.2 to 11.-7. However, the actlvatl~l 
energy is reasonably Slmllar to that from the smh analysls, notably at (X = 0.01 MPa , 
where stress exponents also agree. 
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