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Isothermal flow curves were determined for aluminum alloy 2024-0 at temperatures of 145 to 482 ~ 
and at constant true-strain rates of 10 -3 to 12.5 s-~ using compression tests of cylindrical specimens. 
The average pressure was corrected for friction and for deformation heating to determine the flow 
stress. At 250 ~ and above, the isothermal flow curves usually exhibited a peak followed by flow 
softening. At 145 ~ the flow curves exhibited strain hardening. For 250 ~ <_- T < 482 ~ 
10 3 s-t <= k _-< 12.5 s -l, and e =< 0.6 the flow behavior was represented by the constitutive equation 
o- = K (T, e)k ''(r'~~ where log K and m are simple functions of temperature and strain. The as- 
deformed microstructures generally supported the idea that flow softening in A1 2024-0 is caused by 
dynamic recovery. At the higher temperatures and strain rates, however, fine recrystallized grains were 
observed in local areas near second phase particles and at as-annealed grain boundaries. At 482 ~ 
there was evidence of re-dissolution of the CuMgA12 precipitate. 

I. INTRODUCTION 

PROGRESS in deformation processing technology de- 
pends both on advanced process modeling techniques (e.g., 
finite element methods) and on precise characterization of 
the flow behavior of the workpiece material under condi- 
tions of temperature and strain rate representative of the 
process. Equations describing the strain, strain rate, and 
temperature dependence of the flow stress are required as 
input to computer process models to predict the deformation 
history of any material element during forming. These 
predictions, when combined with proper processing--  
microstructure relationships and with failure criteria for the 
material, can help in defining and optimizing processing 
conditions to produce defect-free parts with controlled 
dimensions, microstructures, and mechanical properties. 

This overall approach has been actively pursued in recent 
years for aircraft and aerospace materials and is currently 
being further developed. Initially, the approach was applied 
to the design of a forging process capable of producing a 
titanium alloy (Ti-6-2-4-2) turbine engine compressor disk 
with different microstructures, and therefore different me- 
chanical properties, in the bore and in the rim regions (dual- 
property disk).~ In the bore region, where high strength and 
long low-cycle fatigue life is required, an equiaxed (o~//3) 
structure was produced; in the rim region, an acicular (c~//3) 
structure was produced to give good creep resistance. The 
approach is now being extended and refined 2 to include 
temperature effects, more complex shapes (e.g., 3D forg- 
ings), and different alloys (e.g., Ti-10-2-3, A1-2024 with 
and without addition of refractory fibers). Also, processing 
maps are being developed which not only delineate "safe" 
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processing regions of strain rate, k, and temperature, T, to 
avoid fracture 3 but help define optimum conditions of k and 
T to obtain desired microstructures. 4 

The objectives of the present work were to characterize 
the flow behavior of aluminum alloy 2024, produced by 
ingot metallurgy, over a relatively broad range of tem- 
peratures and strain rates (145 ~ to 482 ~ 10 -3 to 12.5 s -~) 
and to examine the microstructures resulting from these 
processing conditions. In spite of its wide use for structural 
applications in airframes, flow stress data on A1-2024 for the 
above temperatures and strain rates appear limited in the 
open literature. However, such data are of value not only of 
themselves but also to bring out differences in behavior 
between ingot-metallurgy (IM) A1-2024 and rapidly solidi- 
fied, powder-metallurgy (PM) A1-2024 which is of current 
interest. Because of the rapid solidification rate, finer sec- 
ond phase particles and new phases can be present in (PM) 
A1-2024 which cause different dynamic metallurgical pro- 
cesses to occur during hot forming and can result in dif- 
ferent mechanical properties. For example, it is generally 
accepted that dynamic recovery, rather than dynamic re- 
crystallization, occurs in (IM) A1-2024 due to the high 
stacking-fault energy and easy cross-slip. By contrast, dy- 
namic recrystallization has been observed in rapidly solidi- 
fied (PM) A1-2024. 5 

II. EXPERIMENTAL PROCEDURE 

A. Material 

The A1-2024 alloy was received from Battelle Columbus 
Laboratories in the form of a 114 mm (4.5 in.) diameter 
billet which had been processed by hot rolling followed by 
press forging and then heat treated to produce the T351 
temper. The chemical composition of the alloy (in weight 
pct) was 4.9 Cu, 1.8 Mg, 0.9 Mn, 0.25 Zn, 0.5 Fe, 0.5 Si, 
and balance A1. The as-received microstructure (Figure 1) 
consisted of large, elongated grains (typical length and 
width of 5 mm and 50/xm, respectively) and contained 
alignments of large, round particles of composition (Cu, A1) 
as well as massive inclusions with angular shapes, probably 
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(Cu, Fe, Mn) AI6. Elements present in particles and inclu- 
sions were determined by energy-dispersive X-ray analysis 
in the scanning electron microscope. 

Cylindrical specimens with a diameter D = 12.7 mm 
(0.5 in.) and a height h = 19.8 mm (0.78 in.) were ma- 
chined from the billet with their longitudinal axes parallel to 
the axis of the billet. These specimens were annealed to 
produce the 0 temper before compression testing. The an- 
neal consisted of 1 hour 35 minutes between 410 ~ and 
425 ~ the maximum temperature reached. The specimens 
remained at 425 ~ for 40 minutes, were furnace cooled to 
255 ~ at an average cooling rate of 28 ~ and then air 
cooled to room temperature. The resulting microstructure 
(Figure 2) had essentially the same grain size as the 
as-received material, but a coarse, uniformly distributed 
precipitate of CuMgAI2 was present within the grains and at 
the grain boundaries. Precipitate-free zones were noted 
along the grain boundaries and near the alignments of 
(Cu, A1) particles. 

B. Compression Tests 

The specimens were coated with a water-based graphite 
lubricant (Deltaforge 182) applied as recommended by the 
manufacturer (Acheson Colloids Company). Constant true 
strain rate compression tests were performed in a Dake 
servo-hydraulic press (k = 10 -3 to 10 -~ s 1) or an MTS 
servohydraulic tester (k = 1 and 12.5 s 1), both equipped 
with superalloy compression tooling and a specially 
designed electrical RC circuit to provide an exponential 
time-decay of the ram velocity. 6'7 Tests were conducted at 
nominal temperatures of 145 ~ 250 ~ 365 ~ 425 ~ and 482 ~ 
and at nominal true strain rates of 10 -3, 10 -2,  10 -1,  l ,  and 
12.5 s -1. The actual true strain rates differed from the nom- 
inal true strain rates by approximately 5 pct, on average. 
The heating procedure consisted of bringing the superalloy 
compression tooling situated in the center of a resistance 
furnace to the desired test temperature, inserting the speci- 
men between the compression platens, which caused the 
temperature of the platens to drop, and waiting a sufficient 

time for the test temperature to be reached in the specimen 
and reestablished in the platens. The temperature was moni- 
tored by a thermocouple inserted a distance of 2 or 3 mm 
into the midplane of the specimen for the tests conducted on 
the MTS machine and by two thermocouples embedded in 
the center of each compression platen, 2 mm below the 
surface, for the tests performed on the Dake press. Five- to 
ten-minute soak times at temperature were allowed before 
compression in the lower temperature tests; none was al- 
lowed in the higher temperature tests (425 ~ and 482 ~ 
to preserve the initial microstructure. Duplicate tests were 
run on the Dake press and the MTS machine at k = 10 1, 
T = 482 ~ to check uniformity of results. 

The specimens tested on the Dake press were compressed 
to a final strain, e I,  ranging from 0.75 to 1.2 approximately, 
and those tested on the MTS machine to ey = 0.7. How- 
ever, all the flow curves for the tests run on the Dake press 
were truncated at a strain of -~0.7 for analysis (in particular 
for the friction and temperature corrections) to avoid the 
effect on the flow stress of the break-down in lubrication at 
high strains. Also, the metallographic observations de- 
scribed later were made on specimens compressed to about 
the same final strain (0.7 to 0.8). For the tests conducted on 
the Dake press, companion specimens compressed to strains 
of 0.7 to 0.8 were used for this purpose. 

Load-time curves were recorded during all the tests; 
displacement-time or load-displacement curves, or both, 
were also obtained in several tests. For most tests the stress- 
strain curves were obtained from the load-time records, but 
in some cases load-displacement records were used instead. 
It was verified on several tests that the two methods pro- 
duced the same stress-strain curves. The displacement-time 
curves were used to check the constancy of the strain rate 
during any given test. 

The temperature increase caused by dt ~ormation heating 
was measured or estimated for each test. For the tests run on 
the MTS machine, the thermocouple embedded in the speci- 
men allowed direct measurement of the temperature in- 
crease at the end of the test. For the tests conducted on the 
Dake press, the temperatures of the platens were recorded 

Fig. 1--Microstructure of AI 2024-T351 (as-received condition). Mag- 
nification 74 times. 

Fig. 2--Microstructure of A1 2024-0 (as-annealed). Magnification 74 
times. 
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throughout the test and the temperature increase of  the speci- 
men at a strain of  0.7 was estimated from the average tem- 
perature of  the platens at the same strain using the specimen 
temperature increase during the MTS tests at 482 ~ and 
10 -~ s -1 as a calibration. Further details are given in the 
section on temperature correction. 

C. Ring Friction Tests 

The ring friction test 8 is a standard method for deter- 
mining the interface friction factor, f ,  in metalworking. Here 

f is defined as the ratio, f : r i / % ,  of  the shear strength 
of the interface, %, to the shear strength of  the workpiece, 
r , .  Flat rings of  dimensions OD = 25.4 mm (1.000 in.), 
ID = 12.7 mm (0.500 in.), and h = 8.38 mm (0.330 in.), 
were machined from the as-received billet, given the same 
anneal as the compression specimens, and coated with 
Deltaforge 182 graphite lubricant. The rings were com- 
pressed in the Dake press at two temperatures (250 and 
425 ~ and two strain rates (10 -3 and 10 -~ s ~) and to final 
axial strains ranging from - 0 . 3 2  to - 0 . 6 .  From the height 
strains and the changes in bore dimensions, values of  the 
interface friction factor, f ,  were determined at these two 
temperatures and strain rates using standard calibration 
curves for the 6 : 3 : 2  ring geometry. 9 Values o f f  for the 
other temperatures and strain rates in the compression test 
matrix were estimated by interpolation and extrapolation, as 
detailed later. These f values were then used to apply a 
friction correction to the measured flow stress using the 
method described later. 

D. Metallography 

Polished and etched cross-sections were examined in the 
light and scanning electron microscopes before and after 
compression to observe the effects of temperature and rate 
of deformation on the resulting microstructures. Some of the 
as-compressed specimens examined had been quenched in 
ice-brine within 3 to 10 seconds of  the end of  compression 
to attempt to retain the as-deformed structures. Other speci- 
mens had only been air cooled; their microstructures would 
be more representative of  forged parts cooled without 
a quench. 

I l l .  ANALYSIS,  RESULTS,  AND DISCUSSION 

A. Stress-Strain Curves 

The load-time records were converted to average pressure/ 
true plastic strain data using e = kt, p = (F/Ao)exp(e), 
and k = ez/t s, where k = true strain rate, e I = final plastic 
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Fig. 3 - -Load  time record. Schematic. 

(of) 

strain determined from specimen height measurements be- 
fore and after the test, t z = time at the end of the test referred 
to the elastic loading line (Figure 3), t = time, e = true 
plastic strain, p = average instantaneous pressure, F = 
measured load, and Ao = initial specimen cross-section. It 
must be recognized that e is the average true strain and that 
there are variations in strain throughout the specimen. In 
converting load-time records, the load oscillations due to 
dynamic strain aging (Portevin-Le Chatellier effect) were 
averaged out into a smooth curve. The point where the 
load-time curve deviates from the elastic line (e = 0) was 
used to estimate the yield strength and its general trend. 
Yield strength values were not used in the constitutive equa- 
tion analysis. 

Friction Correction. The average pressure/true strain 
data were converted to true stress/true strain data using: 

p = o- 1 + 3 ~ - j  ~0 exp - [1] 

which results from the slab analysis of the compression 
of  a cylinder with constant interfacial friction factor, f ,  
and a Von Mises yield surface and from integration of  the 
local pressure over the specimen cross-sectional area. Here, 
to, h0 = initial radius, height of  the specimen, and o- = 
average true axial flow stress. 

The values of f used in the calculations are shown in 
Table I. It can be seen that f decreases with increasing 
temperature and strain rate. The "estimated" values of  f 
were obtained from the measured values by assuming that: 
(1) at constant e , f i s  constant for T _-< 250 ~ and decreases 
linearly when T increases from 250 to 482 ~ and (2) at a 
given temperature, f decreases linearly when k increases 
from 10 -3 to 10 -~ s -~ and then remains constant at the higher 

Table I. Friction Factors, f ,  for AI-2024-0 Lubricated with Graphite and Compressed between Flat MAR-M* Dies 

T (~ /~ = 10 -3 s 1 ~ = 10 -2 s -I e = 10 -~ s i k = 1 s -1 k = 12.5 s -I 

145 0.35 0.305 0.26 - -  - -  
250 0.35* 0.305 0.26* - -  - -  
365 0.24 0.21 0. 175 0. 175 O. 175 
425 0.18" 0. 155 0.13" - -  - -  
482 0. 125 0.11 0.09 0.09 0.09 

*measured values, using ring tests. Each value represents the average of 2 to 4 tests. Other values are estimated b) interpolation and extrapolation 
(see text). 

*MAR-M is a trademark of Martin Marietta Company. 
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strain rates. As seen in Table I, f varies from 0.09 for 
T = 482 ~ ~ = 12.5 s -~ to 0 .35 for  T = 145 ~ 
~} = 10 -3 s ~. The magnitude of the flow stress correction 
ranges from 3 pct f o r f  = 0.09 to 11 pct f o r f  = 0.35 at a 
strain of  0.7. The friction-corrected flow curves for the two 
extreme temperatures, 145 ~ and 482 ~ are shown in 
Figures 4 and 5. At 145 ~ the flow stress increases mono- 
tonically with strain and there is relatively little effect of 
strain rate. At 482 ~ and at all other test temperatures, the 
flow stress exhibits a maximum followed by flow softening. 
At those temperatures, the flow stress is highly strain-rate 
dependent. 

No redundant work correction was applied to the average 
pressure. This seems to be justified by the experimental 
results of Dadras and Thomas on OFHC c_~pper.~~ These 
results show that the relative difference in load for two 
widely different frictional conditions is approximately the 
same as the correction calculated from Eq. [1]. This differ- 
ence in load includes both the frictional contribution per se 
and the redundant work contribution. 

Temperature Correction. Because of  deformation heat- 
ing, the flow curves for k > 10 -2 s l do not correspond to 
isothermal conditions. Isothermal flow stress data, however, 
are desirable for process modeling. A temperature cor- 
rection was therefore applied to the friction corrected data, 
as follows: 

For each flow curve, the temperature increase due to 
deformation heating was calculated for each value of e, 
using: 

_- ~ /0 ~ 
AT(e) -~p o'de [21 

where p = specific gravity = 2.77 103 kg /m 3 
Cp = heat capacity 
r/ = efficiency of deformation heating 11 

Values of Cp for each test temperature were calculated from: 

Cp(j /kg K) = - 5 . 6 2  x 10 .9 r 3 + 2.44 x 10 3T2 

- 1.96T 2F 1.35 • 10 -3 [3] 

where T is in K. Equation [3] was obtained by fitting pub- 
lished heat capacity data for A1-2024. ~2 The integral in 
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Fig. 4 - - F r i c t i o n  corrected flow curves for AI 2024-0 at T = 145 ~ 
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Eq. [2] was calculated from the (o-, e) data pairs by using 
the trapezoid formula. The value of "O was assumed to be 
independent of strain and was determined for each test by 
evaluating Eq. [2] at the end point of each friction-corrected 
flow curve. In calculating 7/ from Eq. [2], the measured or 
estimated AT's at e = e /were  used for the MTS tests. For 
the tests run on the Dake press, the estimated AT's at 
e --~ 0.7 were used. The estimated AT's were obtained 
using Figure 6. The AT and r/ values for the various test 
conditions are listed in Table II. 

For each flow curve,  the values of  o- and of  T = 
T(e = O) + AT(ei) were determined for strain values ei 
corresponding to regular strain increments (ei = 0.05, 0.1, 
0.2, 0.3, 0.4, 0.5, 0.6) by linear interpolation between the 
two closest values of  e on each side of e~. For each value of 
e~, plots of log cr vs 1/T were then constructed for each 
strain rate. The plot for e~ = 0.3, shown in Figure 7, is 
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Table II. Temperature Increase (AT) and 
Deformation Heating Efficiency (~/) daring 

"Isothermal" Compression of AI-2024-0 

T (~ ~ (s -~) AT (~ ,r/ 

145 10 -2 8 0. 140 
10 -1 25 0.414 

250 10 -2 4 0.173 
10 -I 16 0.517 

365 10- i 10.5 0.695 
1 16.5 0.777 

12.5 29.5 0.956 
425 10-1 8 0.675 

482 10 -1 6.5 0.759 
1 11.7 0.880 

12.5 20 1.0 

*At each temperature, AT and r/were zero for all strain rates lower than 
those listed. 
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typical for all the strain levels; a bilinear or trilinear relation 
is observed between log cr and 1/T. Equations were written 
for each linear segment for all strain rates and strains (e~ 's). 

From these equations, the isothermal flow stress values 
were easily computed for each nominal test temperature, 
each strain rate, and each strain level (e~). At e = 0.6, these 
flow stress values differed from the friction corrected flow 
stress data by 0 to 9.3 pct for all test conditions except one 
(T = 145 ~ ~ = 10 -I s -~, Ao-/o- = 19.4 pct). The re- 
sulting flow curves, corrected for friction and for defor- 
mation heating, are shown in Figures 8 to 12. When two 
tests were conducted at a given (T, k) combination, the 
average flow curve is shown. The strong effect of  the tem- 
perature correction on the flow curves at 145 ~ is evident 
by comparing Figures 4 and 8. At 250 ~ and above, the 
temperature correction is smaller. In general, after cor- 
rection, the flow curves still exhibit a maximum, followed 
by flow softening. The magnitude of the flow softening 
increases with increasing strain rate and, at a given strain 
rate, with decreasing temperature. Values of the peak stress, 
peak strain, and yield strength for the various test tem- 
peratures and strain rates are given in Table III. 

B. Strain Rate Dependence of  the Flow Stress 

For each value of el, plots of log cr vs log k were made 
for the five nominal test temperatures using the final, cor- 
rected stress values. A typical plot is shown in Figure 13. 
An essentially linear relation is observed at all temperatures; 
i.e., the strain rate sensitivity index, m, (o- = K e'~I~.T), is 
essentially independent of strain rate. This is true at all strain 
levels. Values of m and log K for the five test temperatures 
and the seven e/s ,  obtained from least square fits of the log 
o- vs log k data, are listed in Table IV. The correlation 
coefficients, r, for most of  these fits ranged from 0.995 to 
0.9999. Only three, those corresponding to T = 145 ~ and 
e~ = 0 .05,  0 .1 ,  and 0.6,  were lower  (r = 0.9875 to 
r = 0.9924). From Table IV, it is clear that m and K are 
strong functions of  temperature but not of  strain. The forms 
of  the temperature dependence of  m and log K for ei = 0.3 
are shown in Figures 14 and 15, respectively. 

In terms of  the "efficiency of  power dissipation", J/Jma~, 
a parameter recently introduced to characterize the metal- 
lurgical material behavior under dynamic conditions, 4 the 
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Table III. Peak Stress, r Peak 
Strain, ep, and Yield Strength, ~ry, 

during Isothermal Compression of AI-2024-0 
1 4 0  

T (~ k (s ~) Crp (MPa) ep O'y (MPa) 

145 10 -3 no peak no peak 90.6 a. lOO 
10 2 no peak no peak 137.7 
10 ' no peak no peak 154.2 ~ 

250 10 3 96.1 0.117 57.2 ~ 60 

10 2 118.5 0.123 78.7 a~ 
10 -f 151,3 0.126 90.3 2 

I-.-- 
365 10 3 45.8 0.048 36.8 

10 2 59.3 0.052 53.3 20 
10 -I 78.4 0.069 68.7 

1 113.8 0.068 77.2 
12.5 149.8 0.046 144.4 

425 10 3 31.0 0.051 24.8 
10 2 = 4 2 . 5  = 0 . 0 5 0  39 .9  

10 i 59.1 0.043 50.4 

482 10 3 =23.5 =0.050 19.6 
10 z 32.1 0.069 28.9 
10 ] 48.3 0.023 45.2 

1 75.0 0.0375 66.7 
12.5 106.3 0.104 102.3 

independence of m on strain rate results in constant effi- 
ciency c o n t o u r s  (J/Jmax = 2 m / ( m  + 1 ) =  constant) that 
are merely straight lines parallel to the strain rate axis in a 
temperature-s train rate representation. Values of  J / J  . . . .  
calculated for e = 0.3 using the values of m in Table IV, 
ranged from 0.055 at 145 ~ to 0.29 at 482 ~ It should be 
noted that the values of J/Jmax and therefore the shapes of the 
efficiency contours are quite sensitive to variations in m. For 
example,  referring to Figure 13, if the slight departure from 
linearity of the log o- vs log k plot at 482 ~ is taken into 
account, resulting in m = m (k), and if m values are com- 
puted using a trilinear fit, one obtains values ranging from 
m = 0 .1425  (for  k = 12.5 s -~) to m = 0 .1854  ( for  
k = 10 -~ s -~) instead of the average value m = 0.1697. 
The corresponding values of  J / J~ , ,  range from 0.25 to 0.32, 
instead of  a constant value of  0 .29,  and therefore the 
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Fig. 1 1 -  Friction and temperature corrected flow curves for AI 2024-0 
at 425 ~ 

constant efficiency contours are no longer straight lines 
near 482 ~ 

C. Constitutive Equat ion  

To represent the flow stress in terms of e ,  k, and T, the 
relation o" = K k ~ k r  is a convenient starting point since m 
is essentially independent of strain rate. Then, for each 
strain, e~, m and K are expressed as functions of  tem- 
perature by fitting a cubic to the data pairs (m, T)~, and a 
cosine to the points (log K, T)~,: 

m = A T  3 + B T  2 + C T  + D [4] 

log K = a c o s [ b ( T - c ) ]  + d [5] 

Because m and K do not vary strongly with strain, Eqs. [4] 
and [5] are applicable to all strain levels, but with somewhat 
different coefficients. These coefficients, which are given in 
Table V, were plotted vs ei and fitted by linear expressions 
of the type: 

coeff ic ient  = a e  + 
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Fig. 10--Friction and temperature corrected flow curves for AI 2024-0 
at 365 ~ 
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at 482 ~ 
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Fig. 1 4 - - P l o t  of strain rate sensitivity index, m, vs T for e = 0.3. 

T h e  co r r e l a t i on  c o e f f i c i e n t s  for  these  f i ts  r a n g e d  f r o m  
0 . 9 8 4  to 0 .988  f o r A ,  B ,  C,  D and  f rom 0.911 to 0 . 9 6 7  for  
a , b , c , d .  

In summary ,  for  the  r a n g e  o f  var iab les  0 .05  < e _-< 0 .6 ,  
10 -3 s -1 < g~ <= 12.5  s - I ,  a n d  145 ~ < T =< 4 8 2 ~  
the  f o l l o w i n g  c o n s t i t u t i v e  e q u a t i o n  r e p r e s e n t s  the  f low 
behav io r :  

o- = K ( T ,  ~)~,~(r.~) [6] 

with:  

log  K ( T ,  e)  = a c o s [ b ( T  - c)] + d 

a = 0 . 1 9 9 7 e  + 0 . 2 7 1 5  

b = 0 . 0 4 5 6 e  + 0 . 4 1 6 0  

c = - 9 0 e  + 4 1 2 . 5  

d = 0 . 1 9 5 2 e  + 2 . 0 6 6 0  

m ( T , e )  = A T  3 + B T  2 + C T  + D 

A : 1.55 x 1 0 - %  + 5 .7  • 10 -9 

B : - 2 . 6 5 3  • 10-se  - 1 .096  • 10 -5 

C - 0 . 0 1 4 4 5 e  + 0 . 0 0 7 3 0  

D - - 2 . 4 7 2 0 e  - 1 .5391  [7] 

Table IV. Strain Rate Sensitivity Index, m, and Log K, from o" = KE m, for AI-2024-0 at Various Temperatures and Strains 

Temperature Strain 

(~ 0.05 0.1 0.2 0.3 0.4 0.5 0.6 

145 m = 0.0184 0.0168 0.0218 0.0281 0.0364 0.0456 0.0552 
log K = 2.345 2.38l  2.424 2.452 2.482 2.511 2.543 

250 0.0949 0.0976 0.1016 0.1047 0.1125 0.1191 0.1239 
2.252 2.274 2.279 2.275 2.279 2.282 2.283 

365 0.1283 0.1297 0.1298 0.1267 0.1250 0.1220 0.1201 
2.037 2.038 2.027 2.010 1.993 t .976 1.961 

425 0.1426 0.140 0.1396 0.1392 0.1350 0.1332 0.1314 
1,914 1.905 1.903 1.899 1.889 1.885 1.881 

482 0.1648 0.1664 0.1692 0.1697 0.1699 0.1684 0.1674 
1.851 1.847 1.837 1.824 1.812 1.799 1.789 

Table V. Coefficients of re(T, ~) and Log K(T, ~) in Equations [4] and [5] 

E 109 • A 105 • B 103 • C D a b c d 

0.05 6.18 - 1.176 7.668 - 1.584 0.3 0.42 410 2.05 
0.1 7.74 - 1.452 9.276 - 1.888 0.28 0.42 400 2.1 
0.2 8.87 - 1.643 10.305 - 2 . 0 6 3  0.31 0.42 400 2. l 1 
0.3 9.51 - 1.747 10.823 - 2 . 1 3 8  0.32 0.43 380 2.14 
0.4 12.51 - 2 . 2 6 2  13.676 - 2 . 6 4 0  0.35 0.44 365 2.15 
0.5 13.43 - 2 . 4 2 3  14.541 - 2 . 7 8 0  0.37 0.44 370 2.15 
0.6 14.94 - 2 . 6 7 4  15.860 - 2 . 9 9 4  0.40 0.44 360 2.18 
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Fig. 1 5 - - P l o t  of log K (from o- = Kk"') vs T for e = 0.3. 

The flow curves predicted from Eq. [6] are generally in very 
good agreement with the experimental data for 365 ~ < 
T _-< 482 ~ (Figures 10 to 12). At lower temperatures, 
T = 250 ~ and especially 145 ~ the agreement is some- 
what less good (Figures 8 and 9). 

D. Temperature Dependence of the Flow Stress and 
Activation Energies 

At constant strain and strain rate, the variation of o- with 
T can be obtained from Eqs. [6] and [7]. The forms of these 
equations, however, do not permit direct calculation of acti- 
vation energies for the flow softening processes. Yet, a 
knowledge of the activation energies can indicate what 
mechanisms operate during flow softening. One commonly 
used method to determine activation energies is based on the 
assumption that the combined temperature and strain rate 
dependence of the flow stress can be represented by the 
functional dependence: 

where o-~ is the flow stress at constant strain, AH is an 
activation energy, and ~ exp(AH/RT)  is the Zener- 
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Fig. 1 6 - - P l o t  of log k vs l IT  for several constant values of stress. 

Hollomon parameter. A plot of log ~ vs 1/T at constant o-~. 
is linear if the previous assumption is satisfied and in this 
case AH is easily obtained from the slope. 

With the present data such plots, shown in Figure 16, are 
not linear over the whole range of temperatures and there- 
fore values of AH can be calculated only between con- 
secutive points. These values of AH range from 22 to 
48.5 Kcal/mole for the various strain rates and tempera- 
tures. The lower values of AH correspond to the higher 
temperatures and strain rates. 

Because AH is temperature and strain rate dependent, the 
Zener-Hollomon parameter and Eq. [8] do not provide a 
suitable modeling approach for the flow behavior of this 
material. 13 The model proposed in Eq. [6] is preferable. 
However, it is interesting to note that the range of AH values 
obtained includes the activation energies for aluminum self- 
diffusion (30.5 to 34 Kcal/mole) and for hetero-diffusion of 
copper in aluminum (31 to 42 Kcal/mole).~4 The first 
mechanism would occur during recovery, when dislocation 
climb is involved. The second mechanism would occur 
during dissolution of the CuMgAI2 precipitate, resulting in 
softening. During recovery, cross-slip would also occur. 
Activation energies for cross-slip, however, appear less well 
known than those for diffusion. 15'~6 

E. As-Deformed Microstructures 

As-deformed microstructures were examined to try to 
correlate the changes in flow stress behavior with micro- 
structural changes. In this examination, care was exer- 
cised to avoid the corners of the specimens and the dead 
zones where the strains deviate significantly from the aver- 
age strain. 

After deformation at 145,250, and 365 ~ and at strain 
rates of 10 3 to 10 ~ s ~, the microstructures were similar in 
spite of the large differences in flow stress level and in 
stress-strain behavior. The effect of the compression was 
evident; i.e., in comparison with the as-annealed micro- 
structures, the grains were distorted, less elongated, and the 
grain boundaries had lost their straightness (Figures 17(a) 
and (b)). 

Compression at 425 ~ the annealing temperature, re- 
sulted in a gradual change in microstructure, which in- 
creased with increasing strain rate. In these specimens, the 
grain boundaries were more easily etched than in the speci- 
mens compressed at lower temperatures (Figures 17(b) and 
(c)). Although evidence of the initial, elongated micro- 
structure was retained, many transverse subgrains were seen 
(Figure 18). Also, at the highest strain rate (k = 10 -~ s-~), 
very fine equiaxed grains were seen in local regions near the 
alignments of (Cu, A1) particles (Figure 19), indicating that 
either static or dynamic recrystallization had occurred, pre- 
sumably because of the locally higher strain and strain rate 
in the vicinity of the particles. 

After compression at 482 ~ which, because of defor- 
mation heating, resulted in final test temperatures above the 
solution temperature (493 ~ for k = 1 s -~ and above the 
solidus temperature (502 ~ for ~ = 12.5 s 1, some dis- 
tinctly different microstructures were observed, which, in 
some cases, contained numerous regions of fine, equiaxed 
grains (5 to 15 /xm in diameter). At the lower strain rates 
(10 -3 to 10 1 s-l), the microstructures were similar to those 
observed for T = 425 ~ k = 10 -~ s ~, except that the 
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(a) (b) 

(c) (d) 

Fig. 17 - -Typ i ca l  microstructures of AI 2024-0 before and after hot compression to e --~ 0.8. (a) As-annealed. (b) 250 ~ k = 10 l S--I  (C) 425 ~ 
10 J s J. (d) 482 ~ k = 12.5 s -J. Magnification 26 times. 

Fig. 18 - -Subgra in s  in AI 2024-0 compressed to e = 0.8 at T = 425 ~ 
k = 10--' s a. Compression axis vertical. Magnification 296 times. 

Fig. 1 9 - -  Fine, equiaxed grains in A12024-0 after compression to e - 0.8 
at T = 425 ~ k = 10-] s '. Magnification 296 times. 
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precipitate was less abundant due to partial dissolution 
resulting from the higher temperature. For k = 1 and 
12.5 s -~, a banded structure consisting of thin grains trans- 
verse to the compression axis was observed within many of 
the large elongated grains (Figure 17). These transverse 
grains appeared to have formed by lateral growth of the 
fine, equiaxed grains nucleated near the (Cu, A1) par- 
ticles (Figure 20). In one of the specimens, in which the 
temperature observed at the end of the test was 10 ~ above 
the solidus temperature, fine equiaxed grains were present 
at most of the initial grain boundaries and there was evi- 
dence of melting in these regions (Figure 21). 

IV. SUMMARY AND CONCLUSIONS 

1. Hot compression tests on A1 2024-0 at temperatures of 
145 to 482 ~ and at constant true strain rates of 10 -3 to 
12.5 s -~ have been performed to obtain isothermal flow 
stress data. Analysis included a friction correction, in 
which interfacial friction factors estimated from ring 
tests were used, and a temperature correction, which 
accounted for deformation heating. 

2. At 250 ~ and above, the isothermal flow curves gener- 
ally exhibited a maximum followed by flow softening. At 
a given temperature, the amount of softening (Ao-) in- 
creased with increasing strain rate. At a given strain rate, 
Ao- increased with decreasing temperature. At 145 ~ 
the flow curves exhibited strain hardening. 

3. In the temperature and strain rate ranges 250 ~ <= T =< 
482 ~ and 10 -3 s -~ ~ ~: <= 12.5 s -~, and for strains less 
than 0.6, the flow behavior of Al 2024-0 can be repre- 
sented by a constitutive equation of the form 

o" = K ( T ,  e ) k  "(r'~) 

where K and m are strong functions of temperature but 
not of strain; log K and m are simple trigonometric and 
polynomial functions of T and e. 

4. Metallographic examination of the as-deformed micro- 
structures generally supports the idea that flow softening 
in A1 2024-0 is associated with dynamic recovery. Also, 
at the highest temperature (482 ~ there was evidence 
of redissolution of the precipitate. Fine recrystallized 
grains were observed at 425 ~ and 482 ~ for k => 
0.1 s -l, but only in local areas, near second phase par- 
ticles, or at the as-annealed grain boundaries. 

(a) 

Fig. 20--Elongated  "grains" transverse to the compression axis in AI 
2024-0 compressed to e = 0.7 at482 ~ k = 12.5 s ~. Compression axis 
vertical. Magnification 388 times. 

(b) 

Fig. 21 - -F ine ,  equiaxed grains along the primary, as-annealed grain 
boundaries in A1 2024-0 compressed to E = 0.7 at 482 ~ k = 12.5 s -~. 
Magnification of (a) 74 times and (b) 1480 times. 
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