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Work Hardening Behavior in Aluminum Alloy 2090 

Carol Tseng 

ABSTRACT 

An investigation into the work hardening behavior of an aluminum alloy 
2090-T81 (Vintage III composition of Al-3.05Cu-2.16Li-0.12Zr in wt. %) at 
various test temperatures, heat treatment conditions and microstructures was 
conducted. One microstructure consisted of unrecrystallized, highly textured 
grains, and the other microstructure was composed of recrystallized grains. 
Microstructural effects on work hardening were divided into two levels of 
contribution: the grain structure level, which consisted of the grain size and 
shape, subgrains and texture, and the microconstituent level, which included the 
precipitates and solutes. Two heat treatments were studied: the as-received, 
peak-aged condition, and the solution heat treated condition where the as-received 
plate was resolutionized. Observations of the deformed surface of both as
received grain structures at various prestrains indicated that there was no 
correlation between an increase in slip homogeneity and an increase in work 
hardening. The increase in out-of-plane grain rotation at lower temperatures was 
not primarily responsible for the increase in work hardening. In addition, the fully 
plastic deformation microstructure for the unrecrystallized microstructure 
appeared very inhomogeneous as the grains deformed in bands; there were also 
bands of grains that had very little to no deformation. From the work hardening 
plots it was found that an unrecrystallized, { 110}<112> textured grain structure 
with a homogeneous distribution of subgrains produced the highest rate of work 
hardening between 300 K and 77 K. When the microconstituents are added to 
both grain structures, both the work hardening rate in the elastic-plastic and fully 
plastic regimes and the level of work hardening at which the elastic-plastic to fully 
plastic transition occurred were affected. As a consequence, the elastic-plastic 
region may be important to the subsequent work hardening behavior in this alloy. 
Finally, removal of the microconstituents aided both microstructures in attaining 
well developed, fully plastic states at 300 K and 200 K. 
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1. INTRODUCTION 

Ever since the introduction of 2090-T81, numerous researchers have tried to 
characterize the work hardening behavior of this'alloyl-3. In the first production of this 
material (Al-2.7Cu-2.2Li-0.1Zr in wt.%), Vintage I, the increase in work hardening with 
decreasing temperature was thought to have been attributed to the highly elongated, highly 
textured grain structure!. Additional observations of the surface deformation characteristics 
showed that there was an increase in out-of-plane grain rotation when the test temperature 
decreased from 300 K to 77 Kl,2. It was believed that this increase in out-of-plane grain 
rotation resulted from the difficulty of slip transmission from grain to grain at lower 
temperatures, consequently, the work hardening increased. Jata and Starke4 had found 
earlier in this alloy that an increase in slip homogeneity, described an increase in slip band 
width and a decrease in spacing between bands, caused a simultaneous increase in fracture 
toughness and strain hardening exponent. Yao, et al.2 surmised that the increase in out-of
plane rotation of grains promoted greater slip homogeneity. Therefore, the work hardening 
increased. 

' 
Work on the next production of 2090 (Al-3.05Cu-2.16Li-0.12Zr in wt. %), 

Vintage ill, revealed that microstructure played an important role in work hardening3. The 
12.7 mm (0.5 in) plate used in the study was composed of two different microstructures: 
an unrecrystallized microstructure with a {.110 }< 112> texture near the center of the plate 
and a recrystallized microstructure with an undetermined texture on each side of the 
unrecrystallized microstructure; the location of these microstructures in the plate is shown 
in figure 1. These microstructures behaved very differently as the test temperature 
decreased from 300 K to 4 K with the unrecrystallized microstructure showing a much 
higher increase in work hardening. Since both microstructures originated from the same 
plate, they had the same nominal composition and had undergone the same nominal 
thermomechanical process. Any differences in work hardening were thus due to 
differences in microstructure arising from local variations in the thermomechanical 
processing. The most obvious microstructural difference was the grain structures. 

1.1 Background of 2090 

Commercial interest in 2090 arose in the hopes of creating a lighter, yet stiffer and 
stronger alternative to aluminum alloy 7075-T6 for use in the aircraft industryl. 
Preliminary investigations of the mechanical properties of this material discovered that this 
alloy also had excellent cryogenic properties; both the strength and toughness increased 
with decreasing temperatureS-10. Despite these improvements in the mechanical properties, 
in-plane and through thickness yield strength anisotropies continued to plague this material 
due to its highly elongated and highly textured grain structure, even though Vintage III 
2090 was processed with the intention of reducing the anisotropies found in Vintage I. 
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1.1.1 Physical Metallurgy of2090 

The Vintage III plate undergoes a proprietary thermomechanical reduction process, 
and the final heat treatment consists of a solution heat treatment at·550°C, a quench, a 6-8% 
stretch, and an aging for peak strength at 163°C for 24 hours. The unrecrystallized 
microstructure has a { 110}<112> texture. Both microstructures consist of highly 
elongated grains. There are several second phases in the material1,12, and the pertinent 
ones are listed in Table 1. 

2090 primarily relies upon precipitation hardening for its strength. The primary 
strengthening phases are 8'(A13Li) and T 1 (Al2CuLi); their characteristics are listed in Table 
1. 8' is a spherical, coherent precipitate with an ordered L12 structure. 8' provides order 
strengthening. The first dislocation to encounter the precipitate will shear through and set 
up an antiphase boundary. This resulting higher energy state impedes the motion of the 
next dislocation passing throughll,12. When a second dislocation passes through the same 
plane, order is restored. Thus, superdislocation pairs form. Although the antiphase 
boundary aids in strengthening the material, the reduction in the precipitate diameter after 
the passage of a superdislocation pair contributes to work softening. Slip along this plane 
becomes easier, and this deformation mode results in planar slip. The localization of slip 
contributes to the heterogeneity of slip. 

The heterogeneity-of slip decreases with the introduction ofT1. Homogenization of 
slip can be achieved with T1 in a number of ways. T1 is a semi-coherent, plate-like 
precipitate; its habit plane is on the { 111} planes. The misfit strain between T1 and the 
matrix offers some hardening12,13. There is also the inverse relationship between Tt and 
8'. An increase in volume fraction of T1 reduces the volume fraction of 8'13,14. A 
reduction in the 8' population subsequently reduces the amount of planar slip. When 
dislocations encounter Tt. they generally bypass or tangle with it, although some shearing 
has been observed15,16. -

Table 1- Important second phases in 2090-T81. 

Crystal 
Phase Coml!osition Structure Morl!hologl: Habit Plane 

8' Al3Li Ll2 Spherical 

T1 AI2CuLi Hexagonal Plate { 111} 

J3' Al3Zr Lh SQherical 

2 
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Because T1 nucleates heterogeneously, it is difficult to obtain a homogeneous 
distribution throughout the material. To ensure a homogeneous distribution, the plate 
material is stretched during the final heat treat. This stretch provides dislocations and 
dislocation tangles on the {Ill} planes and upon aging, T1 will nucleate at these sites. Lee 
and Kiml7 have found, however, that the four T1 variants are not equally distributed on the 
{Ill} planes. The "inclined" planes (Ill) and (111) are heavily 'populated while the 
"edge-on" planes (111) and (Ill) are somewhat populated. 

1.1.2 Microstructural Effects on Work Hardening 

In light of the presence of the various microstructural features in 2090, it is difficult 
to prove that the grain structure is the only feature responsible for the differences in the 
work hardening temperature dependencies between the unrecrystallized and recrystallized 
microstructures. There are many factors that can contribute to the work hardening behavior 
of this material: grain size and shape, sub grains, texture, precipitates and solutes. Many 
researchers have attempted to define the role of each of these to work hardening in less 
complex materials. Their findings and a general introduction to work hardening theory are 
treated below. 

1.2 Background on Work Hardening 

In general, work hardening reflects the balance between hardening and recovery, or 
softening. The work hardening rate increases when hardening processes dominate. 
During hardening, dislocation motion is impeded by tangles, and more than one slip system 
is active; the, mean free path of the dislocations is dictated by dislocation-dislocation 
interactions. Competing against hardening are recovery processes. Recovery, or work 
softening, involves thermally or mechanically activated softening processes such as cross 
slip, dislocation rearrangement, and dislocation annihilation. Recovery usually overtakes 
hardening contributions, thus decreasing the work hardening rate. At small strains, many 
materials may undergo a period of pure hardening, often referred to as Stage II work 
hardening .. With higher strains recovery processes gain increasing importance as 
dislocation barriers break down. Since aluminum has a low melting point and a high 
stacking fault energy, this pure hardening region is not observed at room temperature. 
Room temperature is approximately one-third of the melting temperature, and 
consequently, work softening processes readily occur. In addition, the high stacking fault 
energy facilitates cross slip. With the presence of precipitates, it is exp~cted that the work 
hardening in 2090-T81 will begin with recovery overtaking hardening processes since the 
dislocation mean free path now depends on precipitate spacing. 

Temperature also alters the work hardening curve. As temperature is lowered, 
thermally activated processes such as cross slip become increasingly difficult Dislocation 
mobility also decreases with decreasing temperature; thus, work hardening will increase. 
Kocks has found that as temperature decreases, the slope of the fully plastic region 
becomes less negativel8; this region will be defined below. The initial work hardening rate 
is independent of temperature, but as the deformation increases, the work hardening 
becomes dependent on tern perature. 

Work hardening is also closely related to the degree of slip homogeneity during 
deformation. As discussed above, slip is homogeneous when the spacing between slip 
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planes is small and the width of the slip bands is wide4. Deformation, then is distributed 
over a wider area of the matrix, and the work hardening rate increases. If, for the same 
material, the slip spacing is large and the slip band width narrow, then the same amount of 
qeformation is being confined to fewer slip planes and contributes to the localization of 
deformation. This deformation mode is considered heterogeneous slip and adds to the 
work softening process. 

1.2.1 Work Hardening and Microstructure 

There have been myriad theories relating work hardening and microstructure. Most 
of the investigations have concentrated on the effect of grain structure18-23, and solutes24~ 
To some extent, precipitates12,26 have been studied. The effects of subgrains and texture 
are not well understood. All of these works have been devoted to simpler systems where 
the effect of one, or at most two, features on work hardening is in~estigated. Perhaps the 
most thorough treatment on work hardening is the Kocks-Mecking model. The results of 
these studies of grain structure, solutes and precipitates will be covered below. 

One of the first to propose a model for polycrystalline materials was Taylor20. He 
related single crystal deformation behavior to polycrystalline behavior by assuming that all 
grains in the aggregate experienced the same strain. His model assumed that the work 
hardening was independent of grain size and that deformation was homogeneous. Later 
researchers concluded that his model fairly accurately described the behavior of 
polycrystalline materials with large grain sizes at large strains. 

The first significant contribution to understanding the effect of grain boundaries on 
work hardening was conducted by Ashby21. He introduced the concept of the generation 
of two types of dislocations during deformation: statistically stored dislocations and 
geometrically necessary dislocations. During deformation, statistically stored dislocations 
were generated and tangled with each other. But, if each grain was allowed to deform 
independently, the grains wo_uld not fit back together again; voids and regions of overlap 
would occur. To maintain material continuity, geometrically necessary dislocations were 
needed. The non-uniform strain in the material produced these geometric dislocations, 
especially near grain boundaries. 

. In alloyed polycrystals the addition of a solute usually lowers the stacking fault . 
energy. Dislocations now dissociate more easily, and the width between the partials 
increases. Cross slip becomes more difficult, thus the work hardening rate increases27. 
The addition of a solute can produce varied work hardening behaviors that are difficult to 
classify24,25. There have been many models proposed by various researchers linking 
solution hardening and work hardening, most of which are concerned with the 
sup~rposition of solute effects with other mechanical behavior aspects24. One model 
utilizes the principle of superposition24,25. It assumes that solute atoms add a friction 
stress 'tf to all other contributions, 'tct, to constitute the total glide resistance stress 't: · 

't='tc(c) +'td(p). 
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'td is the stress due to dislocation-dislocation interactions and depends on the dislocation 
density p; 'tf depends on the solute concentration c. This equation describes an upward 
shift in the stress-strain curve as the solute concentration increases. This upward shift is 
not commonly observed. 

Some materials, upon solute addition, have stress-strain curves that diverge from 
the pure material with increasing strain. This divergence is accounted for in the 
multiplicative hardening model, which hypothesizes that the solute hardening and the work 
hardening are proportional to each other. The equation is given as 

't = -rt(c) + (1 + k( c) )-rd(P ), 

where k(c) is the proportionality constant, and it represents the interaction between solution 
hardening and strain hardening. This equation also accounts for the effects of the friction 
stress as well as the dislocation-dislocation interaction stress. Al-Mg systems display such 
behavior. 

The relationship between precipitates and work hardening depends on whether the 
precipitates contribute to homogeneous slip or heterogeneous slip. Spherical coherent 
precipitates are usually sheared as described above for o'. The initial strengthening offered -
by the precipitate is counteracted with softening after the first superdislocation pair passes 
through_ The ease with which ensuing superdislocation pairs pass through, on the same 
slip plane, decreases the work hardening. The confining of slip to just a few planes 
localizes the deformation and leads to heterogeneous slip, further decreasing work 
hardening. On the other hand, semi-coherent precipitates, such ~s Tt, act in two ways to 
increase work hardening. First, the interfacial energy between the precipitate and matrix at 
the semi-coherent interface can act as a dislocation sourcel2,27. Second, when dislocations 
encounter these precipitates, they bypass, rather than shear the precipitate. ·Bypassing 
increases homogeneous slip, thereby increasing work hardening. 

1.2.2 The Kocks-Mecking Model 

The most widely accepted model for work hardening is the Kocks-Mecking (KM) 
model18,19,28,29. Their model, schematically diagrammed in figure 2, proposes that when 
the work hardening rate 8 is plotted versus the true stress cr, there is a linear regime after a 
break in the curve that is termed the fully plastic regime. This linear regime is the central 
part of work hardening theory and can be described by the equation 

(1) 

where 80 is an athermal constant that reflects the dislocation storage rate and k2cr is the 
dynamic recovery term; the derivation of this equation is given in Appendix A. For a 
particular, well annealed material, there is a characteristic 80 value, regardless of the grain 
structure; grain structure here describes grain size and shape. The dynamic recovery term 
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describes work softening processes by which dislocations will rearrange and/or annihilate. 
The fully plastic state as described here is a theoretical construction; the appearance of the 
deformation microstructure is not well defined. Notice that the region dropping down from 
the modulus value to the fully plastic region is not regarded to have any impact on the work 
hardening. Microstructure affects this portion of the curve, but after the transition into the 
fully plastic state, the dislocation density is so high that dislocation-dislocation interactions 
dominate the work hardening behavior. The KM model does describe the behavior of 
pure, FCC materials quite well. 

1.2.3 Significant Features of the Work Hardening Curve 

To evaluate the effect of microstructural features on work hardening there are 
several aspects of the work hardening curve on which to focus. The work hardening rate 
(8) can be plotted versus either true strain (e) or true stress (cr) (figure 3). Since strain is 
dependent on the deformation history of the specimen, it is not a state variable. The 8 vs. e 
plots are useful in determining whether the test specimen has fulfilled the necking criterion, 
where 8 = cr, and the amount of uniform elongation attained. True stress, on the other 
hand, is a thermodynamic variable and is therefore not dependent upon the deformation 
path. It is more useful, then, to plot 8 versus cr. This plot can be divided into two basic 
regions: the elastic-to-plastic transition region and the fully plastic, or bulk plasticity, 
region. The former is the steep drop from the elastic modulus. Those grains that have 
more favorable crystallographic orientations will deform first. This region is believed to be 
influenced by microstructural features such as grain size and shape, precipitates, solutes, 
initial dislocation density, subgrains and texture. After the break in the work hardening 
c~rve, the approximately linear region is considered the fully plastic region, as described by 
the KM model. In this region, either all grains have deformed or those grains that have 
deformed at the end of the elastic-plastic transition region continue to do so while those that 
have not deformed will not. The high amount of deformation in this region results in a 
high dislocation density. Due to the high dislocation density, a dislocation is more likely to 
encounter another dislocation than a precipitate or a grain or subgrain boundary. Thus, 
dislocation-dislocation interactions have been generally considered the controlling feature in 
work hardening in the fully plastic regime. Although the fully plastic state has been 
discussed in theory18,19, how the deformation microstructure should appear is generally 
unknown. 

Since the mechanical properties and work hardening behavior of 2090 have been 
evaluated from tensile tests, the duration of the work hardening curve is limited by the 
necking criterion 8 =cr. Many researchers perform tests in torsion in order to avoid such a 
constraint18,19. Work hardening has then been observed to reach near zero values where, . 
on the stress-strain curve, the stress tends to approach a saturation value. Tensile tests, 
however, provide important design criterion information such as yield strength and uniform 
elongation. 

The ideal work hardening curve, as depicted in figure 4, would have zero slope in 
the fully plastic state30. In this ideal case, work softening does not occur, and, from 
equation (1), the work hardening maintains a constant value at 80 . The material is then 
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experiencing pure hardening. For those materials that do not experience pure hardening, 
such as 2090, the ideal work hardening curve should have a work hardening rate that is 
slightly higher than the necking criterion, as shown in figure 5. The work hardening rate 
would be very low initially and then increase with increasing stress. This behavior is rarely 
observed. 

Based on the ideal curve in figure 5, there are three significant features of the work 
hardening curve to consider. The first is the slope of the fully plastic region; the less 
negative the slope the better (figure 6a). Second is the value of the work hardening rate 
(figure 6b). Third is the location of the transition from elastic-plastic to fully plastic occurs 
(figure 6c). 

1.3 Objective 

Due to th,e difficulty in experimentally isolating the effect of one microstructural 
feature on work hardening in a complex commercial alloy, the objective of this work is to 
assess the relative contributions of grain structure, which includes the grain size and shape, 
sub grains and texture, and of the microconstituents, which include precipitate structure and 
solutes, to the work hardening between 300 K and 77 K. Any differences in, dislocation "" 
structure should have been annealed out during the peak aging treatment. Tt precipitation 
during this treatment should occur at dislocation tangles and on dislocations, and any , 
remaining dislocation structures that Tt did riot nucleate on should have annealed out 
during the aging process. The influences of the two microstructural levels can be separated 
by a solution heat treatment before tensile testing. The solution heat treatment will dissolve 
the precipitates, and upon quenching, only 8' will precipitate out; the treatment will not alter 
the grain structure. The influence of grain structure and microconstituents on the work 
hardening curve features serves as a first step in understanding the relationship between 
microstructure and work hardening. Additional information about how a particular 
microstructural feature alters the work hardening can be provided by testing at several 
temperatures, especially those temperatures that simulate service conditions. Ultimately, an 
ideal microstructure can be defined and processed to furnish the best work hardening 
behavior. 
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2. EXPERIMENTAL PROCEDURE 

The Vintage III 2090-T81 alloy used in this study was supplied by ALCOA in the 
form of a 12.7 mm (0.5 in) thick plate. The -T81 condition referred to ,a post reduction 
heat treatment consisting of a solution heat treatment, a quench, a stretch and a peak aging. 
The nominal composition of this plate is given in Table 2. 

As-received (AR) specimens were examined by optical microscopy and 
transmission electron microscopy (TEM). Optical specimens were mechanically ground 
down to 600 grit on silicon carbide paper, polished down to 0.05 Jlm, and then etched with 
Keller's Reagent (2.5% HN03, 1.5% HCl, 0.5% HF). TEM specimens from the L-plane 
were prepared by cutting a 0.38 thick mm (0.015 in) slice, mechanically polishing the slice 
to a thickness of 0.15-0.20 mm (0.006-0.008 in), punching a 3 mm disk, and then 
electropolishing by the double jet technique. The electropolishing conditions.were -30°C at 
18-20 volts in a 1:3 solution of nitric acid and methanol. 

Table 2- Composition of 2090 in weight percent3. 

Element Composition Vintage III 
Range 2090-TSl 

Al bal bal 

Cu 2.4-3.0 3.05 

Li 1.9-2.6 2.16 

Zr 0.08-0.15 0.12 

Fe 0.12 0.08 

Others < 0.05 < 0.01 

Longitudinal tensile specimens of each microstructure were obtained from the plate 
by first using a diamond wafering blade to cut between the adjacent microstructures (see 
figure 1). The same plate was utilized instead of processing a plate of uniform) 
microstructure for each microstructure. The presence of W in the plate inhibits 
recrystallization, therefore, recreating the recrystallized microstructure is extremely 
difficult The unrecrystallized microstructure specimens were milled down to eliminate the 
recrystallized microstructure and were variable in thickness, and the recrystallized 
microstructure specimens were approximately 2.54 mm (0.1 in) thick. The specimens 
were then machined to the dimensions depicted in figure 7. Specimens for slip line 
analysis and surface relief observations were polished down to 0.05 Jlm, while specimens 
for mechanical properties and work hardening characteristics were ground down on all four 
sides to 600 grit on silicon carbide paper. Tensile tests for the as received specimens were 
done at 300 K, 200 K, 77 K and 4 K. Specimens for surface relief and slip line analysis 
were strained to plastic strain values of either 0.5%, 1.5%, 2.75%, and 3.5% for a 
particular test temperature, although not all strains were done at all temperatures; the test 
matrix is listed in Table 3. 
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Table 3- Tensile test matrix. 

~icrostnacture/ 
Heat treatment 300K 200K 77 K 4K 
condition 
Unrecrystallized 

(AR) X X X X 
Recrystallized 

(AR) X X X ,X 
Unrecrystallized 

(SHT) X X X 
Recrystallized 

(SHT) X X X 

The tensile data were gathered by a computer, compressed, converted to 
engineering stress and engineering strain, and then converted to true stress and true strain. 
Work hardening curves were obtained by taking the true stress-strain data, smoothing the 
data with a cubic spline fit, and finally taking the derivative of the fitted curve. 

Surface relief observations were made with an optical microscope. Both an optical 
microscope and a scanning electron microscope (SE~) were used to photograph slip bands 
for slip band analysis. Slip band analysis was performed by the line-intercept method on 
all strained specimens; at least 1,000 bands were counted over many grain orientations for 
each specimen. Although it is customary _to calculate the average slip band spacing for slip 
bands having the same orientation, by taking at least 1,000 slip band counts over many 
orientations, the orientational effect on the slip band analysis should be averaged out. 
Surface slip band analysis offered a way to quantify slip homogeneity between the two AR 
microstructures. 

Surface profilometry was used on both microstructures to quantify the relative 
amount of surface roughness, or out-of-plane grain rotation due to deformation, for each 
microstructure. Surfaces were profiled for specimens strained to 3.1 %±0.3% at 300 K and 
77 K. A profilometer connected to a computer was used. The data were gathered by a 
computer, and then the average slope was subtracted from the data to eliminate any effects 
due to tilting of the specimen. Roughness average (Ra) values were computed by applying 
the formula 

where 

L 
fy(x)dx 
0 

Ra ~--=-L--

y(x) = surface height from the average surface height value, 
x = distance traveled from the origin, 
L = the total distance measured. 
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To pattern the deformation of the fully plastic state of the unrecrystallized 
microstructure, the 3%, 77 K tensile specimen was mapped through the thickness. The 
deformation pattern was sketched based upon observations through the optical microscope. 

Solution heat treated (SHn samples were first machined to the dimensions in figure 
7, heated in a circulating air furnace at 550°C for 45 minutes and then quenched in ice 
water; this heat treatment does not alter the grain structure. The precipitates will 
resolutionize, and upon quenching, 8' will precipitate out. The size of 8' will be smaller, 
and 8' will be more numerous than in the AR condition. The precipitate structure and 
solute content should be the same in both grain structures because only ~· and 8' will 
remain after solution heat treatment, and both are spherical precipitates that nucleate 
homogeneously. TEM was performed to verify that Tt was not present in the 
microstructure and that only Wand 8' remained. The tensile specimens were then ground 
on all four sides down to 600 grit. Tensile tests were performed at 300 K, 200 K, and 77 
K. 
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3. RESULTS 

3.1 Microscopy 

3.1.1 As-Received Specimens 

Optical micrographs of the grain structures are shown in figure 8. Near the middle 
of the plate, the unrecrystallized grain structure appears to be very thin in the short direction 
with pancake shaped grains in the rolling plane (S plane). The grain size of the pancake 
shaped grains is approximately 5500 x 400 x 40 Jlm. This unrecrystallized microstructure 
is surrounded on both sides by the recrystallized grain structure. The dimensions of these 
grains is approximately 18,000 x 850 x 150 Jlm. 

TEM reveals further differences between the two microstructures. In figure 9 both 
micrographs are taken from the same area and show that the unrecrystallized microstructure 
has extensive subgrain formation throughout the grains. The subgrain size is 
approximately 2-10 Jlm in this plane. Figure 9a shows several grains with subgrains 
distributed throughout them, and figure 9b shows one grain with a homogeneous 
distribution of subgrains. The recrystallized microstructure, however, does not display 
such extensive subgrain formation throughout the grains. In figure lOa there are two very 
large grains with several small grains located between them. No sub grains are seen in this 
micrograph. Some subgrain formation is observed in figure lOb. Again, several small 
grains appear between very large grains, and there is some sub grain formation. 

An additional difference between the two microstructures is the texture. The 
unrecrystallized grains have a strong tendency to be oriented in the 112 pole, as expected 
from the plane from which it was cut. With the recrystallized grains, however, the texture 
is not as obvious. Some of the grains show a tendency towards the 110 pole. These 
results are consistent with previous work3 where the mechanical property data and optical 
microscopy observations indicate that the grain structure near the middle of the plate is 
composed of unrecrystallized, highly textured grains while the quarter thickness regions 
have undergone a recrystallization during the reduction process and before the final heat 
treatment. 

3.1.2 Solution Heat Treated 

No evidence for Tt precipitation can be seen under TEM (figure 11). 8' is present 
but difficult to resolve; the mottled appearance of the grain interiors is due to 8'. Miyasato 
has found that the size of 8' after a solution heat treat and an ice water quen<;:h is around 6 
nm 12. The large spherical particles in the micrograph are a 8'/J3' composite12. Under 
diffraction conditions, 8' spots are visible while no Tt streaks are seen. 
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3.2 Mechanical Properties 

3.2.1 As-Received 

Th~ mechanical properties of each microstructure at the various test temperatures are 
listed in Table 4. Note that there is a monotonic increa.Se in the yield and tensile strengths 
for both microstructures as the temperature decreases. There is a much smaller increase 
between 300 K and 200 K than between the other test temperatures. The uniform and total 
elongations, however, have their lowest values at 200 K. The unrecrystallized 
microstructure has higher yield and ultimate tensile strengths at all temperatures. The 
elongations for the unrecrystallized microstructure are consistently lower than the 
recrystallized microstructure values by 21-40% from 77 K to 300 K. Little evidence of 
necking is observed in all specimens, but the necking criterion is satisfied in all cases. 

3.2.2 Solution Heat Treated 

Solution heat treating the specimens dramatically changes the mechanical properties. 
From Table 5 it can be seen that the strengths drop by 70-77% from the AR values. The 
elongations, on the other hand, increase by as much as 250-345%. The dip in elongation at 
200 K in the AR condition mentioned above is also apparent in the SHT unrecrystallized 
case, but not as pronounced. In addition, the yield and ultimate tensile strengths for the 
unrecrystallized microstructure at 200 K slightly decrease from the 300 K strengths. 

Table 4- Mechanical properties for the AR tensile specimens at various test temperatures. 

Yield 
Strength 

[MPa] 

U nrecrystallized 

300 479 

200 548 

77 578 

4 617 

Recrystallized 

300 411 

200 431 

77 458 

4 509 

*Specimen fractured at pin. 
tBased on a 1 in. gauge length. 

Ultimate 
Strength 

[MPa] 

515 

586 

671 

746 

454 

477 

504 

565 

12 

Uniform Total 
Elongation Elongation 

[%]t [%]t 

4.4 5.5 

2.8 3.0 

6.7 7.0 

7.2* 7.9* 

7.5 < 10.0 

4.8 5.8 

8.5 9.3 

10.0 11.0 
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Table 5- Mechanical properties of SHT specimens at various test temperatures. 

Yield Ultimate 
Strength Strength 

[MPa] [MPa] 

U nrecrystallized 

300 146 307 

200 133 274 

77 165 406 

Recrystallized 

300 95 248 

200 119 218 

77 123 290 

*Highest strain attainable with extensometer. 
tBased on a 1 in. gauge length. 

3.3 Work Hardening Behavior 

3.3.1 As-Received 

Uniform Total 
Elongation Elongation 

[%]t [%]t 

16.3 18.1 

15.7 19.3 

24.1 26.6 

33.2 37.0 

35.2 39.4 

49.5* 49.5* 

A look at their work hardening curves in figure 12 reveals that the two 
microstructures behave very differently; their work hardening rates (8) are plotted versus 
true stress (cr). The most noticeable difference is their temperature dependencies. The 
unrecrystallized microstructure has a dramatic increase in work hardening with decreasing 
temperature as compared to the recrystallized microstructure. Other differences become 
more apparent when both microstructures are plotted together in figure 13. The 
unrecrystallized microstructure has a much higher work hardening rate at all temperatures. 
Additionally, the fully plastic slopes of the unrecrystallized work hardening curves are 
steeper than their counterparts in the recrystallized microstructure. At 77 K there is a steep 
drop in the work hardening just before the onset of necking. In both microstructures the 
200 K and 300 K curves display very steep curves, although the recrystallized curves have 
shallower slopes as they reach the necking criterion. The curves at these temperatures raise 
questions as to whether both microstructures actually become fully plastic. If they do 
achieve full plasticity at these temperatures, then they experience very short fully plastic 
states. 
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3.3.2 Solution Heat Treated 

Upon solution heat treatment the work hardening behaviors for both 
microstructures change significantly. As shown in figure 14, the curves extend over a 
greater stress range, and their fully plastic regimes are well developed, even at 300 K and 
200 K. The curves now break into the fully plastic regime at higher work hardening 
values, and their temperature dependencies have been reduced. The 200 K curves fall 
below the 300 K curves. For the unrecrystallized microstructure, this dip in work 
hardening is also reflected in the mechanical properties listed in Table 5. 

3.3.3. Effect of Grain Structure 

To evaluate the effect of grain structure alone on the work hardening, the 
unrecrystallized and recrystallized SHT curves are plotted together in figure 15. As 
mentioned earlier, the solution heat treatment alters the microconstituents but not the grain 
structure. T1 is removed, and 8' increases in population but also decreases in size. 
Therefore, any differences in work hardening after SHT are primarily due to grain 
structure. 

What is most noticeable is the decrease in work hardening between 300 K and 200 
K in both microstructures. This drop is also reflected in the mechanical properties in Table 
5. Again, the unrecrystallized microstructure has higher work ·hardening at all 
temperatures, and the fully plastic slopes are steeper. The unrecrystallized microstructure 
also continues to show more of a temperature dependence. 

3.3.4 Effect of Microconstituents 

When the microconstituents are added to the material, i.e., by starting with the SHT 
condition and then comparing it to the peak-aged (AR) condition, the work hardening 
changes considerably. When the SHT and AR conditions are plotted at constant 
microstructure in figure 16, there are several signifcant differences. First, the SHT curves 
extend over a larger stress range. The biggest differences are at 300 K and 200 K. Adding 
microconstituent features seems to either drastically shorten the fully plastic regimes at the 
higher temperatures or prevents the onset of the fully plastic state by satisfying the necking 
criterion before full plasticity can be established. Second, the transition into the fully 
plastic state is lowered. Third, the fully plastic slope at 77 K in both microstructures 
becomes slightly steeper. Fourth, the elastic-plastic slopes also change. For the 
recrystallized microstructure the slopes become steeper while in the unrecrystallized case, 
the slopes become shallower, or less negative. 

3.3.5 Effect of Grain Structure on Microconstituent Influence on Work Hardening 

Comparing the work hardening curves of the two microstructures and the two heat 
treats at constant temperature aids in assessing the effect of grain structure on the 
microconstituents' influence on the work hardening. From figure 17 it is apparent that the 
grain structure has the biggest impact at 77 K. For the unrecrystallized microstructure the 
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transition point drops significantly with microconstituent additions, and the transition is 
more gradual in the SHT case. This microstructure also shows a much higher 
microconstituent dependence with a significant increase in the elastic-plastic slope. 

3.4 Surface Relief 

Specimens strained to the elastic-plastic regime (0.1-0.5% plastic strain) in figure 
18 show very planar and very inhomogeneous slip. Not much surface relief is evident. 
Specimens strained to the fully plastic regime (3.1±0.3% plastic strain) in figure 19, 
however, show quite a bit of surface relief. At 77 K there is increased surface roughness, 
or out-of-plane grain rotation, for both microstructures over those at 300 K. In addition, 
the unrecrystallized microstructure displays greater surface roughness at both temperatures. 
This increased roughness has been observed by Glazerl, Yao, et al.2, in an earlier 
production of 2090-T81. 

In the fully plastic regime the slip is much more complex. In the grain interiors, 
multiple slip systems have become activated, and wavy slip is evident as well. Both planar 
and wavy slip are present to various degrees, and wavy slip is rated on a scale of 1-4 in 
Table 6 with 1 denoting the highest amount present. The greatest degree of wavy slip is 
observed in the unrecrystallized 300 K specimen, with the least in the recrystallized 77 K · 
specimen. Near the grain boundaries, slip becomes complicated. There are quite a few 
phenomena that occur near the boundaries. Many of the various types of grain boundary 
slip have been documented by Barlow, et al.31 for cold rolled pure aluminum. The 
different slip behavior near the boundaries is not surprising since grains must maintain 
continuity at the boundary. 

To define the deformation microstructure in the fully plastic state, the surface 
deformation was sketched to determine any sort of developing defortnation pattern. From 
the sketch, shown in figure 20, two important observations are evident. First, the 
deformation occurs in bands, or planes, across the specimen. One band of grains will 
deform rather heavily while an adjacent band of grains will deform only slightly. Second, 
the deformation is extremely inhomogeneous. This result is not surprising given the fact 
that the unrecrystallized microstructure is very inhomogeneous. The inhomogeneity of 
deformation occurs at two levels: at the granular level and at the intragranular level. 

Granular inhomogeneities are reflected by either the existenc~ of grains that show 
no deformation or the differences in the extent of slip between grains (figure 20). Some 
grains, on the other hand, show extensive slip while others show very little slip. At the 
intragranular level the slip can vary from one end of the grain to the other, and the slip 
spacing and orientation will usually differ near the grain boundary. The different slip at the 
grain boundary has been well documented, as mentioned above31. Also, slip bands can 
occur in groups. On a more macroscopic 'scale, more deformation is occurring in the 
bottom of the sample. No shear bands can be seen in the specimen. 
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Table 6- Scale of the relative amount of wavy slip present in the AR specimens strained 
to 3.1± 0.1%. They are rated on a scale of 1-4 with 1 indicating the highest 
amount of wavy slip observed. 

Microstructure 300 K 77 K 

Unrecrystallized 1 3 

Recrystallized 2 4 

3.5 Slip Band Analysis 

Average slip band spacing measurements taken in the elastic-plastic and fully plastic 
regions show that the spacing decreases with increasing strain. Strains and their 
corresponding spacings are listed in Table 7. When slip band spacing is plotted against 
strain .in figure 21, where the dotted lines are drawn to aid in detecting any trends, no 
trends can be detected. It is expected that those specimens with the highest work hardening 
rates would have the smallest spacing. The anticipated order from the most homogeneous 
slip spacing to the least would be 4 K unrecrystallized, 77 K unrecrystallized, 300 K 
unrecrystallized, 4 K recrystallized, 77 K recrystallized, and finally, 300 K recrystallized. 
From Table 7 and figures 12 and 21, it is apparent that there is no correlation between 
surface slip homogeneity and increased work hardening in the strain regime examined. 

3.6 Surface Profilometry 

Surface profiles for AR specimens strained to 3.1 %±0.3% are presented in figure 
22. Their corresponding Ra values are given in the figure. The unrecrystallized 
microstructure does have the greatest amount of surface roughness at both temperatures, 
but, when compared to the change in roughness with decreasing temperature in the 
recrystallized microstructure, the recrystallized increases roughness by nearly 36%; the 
unrecrystallized increases by approximately 6%. 
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Table 7- The average slip band spacing for each test specimen strained to both the elastic
plastic transition and the fully plastic regions of the work hardening curve. 

Temperature 
[K] 

300 

77 

4 

Unrecrystallized 
Microstructure 

Slip Band 
Strain Spacing 

[%] [!J.m] 

0.4 7.9 
2.7 2.4 

0.1 8.8 
3.0 3.1 

1.5 4.1 
3.6 2.4 

17 

Recrystallized 
Microstructure 

Slip Band 
Strain Spacing 

[%] [!J.m] 

0.4 5.7 
3.4 / 1.1 

0.5 3.6 
2.8 2.7 
3.0 1.8 

1.4 9.5 
3.1 2.3 
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4. DISCUSSION 

Due to the complex microstructure of2090-T81, the influence of microstructure had 
to be divided into two levels: the grain structure influence and the microconstituent 
influence. The grain structure consists of grain size, grain shape, subgrains and texture; 
the microconstituents consist of the precipitate structure and solutes. Since it was first 
suspected that grain structure was the more likely candidate for the differences in work 
hardening behavior3, how an unrecrystallized grain structure alone affected the work 
hardening differently from the recrystallized was the first question. The next feature to 
consider was how the microconstituents effected change in the work hardening behavior of 
both microstructures. Since the microconstituent structure was affected by the grain 
structure- T1 did not nucleate equally on all four variant planes- the microconstituent 
influence could be further divided into two contributions: the grain structure effect on the 
microconstituent influence and the effect of microconstituents alone. The work hardening 
curves also pointed out that the elastic-plastic transition region discussed earlier might have 
been important in influencing the subsequent work hardening behavior. 

Because the amount of literature devoted to correlating deformation microstructure 
observations with work hardening was rather limited, an attempt was made to correlate. 
surface observations with work hardening behavior in the AR material based upon previous 
work by Jata and Starke4, Glazerl and Yao, et al2.·. Jata and Starke were the first to relate 
increasing slip homogeneity with increasing work hardening exponent. Then, Yao, et al., 
suggested the possibility that increasing out-of-plane rotation of surface grains promoted 
greater slip homogeneity and therefore increased the work hardening rate. What was still 
unknown in this alloy, however, was the deformation microstructure expected in the fully 
plastic state, as defined by the 8 versus cr curve, of the unrecrystallized microstructure. It 
would be reasonable to expect that the deformation microstructure would be very 
inhomogeneous since the microstructure itself had inhomogeneities. 

In this section, the effect of temperature, grain structure, and microconstituents will 
first be considered. Second, the results from these curves will be used to discuss the 
significance of the elastic-plastic transition region in this alloy. Third, the deformation 
microstructure of the fully plastic state in the AR unrecrystallized microstructure will be 
treated. Then, the influence of out-of-plane rotation of surface grains will be assessed, and 
finally, the relationship between slip homogeneity and work hardening will be addressed. 

4.1 Influence of Temperature 

It is apparent in figure 13 that with decreasing temperature the slopes of the fully 
plastic region for all microstructures decrease, in good agreement with Kocks18. At the 
dislocation level it is believed that with a decrease in temperature, thermally activated 
dynamic recovery processes such as cross slip and dislocation substructure rearrangement 
do not readily occur. This temperature dependence is accounted for in the second term of 
the right hand side of equation (1). Some changes in work hardening are therefore 
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expected with changes in test temperature. Differences in work hardening cannot be solely 
attributed to temperature changes, and questions as to the precise role of microstructure 
remain. 

4.2 Influence of Microstructure 

4.2.1 Influence of Grain Structure 

Treatment of the grain structure influence on work hardening in the literature is 
extremely limited. The KM model predicts linear behavior in the fully plastic state for pure, 
well annealed FCC materials. It has been generally accepted that grain structure does not 
play an important role in work hardening in the fully plastic regime; it merely increases the 
yield strength. What is believed to be important in the fully plastic regime is the interaction 
of dislocations. 

From the solution heat treated data in figure 15, however, grain structure does 
influence the work hardening behavior. The unrecrystallized grain structure breaks into the 
fully plastic regime at a higher work hardening rate than the recrystallized grain structure. 
The work hardening rates are consistently higher early in the fully plastic regime, although 
there is some inconsistency in this behavior at the later stages. This unrecrystallized grain 
structure also has a steeper fully plastic slope but a shallower elastic-plastic slope. The 
combination of a shallow elastic-plastic slope and a steep fully plastic slope seems, in 
general, to decrease the uniform elongation. When comparing the two grain structures at 
the same heat treatment condition, there is a general tendency for the uniform elongation to 
increase with a steep elastic-plastic slope and a shallow fully plastic slope. There is, 
however, an exception with the 200 K condition in both grain structures. The drop in the 
work hardening rate at 200 K after SHT is unusual. There are two possible explanations. 
First, another mechanism may be dominating at this temperature. Or second, dynamic 
strain aging is occurring at 300 K for both microstructures, especially in the 
unrecrystallized microstructure. The specimens are in the as-quenched condition. At 300 
K the diffusion rates of solutes and vacancies are higher, and they may be clustering at 
dislocations, thus providing a drag force that retards dislocation motion. 

4.2.2 Influence of Microconstituents on Work Hardening 

4.2.2.1 Grain Structure Effects on Microconstituent Influence 

The grain structure plays an important role in the development of the 
microconstituents. To evaluate the influence of grain structure on microconstituents, all 
work hardening curves can be plotted· at constant temperature, shown in figure 17. 
Comparison of the fully plastic behavior at 300 K and 200 K may not be valid since there is 
some question as to whether the fully plastic state is reached at these temperatures; this 
issue will be discussed in the next section. The grain structure has the strongest influence 
at 77 K. The transition into the fully plastic state drops much more dramatically for the 
unrecrystallized microstructure. The grain structure also seems to affect the elastic-plastic 
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slope at 300 K and 77 K. The unrecrystallized microstructure causes a more negative 
elastic-plastic· slope with the addition of microconstituents. The recrystallized 
microstructure has the opposite effect. Consequently, the grain structure affects both 
regimes of the work hardening behavior: the elastic-plastic regime at both high and low 
temperatures, and the fully plastic regime at low temperatures. 

4.2.2.2 Microconstituent Effects 

When microconstituents are added to the SHT specimens, the most noticeable 
change is in the 200 K and 300 K conditions, as can be seen in figure 16. The "fully 
plastic" regions are barely perceptible, if they are present at all, and there is some question 
as to whether the material has actually·achieved the fully plastic condition. There are two 
equally viable interpretations: they are fully plastic, but for a very short stress range, or 
they never achieve full plasticity due to the early onset of the necking criterion. 

In the former case there could be two competing mechanisms: the matrix friction 
stress and the precipitate stress; the situation is depicted schematically in figure 23. At 
higher temperatures the friction stress is low enough such that dislocation motion is 
relatively uninhibited by the matrix. Dislocation motion is, however, impeded by the 
precipitates, where the dislocation must shear through 8', cross slip over T1, or tangle. As 

. the temperature decreases, the matrix friction stress will rise and dislocation motion 
becomes heavily influenced by this stress. The difficulty for a dislocation to travel through 
the matrix outweighs the dislocation's encounter with a precipitate, thus shortening the 
stress range of the fully plastic regime. 

In the latter case it is plausible that at the higher temperatures it is not possible to 
attain the fully plastic state. The addition of the microconstituents hardens the matrix in the 
300 K and 200 K conditions such that the material fulfills the necking criterion before it 
even reaches the fully plastic state. 2090 in the peak-aged condition contains fully 
developed 8'. ()'is known to localize slip because it relies upon order strengthening. In 
the SHT case, the smaller size of 8' probably reduces its effectiveness in retarding 
dislocation motion. Therefore, slip localization should not be as prevalent, and slip will be 
more homogeneous. As a consequence, the elongation increases and the strength 
decreases, and the material can become fully plastic. 

Another point to note is that just before the onset of necking, both microstructures 
show a steep drop in the work hardening rate at 77 K. When the work hardening rate is 
plotted versus true strain, shown in figure 24, a sudden drop in the work hardening rate 
occurs just before the two curves intersect. In the solution heat treated case, however, this 
drop is not seen. Previous work has shown that no significant change in fracture mode 
occurs with decreasing temperature3 in either microstructure. The sudden drop may be due 
to the localization of strain by the presence of peak-aged o'. After solution heat treatment, 
()' may not be as effective in promoting planar slip. 
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4.2.3 Summary 

The unrecrystallized microstructure provided the highest rate of work hardening at 
all temperatures and heat treatment conditions. The unrecrystallized grain structure also had 
the shallower elastic-plastic slopes but steeper fully plastic slopes. The grain structure 
effect on the microconstituents influenced the value of the work hardening rate at which the 

~ transition into the fully plastic state occurred; That value dropped more dramatically with 
the addition of microconstituents for the unrecrystallized grain structure at 77 K. In 
addition, the unrecrystallized microstructure caused the elastic-plastic slope to become more 
negative with the addition of microconstituents while the recrystallized microstructure had 
the opposite effect. Therefore, the grain structure affected both the elastic-plastic and the 
fully plastic regions of the work hardening plot. Finally, the addition of microconstituents 
alone had one of two possible effects. Either they hardened the matrix such that full 
plasticity was not achieved at 200 K and 300 K, or the effect of microconstituents was to 
shorten the fully plastic regime. 

4.3 Importance of the Elastic-Plastic Transition Region 

According to the KM model, the elastic-plastic transition region is not important to 
the work hardening of a well annealed FCC material because the amount of strain that 
occurs in this region is very small. The results of this study have shown that alterations of 
the microstructure in 2090-T81 (figures 15 and 16), regardless of the microstructure, affect 
the slope of this region. Even though this region may cover a small range of the uniform 
elongation, there is a sharp drop in the work hardening rate. A majority of the work 
hardening rate is lost in this region. In addition, the· development of the deformation 
microstructure begins near yielding. What structure evolves at this stage most certainly 
could affect the later deformation behavior. 

The effect of microstructure on the slopes of a work hardening curve can be 
examined more quantitatively by fitting two lines to the curve, one for the elastic-plastic 
transition and one for the fully plastic regime, as depicted in figure 25. The equation for 
the line in either regime is simply 

s = mcr+ b. 

b can be solved by the condition S(O) = S0 , where S0 is the intercept. Thus, the equation 
can be written as 

S = mcr + S0 . (2) 

S0 can be expressed in terms of true stress by considering the condition S ( crs) = 0; crs is the 
stress value when the work hardening rate equals zero. Then, 
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0 = mcrs +So 

and 

Substituting this, value into equation (2) gives 

e = mcr- mcrs 

= m(cr- crs). 

By integrating this expression, the calculated elongation for each region may be calculated 
by the equation 

where cry is the yield strength. If cr is the strength at necking, where equation (2) can be 
solved for the condition e = cr, then E is the uniform elongation attained if the work 
hardening were due solely to a single regime- either elastic-plastic or fully plastic. 

The ideal uniform elongation of a material can be calculated by determining the 
amount of expected elongation due to the elastic-plastic regime (from cry to cri in figure 25) 
and then evaluating the amount of expected elongation due to the plastic regime alone ( cri to 
cr0 in figure 25), and then summing the two contributions. It is suspected that with a 
steeper elastic-plastic slope, a material is able to attain more elongation in the fully plastic 
region. For example, in 2090, a change in microstructure, from AR unrecrystallized to AR 
recrystallized at 77 K steepens the elastic-plastic slope by two times. If -mep is the slope of 
the unrecrystallized microstructure in the elastic-plastic region, then -2mep is the 
corresponding slope of the elastic-plastic region in the recrystallized microstructure. Also, 
the fully plastic slope becomes less negative; if -0~06mep is the slope of the unrecrystallized 
microstructure in the plastic region, then -0.02mep is the plastic slope of the recrystallized 
microstructure. All of these variables can be expressed in terms of the unrecrystallized 
elastic-plastic variables; they are listed in Table 8. Based upon equation (2), four 
equations, two for each microstructure and one for each region, can be written as 

eunrx = -m cr + e 0 ep ep ep 

eur;x = -0.06mepcr + 0.098~ 
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8~ = -2mep0' + 1.468~ 

8~ = -0.02mep0' + 0.038~ . 

O'i for each microstructure can be solved by setting eep = 8p. 0'0 , the strength at necking, 
can be solved by utilizing the necking condition 8 = cr m equation (2). As seen in Table 8, 
all stresses are in terms of the yield strength for the unrecrystallized microstructure. Thus, 
the strain contributions for the elastic-plastic and the fully plastic regions are, respectively, 
the general equations 

11 (O'i - O's J E =-n ep m ~ 0' vy - S 

Table 8- Variables for calculating the ideal uniform elongation. All variables are given in 
terms of the unrecrystallized microstructure elastic-plastic slope, the 
unrecrystallized microstructure yield strength, and the unrecrystallized 
microstructure work hardening rate intercept. 

m O'y So O'i O's O'n 

U nrecrystalli zed 
elastic-plastic -mep O'y ee~ 1.190'y 1.230'y 

Unrecrystallized 
plastic -0.06mep O'y 0.098e~ 1.190'y 1.730'y 1.480'y 

Recrystallized 
elastic-plastic -2mep 0.800'y 1.468~ 0.89cry 0.90cry 

Recrystallized 
plastic -0.02mep 0.800'y 0.038e~ 0.890'y 1.82cry l.l90'y 
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The four strain equations are 

£unrx = __ 1_1n(l.190'y - 1.230'y) = 1.75m-1 
ep mep O'y - 1.23cry ep 

£unrx=- 1 .. ln(l.480'y- 1.730'y)= 12.84m-1 
P 0.06mep 1.190'y - 1. 730'y ep 

£rx = __ 1_1n(0.890'y- 0.900'y) = 1.1Sm-1 
ep 2mep 0.800'y -0.900'y ep 

c!! =- 1 ln(l.190'y- 1.820'y)= 19.47m-1 
P 0.02mep 0.890'y - 1.820'y ep 

then, the calculated uniform elongations, which are the sum of both regions, are 

£ullerx = 14.59m~ 

£~= 20.62m~1· 

For 2090, then, a more negative elastic-plastic slope at 77 K by a factor of two from the 
unrecrystallized to recrystallized microstructure results in approximately a 40% increase in 
elongation. In addition, the plastic slope becomes 34% less negative. 

4.4 Fully Plastic State 

The fully plastic state was purely a theoretical construct, and little work had gone 
into defining the microstructural response and resulting deformation pattern. Because there 
was some question as to whether the higher temperature specimens had achieved the fully 
plastic state in the AR condition, it was necessary to define the plastic state of this alloy on 
a microstructural leveL Then, future questions pertaining to the achievement of full 
plasticity could be based upon this fully plastic surface deformation pattern. 

The first step was to examine the surface deformation pattern of the unrecrystallized 
microstructure in the middle of the fully plastic regime (figure~20). The observed bands of 
deformation are not surprising in light of the type of grain structure found in this materiaL 
The pancake shaped grains can essentially be considered as a deck of cards. When the 
"deck" of grains is sheared, most bands will deform, but a few will not. Even among 
those that do deform, the amount of deformation will vary from band to band. Initially, 
when the material is being pulled in tension, isolated grains with the most favorable 
orientations will yield first As deformation increases, the grains surrounding these grains 
will begin to deform. Eventually, in the plastic state, there are still some grains that either 
have not yet yielded, or they were one of the last to yield. The concentration of lightly 
deformed or undeformed grains near the top of the specimen may indicate that the top of the 
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specimen is harder than the bottom. Yield strength gradients will occur through the 
specimen due to the deformation gradients set up by the rolling process. 

Therefore, the deformation microstructure of the fully plastic state in the 
unrecrystallized AR microstructure will appear very inhomogeneous. The inhomogeneity 
will exist both at the granular level and at the intragranular level. In addition, the 
deformation of grains will occur in bands. It is unknown what the inhomogeneity of 
deformation in the fully plastic region implies. It is known that deformation in the grain 
interior differs from the deformation at the boundary21,22,31. Strain compatibility near the 
grain boundaries is maintained by activating additional slip systems. Inhomogeneous 
deformation may be a consequence of the deformation process and will not influence work 
hardening. 

4.5 Work Hardening and Surface Roughness 

In previous work1,2 on Vintage I 2090-T81, out-of-plane rotation of grains and 
sub grains on the surface were observed when the test temperature decreased from 300 K to 
77 K. It was suggested that this out-of-plane rotation resulted from the difficulty of 
transmission of slip from grain to grain2. Consequently, the work hardening increased 
with decreasing temperature. In Vintage Ill, however, it was found that there was a greater 
increase in out-of-plane rotation in the recrystallized microstructure with decreasing 
temperature, by as much as 36%, yet this microstructure had the smaller increase in work 
hardening. Thus, out-of-plane grain rotation did not directly correlate with the dramatic 
increase in work hardening in this vintage. 

4.6 Work Hardening and Homogeneity of Slip· Band Spacing 

The lack of correlation between finer slip band spacing, or more homogeneous slip, 
and increased work hardening is surprising. It is usually expected that finer slip spacing, 
or increased slip homogeneity, is a sign of a higher work hardening rate, since the 
deformation is not localized. Jata and Starke have found that finer slip spacing in 2090 
corresponds to better fracture toughness and increased strain hardening exponent (n). An 
increasing n value implies an increased work hardening rate. There are difficulties 
associated with this parameter since it is an average over much of the stress-strain curve, 
and it is sensitive to the method of its determination. 

Some difficulties may arise from relating the slip band spacing of the surface to the 
work hardening. The surface grains are under different constraint conditions than the 
interior grains, thus they may deform differently from the interior grains. Barlow, et al.31, 
have found that the deformation microstructures near the grain boundaries in the interior of 
the specimen correlated well with the surface deformation microstructures. The incidence 
of structures found on the surface is less than those found in the interior. If the surface slip 
analysis is consistently utilized to assess work hardening for all test conditions, then the 
surface could be a valid measurement for comparison purposes. 
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In addition, the occurrence of wavy slip, usually indicative of homogeneous slip, is 
highest in the unrecrystallized microstructure, yet the unrecrystallized microstructure has 
the highest work hardening rate. Recall that cross slip is considered a recovery process and 
that an increase in cross slip usually denotes a lower work hardening rate. The higher 
amount of cross slip in the unrecrystallized microstructure may reflect the higher amount of 
stress this microstructure experiences. The cross slip then results from mechanically 
activated processes instead of thermally activated ones. 
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5. CONCLUSIONS 

The effect of grain structure and microconstituents on work hardening behavior in 
aluminum alloy 2090-T81 was investigated. Efforts were made to relate increasing surface 
roughness and slip homogeneity with increasing work hardening. The increase in out-of
plane rotation of grains and subgrains was not found to be primarily responsible for 
increasing the work hardening rate. Surface roughness measurements revealed that with 
decreasing temperature, the recrystallized microstructure, which had the smallest increase in 
work hardening with decreasing temperature, had the greatest increase in Ra value, i.e., the 
greatest amount of grain rotation. The difficulty of transmission of slip from grain to grain 
did not contribute to the increase in work hardening seen in the unrecrystallized 
microstructure. The work hardening rate was also not a function of slip homogeneity. No 
correlation was found between increasing surface slip homogeneity and increasing work , 
hardening for either microstructure. Therefore, slip homogeneity was not the only 
important feature in increasing the work hardening rate. 

Additional surface observations provided a means of defining the deformation 
microstructure of the fully plastic state of the unrecrystallized microstructure. At 77 K the 
unrecrystallized microstructure had very inhomogeneous surface deformation, and the 
deformation appeared to occur in planes, or bands. The deformation pattern indicated that 
grains yielded in groups throughout the thickness of the specimen. These bands of 
deformed grains surrounded bands of grains that had very slight or no deformation. 

Due to the interrelationship between the many variables: solutes, precipitates, 
texture, subgrains and initial dislocation substructur~. isolating one particular 
microstruc~ral feature was difficult. Instead, the effect of microstructure had to be divided 
into two levels: the influence of grain structure (texture, grain shape and size, and 
sub grains) and the influence of microconstituents (precipitate structure and solutes). It was 
found that an unrecrystallized, { 110 }<112> textured grain structure with a homogeneous 
distribution of subgrains had the highest level of work hardening over the temperature 
range between 300 K and 77 K when compared to a recrystallized, textured grain structure 
with an inhomogeneous distribution of subgrains. With the addition of microconstituents, 
the elastic-plastic slopes at high and low temperatures and the fully plastic slope at low 
temperatures of both microstructures were affected. The unrecrystallized microstructure 
caused a more negative elastic-plastic slope at 300 K and 77 K, and the recrystallized 
microstructure had the opposite effect. Thus, the elastic-plastic transition region might be 
important to the work hardening behavior of this material. Also, the work hardening level 
at which the unrecrystallized microstructure transitioned from elastic-plastic to fully plastic 
dropped much more dramatically than the drop for the recrystallized microstructure. The 
fully plastic slope for both microstructures became more negative with the addition of 
microconstituents. When considering the effect of microconstituents alone, the removal of 
the microconstituents caused the work hardening curves at 200 K and 300 K to achieve 
well developed, fully plastic states. 
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APPENDIX A. DERIVATION OF THE KOCKS-MECKING EQUATION. 

The Kocks-Mecking model18,19 beginswith the assumption that the dislocation
dislocation interaction is the controlling feature in work hardening. The dislocations of 
particular interest are mobile dislocations that are stored in the crystal and act as obstacles to 
other dislocations. The relevant parameter, then, is the dislocation density. If cr is the flow ,, 
stress due to these dislocation obstacles, then 

where 
a= proportionality constant of order 1, 
~ = shear modulus, 
b =Burgers vector, and 
p =dislocation density. 

cr= a~bpl/2 

The change in dislocation density during deformation can be written as 
' 

dp = dPstorage - dPrecovery· 

(i) 

The first term in (ii) is the dislocation storage rate, and it describes the change in that 
fraction of the mobile dislocation density Pm that has been stored in the crystal after moving 
a distance dx. This term is given by 

where L =mean free path = ~ . 
p 

Pm 
dPstorage = L dx (iii) 

(iv) 

The second term in (ii) is related to dynamic recovery and can be expressed as a 
function of the number of potential recovery sites in an elemental area (da) of a slip plane 
pda, the average length La of a dislocation that gets annihilated or becomes ineffective, and 
the volume affected V, in the following manner: 

(v) 

An increment of strain de can be expressed as 
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b 
de= Pmbdx = ycta, (vi) 

assuming that the probability of a recovery event is proportional to how often a moving 
dislocation contacts a potential recovery site. Now, by combining equations (ii)-(vi), 

The change in dislocation density with an increment in strain is now 

dp _ 1 112 LA 
de- bpp - b p. 

The derivative of equation (i) with respect to the dislocation density is 

Then 

dcr = dcr dp 

de dp de 

dcr _ aJlP 
dp- 2p112 . 

= (<XJlb -112 Y. 1 1/2) - (<XJlb -112 ~ 
2P. -\!?' 2P fbP 

= <XJl- LA(<XJlbp 112) 
2P 2b 

=eo- k2cr 

where e 0 is the athermal hardening term, and the second term is the dynamic recovery term 
LA 

where k2 = 2b. 
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Top 

Recrystallized Microstructure 

Figure 1. Schematic illustration of the location of both microstructures in the 12.7 mm 
plate of 2090-T81. Note that the center of the unrecrystallized microstructure is 
not the geometrical center of the plate. 

33 



CD -as a: 
C) eo c - ........ c 
CD 

"C ... 
as 

:X: 
.lll:: ... 
0 
3: 

True Stress 

Figure 2. Diagram of the Kocks-Mecking modeL The linear portion extrapolates to a 
constant value e0 at zero stress. 
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Figure 3. Work hardening rate (8) plotted versus true strain (top) and versus true stress 
( 0") (bottom). The necking criterion 8 = 0" is indicated in each plot. 
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Figure 4. The ideal work hardening curve has a region of constant work hardening where 
8 = Constant3.0 
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Figure 5. Ideal work hardening behavior for a material undergoing hardening and recovery 
processes. The work hardening rate maintains a value slightly higher than the 
necking criterion (8 = cr). 
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Figure 6. Significant characteristics of the work hardening curve: a) the slopes of the 
fully plastic regions (mt,mz); b) the level ofthe work hardening rate in the fully 
plastic region (e0 ,e'); and c) where the transition from elastic-plastic to fully 
plastic behavior occurs (e 1 ,ez). 
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Figure 7. Dimensions of tensile specimens used in this investigation. All dimensions 
are in inches. Scale - 1: 1. 
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Figure 8. Optical micrographs of both grain structures. The unrecrystallized microstructure has much thinner grains than the 
recrystallized microstructure. 
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a) b) 

Figure 9. TEM micrographs of the AR unrecrystallized microstructure: a) several grains with subgrains distributed throughout 
them; b) one grain with a homogeneous distribution of subgrains. 
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XBB 916-4151 

b) 

XBB 916-4152 

Figure 10. TEM micrographs of the AR recrystallized microstructure: a) several small 
grains reside between two very large grains and no subgrains are evident; b) 
some subgrain formation seen in a grain. 
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Figure 11. TEM micrograph of the SHT unrecrystallized microstructure. No T1 is 
present. 
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Figure 12. Work hardening curves of the AR specimens: a) unrecrystallized (Unrx) 
microstructure, and b) recrystallized (Rx) microstructure. 

44 



,, 

4000 • .. + • .. 0 

• .. X + D • .. 0 + • X • & 
X 0 + 

3500 \ 
& X 0 + D .. X + 

X 
0 + 

D t .. X 
X 0 + CD • .. X + • .. X 0 + D cD 

• .. X \ + D ...... 3000 • X + 
"':Pc a3 • + 

• 0 0 
+ lXI D a.. 

\ 
+ 

• + 

~ 
D 

' ::2 • t D + ,__, • t D~ • Q) 2500 • + lXI CD 

• 0 

* - \ 
0 c 0 c D D a3 0 

a: i Dg ~ D ac odl 0 o 0 

C) cD D 

c: 2000 .P'icg c ~ 
c: f CD D ~ 
Q) ~ DC ~ "0 
~ 1!1' D D 

a3 1500 CD D ::r: D D 

~ 
D 

..... e D 

0 
~ 1000 l\ 

D 

\ 500 Unrx 
00 77K Unrx 

Rx 0 4K 0 

0 
200 K 00 

. 

400 500 600 700 800 900 

True Stress [MPa] 

Figure 13. AR work hardening curves of both microstructures: unrecrystallized (Unrx) 
and recrystallized (Rx). 
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Figure 14. Work hardening curves of the SHT specimens: a) the unrecrystallized (Unrx) 
microstructure, and b) the recrystallized (Rx) microstructure. 
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Figure 16. Work hardening plots at constant microstructure: a) both SHT and AR 
conditions for the unrecrystallized (Unrx) microstructure, and b) both SHT 
and AR conditions for the recrystallized (Rx) microstructure. 
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Figure 18. Surface slip relief of specimens strained -to the elastic-plastic region (E = 0.1-0.5% ). Note the planarity of the slip. 
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Figure 19. Surface relief of specimens strained to the fully plastic region: a) and c) were tested at 77 K, b) and d) were tested at 300 
K. Specimens were strained to a) 3%; b) 2.7%; c) 3%; and d) 3.4%. 
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Figure 20. Sketch of the surface deformation microstructure of the unrecrystallized specimen at 77 K. The inhomogeneity in 
deformation is reflected by some grains showing intense slip while other grains showing very little slip (lighter in · 
appearance). There are a few grains that do not show any deformation at all. Note that the deformation seems to occur in 
bands. 
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Figure 22. s·urface profiles of AR specimens strained to -3.1%: a) the unrecrystallized microstructure at 77 K; b) the 
unrecrystallized microstructure at 300 K; c) the recrystallized microstructure at 77 K; and d) the recrystallized 
microstructure at 300 K. Note a more dramatic increase in surface roughness for the recrystallized microstructure with 
decreasing temperature. 
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Figure 23. Schematic diagram of the trade-off between the matrix and precipitate 
contributions to dislocation velocity as the temperature increases. 
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Figure 24. Plot of work hardening and true stress versus true strain for AR 77 K 
specimens. The drop in work hardening just before necking in figure 12 is 
also seen here. 
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uniform elongation are shown. 
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