
Metallurgical and Materials Transactions A manuscript No.
(will be inserted by the editor)

Deformation Enhanced Diffusion in Aluminium Alloys1

J. D. Robson2

3

Received: date / Accepted: date4

Abstract Deformation introduces defects such as dislocations and excess vacan-5

cies that can strongly influence diffusion rates in aluminium alloys. This is of6

great importance in understanding the effect of deformation on processes such as7

precipitation hardening, which can be accelerated by orders of magnitude by the8

defects introduced. In this work, a simple and widely used classical model has9

been employed to explore the effect of process variables on diffusion enhancement10

due to deformation induced excess vacancies and dislocations. It is demonstrated11

that in aluminium alloys, the strain rates and temperatures used in processing and12

testing encompass a range of regimes. At low strain rate or high temperature, a13

steady state becomes established in which the deformation enhancement depends14

on strain rate but not strain. Conversely, at high strain rate or low temperature,15

deformation enhancement is insensitive to strain rate but increases with strain.16

For all conditions, the effect of excess vacancies is much stronger than the direct17

effect of pipe diffusion along dislocations. The predicted deformation induced va-18

cancy concentration can exceed that expected after rapid quenching by an order of19

magnitude, but the lifetime of the deformation induced vacancies is much shorter.20

Finally, limitations of the classical model and suggestions for improvement are21

proposed.22

Keywords Aluminium alloys · Deformation · Diffusion · Precipitation23

1 Introduction24

High strength aluminium alloys rely on decomposition of a supersaturated solid25

solution to form precipitates that act as obstacles to dislocation motion. This26

process requires movement and aggregation of solute atoms, which is achieved27

during a heat treatment process by thermally activated diffusion. The scenario is28

made considerably more complex when precipitation occurs simultaneously with29
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plastic deformation. In this case, solute transport can be accelerated either directly30

or indirectly by the dislocation motion that produces plasticity. This is of great31

practical importance in processes such as warm forming, creep age forming, high32

pressure torsion, and fatigue, where strong dynamic interactions can occur [1–6].33

The nature of the interaction between precipitate evolution and deformation34

depends both on the initial microstructural state of the material (e.g. degree of su-35

persaturation) and on the deformation conditions (temperature, strain rate etc.).36

A full discussion of possible interactions is detailed elsewhere [1, 3, 7], but im-37

portant effects for aluminium alloys include direct precipitation on dislocations38

(dynamic strain ageing [1, 8, 9]), ballistic transfer of solute by slip [1], and de-39

formation induced vacancies . Recent in-situ studies suggest a dominant role for40

strain induced excess vacancies in enhancing diffusivity, at least at temperatures41

less than approximately 473 K (200◦C) [2, 3, 5, 10]. The idea that part of the42

work applied during straining goes into the generation of excess vacancies is well43

established [11, 12]. By estimating the fraction of applied work consumed in this44

process, a determination can be made of the excess vacancy concentration that is45

generated [11, 12]. Excess vacancies will strongly influence diffusivity and other46

kinetic processes governing precipitation [3].47

The deformation induced vacancies can arise from a number of sources [13, 14],48

but the dominant one is considered to be non–conservative motion of conventional49

jogs on screw dislocations. Low temperature deformation and annealing studies50

suggest that the deformation induced excess vacancy concentrations approaches51

10−4 [15, 16], orders of magnitude greater than the equilibrium thermal vacancy52

concentration and close to that expected near the melting point. Since the dif-53

fusivity of substitutional solute species is directly proportional to the vacancy54

concentration, this huge increase in the number of vacancies will result in a huge55

effect on self and solute diffusion rates.56

Simple models are available that attempt to capture dynamic effects on pre-57

cipitate evolution. One of the most widely used models for the excess vacancy58

effect is due to Militzer, Sun, and Jonas [17]. Although not expected to be highly59

qualitatively accurate, such models are invaluable in helping to understand the60

fundamental dependencies between process conditions and dynamic effects in the61

microstructure [2, 3, 18].62

Models can help explain why different regimes of behavior are observed de-63

pending on conditions. For example, increasing strain rate has been shown to have64

either no effect on dynamic enhancement (for a given level of strain) [2, 3] or a65

negative effect [1, 3, 10]. As will be demonstrated later, in aluminium alloys, both66

regimes can be produced by differences in temperature, strain, and strain rate67

that fall within practical ranges. This has important consequences for industrial68

processing, particularly of age hardenable aluminium alloys. There is also an op-69

portunity to exploit a better understanding of dynamic interactions to accelerate70

ageing or optimize precipitate distribution [5].71

Since the problem of coupled precipitation and deformation is complex, this72

paper will focus only on the effect of deformation on diffusivity and the prob-73

lem of precipitate nucleation will not be considered [3]. Diffusivity enhancement74

is the dominant effect of deformation when a pre-existing precipitate population75

has been nucleated and is in the growth and coarsening regimes. In an indus-76

trial forming setting, it is envisaged that a pre-aging process will be performed77
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prior to deformation (forming), and therefore the diffusivity effect will dominate78

subsequent precipitate evolution.79

The purpose of this paper is to explore the consequences of a simple model that80

predicts the deformation induced excess vacancy concentration for conditions typ-81

ical of those encountered in mechanical testing and thermomechanical processing82

of aluminium alloys. The significance of excess vacancies will be compared with83

other effects that can enhance diffusion rates. The sensitivity of the model to input84

parameters is explored, and suggestions for improvement are discussed.85

2 Model86

Two deformation induced defect types that lead to enhanced diffusion are con-87

sidered in the model; dislocations and deformation induced vacancies. For defor-88

mation induced vacancies, the widely used model of Militzer et al. was used [17].89

This considers the balance between production of excess vacancies by dislocation90

motion and their annihilation by diffusion to sinks. The resultant rate of excess91

vacancy production is given by:92

dcex
dt

=

(
χ
σΩ0

Qf
ε̇+ ζ

cjΩ0

4b3
ε̇

)
−
(
Dvρ

κ2
cex +

Dv

L2
cex

)
(1)

The first set of parentheses contain two terms corresponding to the mechani-93

cal and thermal contributions to vacancy production respectively. The mechanical94

term is a phenomenological expression of the observation that a fraction of the95

applied work during deformation is converted into excess vacancies. A constant χ96

expresses this fraction, and is usually set to 0.1. The implications of this assump-97

tion are discussed later. The contribution from thermal jogs is only important98

above about 0.4 of the melting temperature [17] (i.e. T> 373 K (100◦C) for alu-99

minium). The calculation of the thermal jog contribution requires calculating the100

concentration of thermal jogs, which depends on the thermal jog formation energy101

Ej . The procedure used by Militzer et al. was used to calculate these parameters;102

details elsewhere [17].103

The second set of parentheses contains two terms corresponding to annihilation104

of excess vacancies at dislocations and grain boundaries respectively. This depends105

on the dislocation density ρ, dislocation arrangement κ, vacancy diffusion coeffi-106

cient Dv, and grain size L. The concentration of thermal jogs and the vacancy107

diffusion coefficient are calculated as a function of temperature using the usual108

Arrhenius expressions [17]. For example, the vacancy diffusion coefficient is given109

by110

Dv = Dv0 exp

(
−Qm

kT

)
(2)

Where Qm is the activation energy for vacancy migration.111

A simple model for the dislocation density evolution is used, following Militzer112

et al. [17]. The evolving dislocation density as a function of time is given by113

ρ(t) = ρs − (ρs − ρ(0)) exp

(
− t
β

)
(3)
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Where ρs is the steady state dislocation density during deformation, ρ(0) is114

the initial dislocation density, and the characteristic time β is given by:115

β =
σ

β0ε̇
(4)

Where σ is the flow stress, and β0 is a material constant (' 500 MPa). Following116

Milizer et. al., the flow stress of the material was fitted using a standard hyperbolic117

sine law, for which constants were used for AA7075, taken as a typical example118

of a high strength aluminium alloy [19]. Details of the constants used in the flow119

stress law are given elsewhere [19]. Note that compared to the several order of120

magnitude effects directly attributed to changes in temperature or strain rate, the121

effect of errors in dislocation density prediction due to the simplistic model used122

here are expected to be small.123

The deformation induced vacancies and dislocations will enhance solute diffu-124

sivity, and the resultant effective diffusion coefficient can be written as a function125

of the thermal diffusion coefficient as:126

Def = D

(
1 +

cex
cth

+ g
Dp

D

)
(5)

where D is the thermal diffusion coefficient (without deformation), cth is the127

concentration of thermal vacancies, Dp is the pipe diffusivity along dislocations128

and g is the fraction of atoms associated with the dislocation pipe. Taking a typical129

assumption that the cross section of the dislocation core contains two atoms, g can130

be written as:131

g = 2Ω0
ρ

b
(6)

Since the activation energy for diffusion along the dislocation pipe (required132

to calculate Dp) is not well known, it was assumed to be similar to that for grain133

boundary diffusion, approximately 0.55Qs, the activation energy for lattice diffu-134

sion [20].135

Using these equations, the effect of deformation on the effective diffusivity can136

be estimated, and the relative contribution of excess vacancies and dislocation137

pipes can be assessed. The effect of important process variables such as strain138

rate, strain, and temperature can also be explored.139

3 Model Predictions140

3.1 Excess Vacancies – Effects of Temperature, Strain, and Strain Rate141

As equation 1 shows, the net rate of excess vacancy production depends on the142

competition between mechanisms producing new deformation induced vacancies143

and mechanisms that destroy them. In aluminium alloys of a typical grain size144

(e.g. >10µm) the annihilation at grain boundaries is negligible compared to the145

annihilation at dislocations. Since both the excess vacancy concentration and dis-146

location (sink) density evolve during deformation, a number of complex behaviors147

can be produced depending on the conditions. As demonstrated later, the balance148

between the production and annihilation terms determine the sensitivity of excess149
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Table 1 Model parameters, values used, and their sources (this work if no citation given).

Symbol Meaning Value

χ Mechanical vacancy production constant 0.1
Ω0 Atomic volume 1.66 × 10−29 m3 [2]
Qf Vacancy formation energy 0.76 eV [2]
Ej Jog formation energy 0.30 eV [17]
b Burgers vector 0.29 nm [21]
Qm Activation energy for vacancy diffusion 0.58-0.9 eV [22]
Dv0 Pre-factor for vacancy diffusion 1 × 10−5 m2s−1 [22]
ρ Reference dislocation density 2 × 1012 m−2 [2]
κ Dislocation arrangement 1–10 [17]
L Grain size 50µm
Ds0 Pre-factor for solute (Cu) lattice diffusion 2.9 × 10−5 m−2s−1 [23]
Qs Activation energy for solute (Cu) lattice diffusion 125 kJ mol−1 [23]

vacancy concentration to strain, strain rate, and temperature. Since the annihila-150

tion rate depends on the excess vacancy concentration it will increase with strain151

and eventually a steady state is reached where generation and annihilation terms152

are equal.153

A key difficulty in this model is accurately determining the input parameters,154

since they are both difficult to measure during deformation and dependent on155

local interactions at the atomic scale. One of the most influential yet ill–defined156

parameters is the vacancy migration activation energy (Qm), which determines157

the temperature dependence of Dv. A range of values for pure aluminium and158

aluminium alloys are reported in the literature, from Qm = 0.58 − 0.9 eV [22].159

In alloys, the activation energy for vacancy migration can be strongly influenced160

by the formation of vacancy-solute clusters, which is an additional complicating161

factor (e.g. [24]). For warm deformed aluminium alloy, choosing different values in162

this range can produce different behavior. For example, Figure 1 shows the effect163

of varying Qm from 0.7 to 1 eV for typical conditions for warm tensile testing of164

aluminium (ε̇ = 10−3 s−1, T = 473 K, 200◦C). The simulated deformation time165

is 100 s, after which the excess vacancy decay is tracked for a further 1 s (at the166

same temperature). The assumed value for dislocation density and the other input167

parameters are those used previously for aluminium alloys [2], summarized in168

Table 1.169

In Figure 1, the total vacancy concentration (excess + thermal vacancies) is170

plotted as a multiple of the equilibrium thermal vacancy concentration. As Fig-171

ure 1 shows, the small changes to Qm produce very large differences both in the172

predicted excess vacancy concentration, but also (and critically) in the variation173

of excess vacancy concentration with time (strain). For low Qm, the annihilation174

term is important and the excess vacancy concentration rapidly reaches a steady175

state (within 10 s, ε=1%). After deformation, the excess vacancies are lost rapidly,176

and more than half of them are annihilated after 1 s. In contrast, for the highest177

Qm value, annihilation is negligible over the duration simulated, and the excess178

vacancy concentration increases linearly with time (strain). There is also negligi-179

ble annihilation of the excess vacancies in the 1 s interval after deformation. The180

intermediate value of Qm = 0.9 eV represents a case where the increase in excess181

vacancies is almost linear with time (strain), but annihilation becomes significant182

at longer times, so that the maximum excess vacancy concentration reached is183
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Fig. 1 Predicted effect on increasing the activation energy for vacancy migration (Qm) on the
total vacancy concentration (thermal + deformation induced) relative to the thermal vacancy
concentration (473 K, (200◦C), ε̇ = 10−3 s−1) (a) Qm = 0.7 eV, (b) Qm = 0.9 eV, (c) Qm =
1 eV.

significantly less than would be the case with no annihilation. Again, in this case,184

annihilation in the 1 s after deformation is negligible. When Qm = 1 eV annihi-185

lation is negligible during and after deformation. Therefore, increasing Qm over186

the reported reasonable range, changes the predicted behavior from a steady state187

excess vacancy concentration with strain to a linearly increasing concentration.188

3.2 Activation Energy for Vacancy Annihilation189

As already demonstrated, the model predictions are sensitive to the activation190

energy for vacancy diffusion, but this parameter is poorly defined and furthermore191

is expected to be a function of alloy composition. The difficulty in measuring the192

activation energy for diffusion of vacancies arises from the difficulty in measuring193

vacancy concentrations themselves, particularly when evolving with deformation or194

temperature. Proxy methods, such as measuring changes in resistivity correlated to195

vacancy concentration [13], or more direct methods using positron annihilation [25]196

or nuclear magnetic resonance [26] have been used. These methods are significantly197

complicated by the presence of other alloying additions and defects present in198

alloys of practical interest. They are also too slow to measure the rapidly evolving199

dynamic vacancy concentration.200

An alternative pragmatic method for determining the effective activation en-201

ergy for vacancy diffusion was used in this work. Once the deformation is stopped,202

the excess vacancies decay and this decay is reflected in a reduction in the precip-203

itate growth rate. The decay rate of excess vacancies is strongly dependent on the204

activation energy for vacancy diffusion. Therefore, the effective activation energy205

for vacancy diffusion can be found by fitting to produce the correct decay behavior206

in the growth rate. As an example, Deschamps et al. [2] have performed in-situ207

measurements that track the decay in growth rate after deformation is completed.208

Using reasonable values for dislocation density and other parameters (Table 1), ad-209

justing Qm is necessary to give the correct growth rate decay behavior. Providing210
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Fig. 2 Predicted decay in excess vacancy concentration after deformation for 3 vales of the
activation energy for vacancy migration Qm, compared with the decay in growth rate measured
in-situ by Deschamps et al. [2]

the adjusted value is within the physically reasonable range (Qm = 0.65− 0.9 eV)211

this provides an indirect method for determining the correct value to use to prop-212

erly capture the excess vacancy annihilation rate. As an example, Figure 2 shows213

the effect of adjusting Qm on the predicted decay behavior compared with the de-214

cay in growth rate measured by Deschamps et al. (at 433 K (160◦C) ε̇ ' 10−5 s−1).215

It can be seen that Qm values at the top of the plausible range give decay behavior216

which is too slow compared with the measured decay in the growth rate. A fitted217

Qm value of 0.83 eV gives a good fit to the measured decay behavior.218

3.3 Application of Model - Constant Dislocation Density219

Equation 1 can be applied under different conditions of strain rate and tempera-220

ture to understand the likely accelerating effect of excess vacancies formed during221

deformation on diffusion. In practice, the sources and sinks of excess vacancies (dis-222

locations) also evolve during the deformation process. However, at first, this will223

be ignored and a steady-state and temperature independent dislocation density224

will be assumed. This allows the predicted effect of process variables on the ex-225

cess vacancy concentration to be isolated without the complication of an evolving226

dislocation density, which will be considered later.227

Figure 3 shows the effect of large changes in either strain rate (a–b) or tem-228

perature (c–d). In all cases, the total simulated strain is 10%. For a slow strain229

rate, typical of a laboratory tensile test at a temperature of 473 K (200◦C), the230

excess vacancy concentration is predicted to increase throughout the test, but the231
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Fig. 3 Effect on the predicted enhancement in vacancy concentration of increasing strain rate
at 473 K (200◦C) (a-b) and increasing temperature (373 K (100◦C) and 673 K (400◦C) at a
strain rate of 1 s−1 (c-d).

curvature of the plot is evidence of the significance of vacancy annihilation. At232

100 s, vacancy generation was turned off (no further deformation), indicated by233

the vertical line in the plots. As shown in (a), 10 s after the deformation at 473 K234

(200◦C), it is predicted that most of the excess vacancies still remain. If the strain235

rate is increased to 1 at the same temperature (b), then vacancy annihilation be-236

comes negligible, and the excess vacancy concentration increases in proportion to237

the applied strain, reaching a value that is over 3 times greater than at the slow238

strain rate. Retaining a strain rate of 1, but reducing the temperature to 373 K239

(100◦C) gives an even greater predicted excess vacancy concentration, with no240

significant annihilation during deformation, and a long decay time for the excess241

vacancies generated (this point will be explored later in more detail). Finally, on242

increasing the temperature to 673 K (400◦C), vacancy annihilation becomes much243

more rapid, meaning that the excess vacancy concentration is always orders of244

magnitude less than at the other temperatures simulated. In this case the ex-245

cess vacancy concentration decays rapidly (within about 0.5 s after deformation is246

turned off).247

As will be explored later, the approximations and limitations of the excess248

vacancy model as expressed in Equation 1 mean that the predictions are not249

expected to be qualitatively accurate. However, the qualitative trends evident in250

Figure 3 are expected to be reasonable. In particular, the very strong effect of251

temperature on vacancy annihilation rate means that the effect of excess vacancies252

reduces very rapidly with increasing temperature, both during deformation and in253

the post-deformation decay period.254
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The effect of strain rate alone (at a constant temperature of 473 K (200◦C) is255

considered in Figure 4. In this case, only the excess vacancy concentration during256

deformation is shown, and the results are plotted as a function of strain rather257

than time. In the strain rate range shown, ε̇ = 10−2 to 10 s−1, a transition in258

behavior as a function of strain is observed. At the lowest strain rate, there is259

sufficient time for vacancy annihilation to be significant, and a steady–state excess260

vacancy concentration is reached. For the highest strain rate, the time is sufficiently261

short that vacancy annihilation is negligible, and the excess vacancy concentration262

continues to increase linearly with strain.263

The key point of these predictions is to demonstrate that a number of dif-264

ferent behavior regimes are possible depending on conditions, lying between two265

extremes. When vacancy annihilation is negligible (at high values of the Zener266

Holloman parameter, Z [27]), the excess vacancy concentration will increase lin-267

early with strain (or time for a constant strain rate). When vacancy annihilation is268

significant (low Z) the excess vacancy concentration will reach a steady state value269

that depends on strain rate. The typical temperatures and strain rates encountered270

in testing and processing aluminium alloys encompass both regimes.271

Although the focus of this paper is on thermo-mechanical processing and form-272

ing, a brief comment can also be made about creep deformation. Creep is usually273

characterized by low strain rates, on the order of 10−6 s−1, at relatively high274

homologous temperatures. As discussed in detail elsewhere [15], in this regime ex-275

cess vacancies will not accumulate at temperatures above about 0.4 of the melting276

point (373 K, 100◦C for aluminium). Therefore, in the low strain rate (low stress)277

creep regime, excess deformation induced vacancy effects are not expected to be278

significant [15] .279
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is predicted to be significant or insignificant during deformation (contours for different strain
rates). These regimes give different dependencies on strain and strain rate (see text for details).

This transition in behavior can be demonstrated on a mechanism map, as280

shown in Figure 5. This map shows contours for different strain rates that cor-281

respond to the point where the vacancy annihilation rate is predicted to reach282

1% of the vacancy production rate. Regions to the upper right of each contour283

correspond to conditions where annihilation is “significant”, and the the opposite284

is the case towards the lower left. The choice of 1% as the boundary between “an-285

nihilation significant” and “annihilation insignificant” is arbitrary, but changes in286

this value result in only small shifts of the contours. The map demonstrates the287

interplay between strain, strain rate, and temperature in determining whether an-288

nihilation is significant or not. For strain rates typical of those in the upper range289

experienced during industrial thermomechanical processing (1-10 s−1), both high290

strain and elevated temperature are needed to produce significant annihilation.291

For the low strain rates and strains typically encountered during tensile testing292

(e.g. ε̇ = 10−3 s−1, ε = 10%), deformation temperatures above 423 K (150◦C) are293

predicted to lead to significant annihilation.294

3.4 Application of Model - Evolving Dislocation Density295

In practice, the dislocation density is not constant but evolves during plastic defor-296

mation to reach a steady state value. As the forest dislocation density increases,297

the number of vacancy sinks increases. As demonstrated by Militzer et al. [17],298

this can give behavior where the excess vacancy concentration reaches a peak with299
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Fig. 6 A comparison of predicted enhancement in vacancy concentration at 473 K (200◦C),
ε̇ = 10−2 s−1 assuming either a constant dislocation density or a dislocation density increasing
to the constant value.

increasing strain before reducing to a steady state value once the steady state dis-300

location density is established. In aluminium, where extensive dynamic recovery301

occurs even at room temperature, the steady state dislocation density is estab-302

lished at an applied strain level of approximately 0.3 (the exact value depending303

on alloy and deformation conditions) [27]. Before steady state, the dislocation304

density increases, and this can be captured in a very simplistic way through equa-305

tion 3. Figure 6 gives an example comparison of the predicted excess vacancy306

concentration for the case of evolving and constant dislocation density (the con-307

stant dislocation density being fixed at the steady state value for the evolving308

dislocation density). The conditions for this simulation are a typical warm form-309

ing temperature (473 K (200◦C) and a strain rate of 10−2 s−1). A slow strain310

rate compared to that for industrial forming or thermomechanical processing was311

chosen since this maximizes the effect of an evolving dislocation density.312

When an evolving dislocation density is accounted for, the initial accumulation313

of excess vacancies is faster because there are fewer dislocation sinks at short314

times (low strain). For the strain rate and temperature shown, the excess vacancy315

concentration is then predicted to reach a small peak before decreasing to the316

steady state value. This is established at a time of 300 s, or a strain of 3 for the317

simulated strain rate. However, compared with the very large predicted increase318

in vacancy concentration due to deformation (over four orders of magnitude), the319

effect of the evolution in dislocation density is small.320

A peak in the excess vacancy concentration is observed if the point at which321

the vacancy annihilation rate balances the vacancy production rate occurs whilst322

the dislocation density is still increasing. This means the number of sinks for ex-323

cess vacancies is increasing, which then leads to an annihilation rate that exceeds324

the production rate, causing a decrease in the number of excess vacancies until325
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Fig. 7 Predicted effect of an increase in temperature on the enhancement in vacancy con-
centration (normalized) for increasing temperatures in the range 433–513 K (160–240◦C),
ε̇ = 10−2 s−1.

the steady state is established. Temperature and strain rate will influence the rel-326

ative difference between the point at which the steady state dislocation density is327

established and the point at which vacancy annihilation matches production. For328

example, Figure 7 shows the effect of temperature on the predicted occurrence of329

a peak in the excess vacancy concentration (for a strain rate of 10−2 s−1). On this330

plot, the excess vacancy ratios have been normalized (to the maximum value at331

each temperature), allowing the peak shapes to be directly compared. As already332

demonstrated, vacancy annihilation is greatly enhanced at increasing tempera-333

ture, and this effect is stronger than the reduction in time required to reach the334

steady–state dislocation density. Therefore, as the temperature increases, a more335

pronounced peak is observed. The peak disappears at lower temperature where336

a constant dislocation density becomes established before vacancy annihilation337

becomes significant.338

The role of vacancy annihilation and the effect of temperature and strain rate339

on its importance can be more clearly shown by plotting the ratio of the vacancies340

annihilated to those created. An example of such a plot for a range of deformation341

conditions is shown in Figure 8, allowing for an evolving dislocation density. Strain342

is plotted as the abscissa rather than time to enable the effect of changes in strain343

rate and temperature to be compared at iso-strain. A steady state excess vacancy344

concentration is established when the ratio of annihilated to created vacancies is345

1. Values greater than this correspond to more vacancies being annihilated than346

created and values less correspond to more vacancies being created than annihi-347

lated. As already discussed, for a given strain rate (e.g. 10−2 s−1), the vacancy348

annihilation rate increases strongly with temperature, and at high temperature349

steady state is achieved at relatively low strain ('10%). On the other hand, for350
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of temperature and strain rate (see legend).

the same strain rate but with a deformation temperature of 373 K (100◦C), va-351

cancy annihilation is almost negligible, even up to a strain of 2.352

3.5 Application of Model - Vacancy Production and Annihilation Parameters353

A key factor limiting the accuracy of the excess vacancy model is the uncertainty354

in some of the important parameters. The effect of small changes in the activation355

energy for vacancy diffusion has already been discussed, but there are two other356

parameters in equation 1 that are also important and are poorly defined. The first357

is χ, which is the fraction of the applied work that is used to produce excess va-358

cancies from mechanical jogs. Estimates for this parameter from experiment range359

greatly, from around 2% to 10% [13, 17]. It is estimated that around 30% of the360

total stored energy after cold deformation is associated with excess vacancies (in361

Cu) [16], but this is hard to measure since the excess vacancies anneal rapidly362

above cryogenic temperatures. Furthermore, it is common to assume χ is indepen-363

dent of temperature, strain and strain rate, but in practice this is likely to not be364

the case. This point will be returned to later.365

The χ parameter controls the number of excess vacancies that are created366

for a given increment in strain. The effect of changing this parameter are shown367

in Figure 9(a) for an example temperature of 473 K (200◦C) and a strain rate368

of 10−2 s−1. Deformation is applied for 1000 s and then excess vacancy decay is369

predicted for a further 1000 s. Note that the highest χ value shown here is not370

expected to be physically reasonable, but is plotted to demonstrate the functional371

dependence of the excess vacancies when χ is doubled. As expected from inspection372
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of equation 1, when mechanical jogs dominate, doubling χ leads to a doubling in373

the rate of excess vacancy accumulation and a doubling of the steady state vacancy374

concentration. The excess vacancy decay rate is not affected by changes to χ since375

this only influences vacancy production.376

The other uncertain parameter is κ. This is the dislocation arrangement term,377

and is used to capture the effect that the inhomogeneity in dislocation distribution378

will have on the diffusion distance for excess vacancies to migrate to sinks. The379

value is usually in the range from 1 for a homogeneous distribution of dislocations380

to approximately 10 for a fully cellular arrangement [17]. The correct value to chose381

for this parameter is complicated by the fact that the dislocation arrangement382

itself is changing during deformation. If dislocation rearrangement is much slower383

than excess vacancy production and annihilation, then assuming κ ' 1 may be384

reasonable.385

The effect of changing κ on the predictions for a temperature of 473 K (200◦C)386

and a strain rate of 10−2 s−1 is shown in Figure 9(b). Changing κ influences both387

the accumulation of excess vacancies during the deformation phase and the rate of388

recovery once deformation finishes. A larger value of κ results in a reduced rate of389

vacancy annihilation. This leads to a longer time (higher strain) to reach steady390

state, a higher excess vacancy concentration, and a longer annihilation time after391

deformation392

3.6 Application of Model - Effect on Diffusivity393

One of the most important effects of excess vacancies is in enhancing mass trans-394

port through an increase in diffusivity. The major solutes used in aluminium alloys395

are substitutional in nature and require vacancies to jump. In this case, the dif-396
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fusivity increases in proportion to the excess vacancy concentration, as shown in397

equation 5. The dislocations induced by deformation also directly enhance diffu-398

sivity though acting as fast diffusion pipes. This is accounted for in equation 5. To399

help understand the relative contribution of these effects, the excess vacancy and400

dislocation contributions to equation 5 have been calculated separately and are401

shown in Figure 10 for a range of conditions. These calculations were performed402

assuming Cu as the solute species since this is one of the slowest diffusing precip-403

itate forming alloying additions widely used in aluminium alloys. The necessary404

Ds0 and Qs values are reported in Table 1.405

Figure 5(a–c) show the effect of increasing temperature 373-673 K (100–400◦C)406

for a fixed strain rate (ε̇ = 10−2 s−1). Figure 5(a–c) shows the effect of an increased407

strain rate (ε̇ = 1 s−1) at 473 K (200◦C). In all cases, the total deformation strain408

was 1. The critical point demonstrated by Figure 5 is that for the wide range409

of temperatures shown, the enhancement of diffusivity due to excess vacancies410

is always predicted to be several orders of magnitude greater than that due to411

dislocations. As expected, the effect of defects (dislocations and excess vacancies)412

in enhancing diffusivity is stronger at lower temperature and higher strain rate.413

However, even at 673 K (400◦C), ε̇ = 10−2 s−1, the excess vacancies are predicted414

to lead to a small enhancement in diffusivity whilst the dislocation enhancement415
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at this temperature and strain rate is negligible. At 473 K (200◦C) ε̇ = 10−2 s−1,416

the excess vacancies are predicted to lead to an increase in diffusivity that is five417

orders of magnitude or more above that expected from thermal vacancies alone.418

4 Extending the Model419

The classical excess vacancy model used here (and expressed in equation 1) ignores420

some physical effects that can be important in aluminium alloys, depending on the421

deformation conditions and alloy microstructure. The first is the effect of strain422

localization during plastic deformation. Implicit in the previous discussion is the423

assumption that the distribution of excess vacancies is homogeneous. This will424

be reasonable in the case where the sources of the deformation induced vacancies425

are closely spaced compared to the mean vacancy diffusion distance. This is true426

when the slip band spacing is small compared to the vacancy diffusion distance [15].427

However, the other limiting case occurs when deformation occurs heterogeneously428

and is concentrated in slip bands whose spacing is large compared to the vacancy429

diffusion distance. In this case, a heterogeneous distribution of excess vacancies430

will arise, and futhermore the excess vacancy concentration will be different to431

that in the homogeneous case. The two extreme cases have been considered by432

Mecking and Estrin [15], who showed that in the case of localized widely spaced433

bands, there is a net increase in the excess vacancy concentration compared to the434

homogeneous case. The amplification factor in the excess vacancy concentration435

caused by strain localization can be several orders of magnitude.436

Using the assumption that slip is confined to bands that are very narrow com-437

pared to their spacing, the concentration profile of excess vacancies can be esti-438

mated perpendicular to the band (as excess vacancies migrate from the slip band439

into the surrounding material) [15]. As shown by Mecking and Estrin [15], the440

vacancy concentration profile reaches a steady state whose width depends only441

on the distance between excess vacancy sinks. Figure 11 shows the predicted va-442

cancy concentration profile at steady state around a line source, estimating the443

annihilation distance from the steady state dislocation density (Table 1).444

Comparing the distance over which the vacancy concentration decays with the445

expected slip spacing will determine whether homogeneous or heterogeneous excess446

vacancy behavior is expected. For pure aluminium, high stacking fault energy447

disfavours localization and the slip spacing is expected to be orders of magnitude448

less than the width of the concentration profile [28, 29]. In this case the assumption449

of a homogeneous excess vacancy distribution is reasonable.450

However, many aluminium alloys contain shearable precipitates that can lead451

to strain localization and more widely spaced slip bands [30, 31]. These bands can452

be several µm apart depending on alloy and precipitate state [32–34]. At this spac-453

ing, the excess vacancy distribution would be expected to remain heterogenous,454

with only partial (or no) overlap between the volumes containing excess vacan-455

cies originating from each slip band. In this case, the excess vacancies would be456

expected to have a heterogeneous effect on the microstructure since they would457

have a stronger effect on diffusivity within the slip bands than between them.458

Properly accounting for this effect requires a more physically realistic deformation459

simulation in which strain localisation is considered.460
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Fig. 11 Steady state (normalized) excess vacancy concentration profile around a source for
an assumed sink spacing corresponding to a dislocation density ρ = 2 × 1012 m−2.

The second physical effect that is ignored in the Militzer et al. excess vacancy461

model is related to the vacancy annihilation process. In equation 1, two annihi-462

lation sites are considered, forest dislocations (assumed to be static) and grain463

boundaries. Unless the grains are ultra-fine, the forest dislocation sinks dominate464

the annihilation process. These annihilation processes are diffusion controlled and465

depend on temperature but not strain or strain rate.466

However, another annihilation mechanism is possible, involving sweeping of467

excess vacancies by mobile dislocations. Atomistic simulations (in Cu) suggest468

that vacancies within about two atomic distances of the dislocation core (or jog-469

line) have much lower energy barriers for movement compared to the bulk [35].470

Vacancies within this distance of moving dislocation could therefore be swept471

up by moving jogged dislocations, with some of them becoming annihilated at472

the jogs, which act as vacancy sinks. An accurate calculation of this effect is473

complex because it depends on the relative velocity of the dislocation compared474

to the vacancy jump frequency, the spacing of jogs along the dislocation line,475

the distribution of the vacancies, and the homogeneity of the mobile dislocations.476

Nevertheless, an upper bound estimate of the significance of this effect can be477

made by calculating the total volume within the assumed capture distance of478

mobile dislocations (2 atomic distances above and below the line, giving a capture479

width of 4b). The Orowan law relates the increment in (shear) strain rate to the480

average mobile dislocation velocity v:481

ε̇ = ρmbv (7)

Assuming a homogeneous distribution of mobile dislocations, and ignoring482

overlap between swept volumes, the increment of volume fraction within the cap-483

ture volume of mobile dislocations in a time interval dt, assuming a swept width484

of 4b, is given by:485
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dVs = 4bρmvdt (8)

Combining equations 7 and 8 gives a simple relationship between the rate of486

increase in the capture volume and the shear strain rate:487

dVs

dt
= 4ε̇ (9)

This analysis is a gross approximation to the real physical processes occurring,488

and thus is not sufficiently reliable for quantitative calculations. Nevertheless, the489

important point is that as the strain rate increases, the generation of more excess490

vacancies (per unit time) will be countered by more of those vacancies being cap-491

tured by other moving dislocations. Using this simple upper bound calculation, a492

shear strain of 0.25 of greater would correspond to the entire volume being within493

the capture range of mobile dislocations.494

One implication of this mechanism is that the excess vacancy concentration495

will not continue to increase linearly with strain, even in the absence of diffusion496

of vacancies to forest dislocations (e.g. at low temperature). Instead, a steady state497

will eventually become established where the generation of excess vacancies will be498

balanced by their absorption by mobile dislocations. An important consideration499

is the lifetime of an excess vacancy before it is annihilated, either by diffusion to500

a forest dislocation or capture by a moving dislocation. If the vacancy survives for501

long enough to transport solute over the distances required to form a precipitate,502

strong enhancement of precipitate nucleation and growth will occur, regardless of503

whether than vacancy is eventually annihilated. The vacancy lifetime is thus an504

important characteristic, which will be related to the temperature in the case of505

diffusion to forest dislocations and strain rate (i.e. dislocation velocity) in the case506

of mobile dislocation capture.507

5 Comparison with Quenching508

In aluminium alloys, another important source of excess vacancies can arise from509

rapid quenching. It is well known that the elevated vacancy concentration retained510

on quenching has a strong effect on diffusion at low temperature, facilitating pro-511

cesses such as formation of GP zones (natural ageing) [36]. It is interesting to512

compare the excess vacancy concentrations that arise from the quenching process513

with those predicted due to deformation. For simplicity, solute effects [37] will be514

ignored and a perfect quench will be assumed, in which all the vacancies from515

high temperature are retained. Figure 12(a) shows a comparison of the quench516

induced and strain induced excess vacancy concentrations as a function of initial517

temperature and strain respectively. It can be seen that for room temperature518

deformation or high strain rate/high temperature deformation typical of thermo-519

mechanical processing operations (673 K (400◦C), ε̇ = 1 s−1) it is predicted that520

the deformation induced vacancy concentration can exceed the quench induced521

vacancy concentration by an order of magnitude, but is always within 2 orders522

of magnitude for the range of conditions shown here. For warm deformation at a523

typical laboratory tensile test strain rate (523 K (250◦C), ε̇ = 10−3 s−1), the excess524

vacancy concentrations due to quenching and deformation are of similar magnitude525

(given the large uncertainty arising from the simplicity of both models). Overall,526
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Fig. 12 (a) A comparison of the predicted vacancy concentration due to deformation (as a
function of strain) and trapped by quenching from elevated temperature (as a function of
initial temperature). (b) A comparison of vacancy accumulation and decay for deformation
and quench induced excess vacancies (t = 102 s at deformation stop or instantaneous quench
respectively). For deformation, T = 423 K, 150◦C, ε̇ = 10−3 s−1, ε = 0.1. For quenching; initial
temperature 873 K (600◦C)). After deformation or quench T = 423 K, 150◦C.

the results show that both quenching and deformation can lead to comparable527

increases in vacancy concentration of many orders of magnitude greater than the528

equilibrium room temperature value (' 2× 1013s1−).529

Another important characteristic of the excess vacancies is the duration they530

persist after deformation or quenching. If the vacancies annihilate very quickly,531

then their opportunity to affect nucleation and diffusion processes will be limited.532

There is an important difference here between deformation and quench induced533

excess vacancies. During deformation, there is a relatively high dislocation den-534

sity, and therefore a large number of excess vacancy sinks. The dislocation density535

in undeformed aluminium is approximately 1 × 1011 m−2 [38]. This is about two536

orders of magnitude less than the steady state achieved during deformation [39].537

The effect of this on the time to annihilate the excess vacancies due to quench-538

ing and strain respectively is shown in Figure 12(b). For this calculation, it was539

assumed the dislocations after quenching have a cellular arrangement, κ = 10.540

The annealing temperature prior to the quench was 873 K (600◦C) and the tem-541

perature after the quench was 423 K (150◦C). For deformation, the temperature542

was 423 K (150◦C) and the strain/strain rate were 0.1 and 10−3 s−1 respectively.543

These conditions were chosen to compare with a more sophisticated calculation544

of vacancy annihilation after quenching in aluminium reported in the literature545

[40]. Although the absolute values of time are not expected to be accurate, the546

important point that the excess vacancies produced by deformation will annihi-547

late much faster than those produced after quenching is well demonstrated. For548

the conditions show here, there is about a two order of magnitude difference be-549

tween the predicted annihilation times. A more sophisticated vacancy annihilation550

model of Fisher et al. [40] gives a similar difference in order of magnitude between551

annihilation times for the dislocation densities assumed here, but both times are552

much shorter. It may be concluded that whilst the excess vacancies produced by553

quenching persist for long times (hours) after the quench and can thus influence554
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precipitation kinetics over this period, the comparable number of excess vacancies555

produced by deformation are rapidly annihilated (in seconds [40]) and thus it is556

their action during deformation that is most important.557

6 Conclusions558

Deformation induced excess vacancies can have a strong effect in enhancing diffu-559

sion kinetics in aluminium alloys, greatly accelerating processes such as precipitate560

nucleation, growth, and coarsening. The application and implications of a simple561

model to predict deformation induced excess vacancies when applied to typical562

conditions used for testing and thermomechanical processing of aluminium alloys563

have been investigated. The following conclusions can be drawn from this work:564

1. The excess vacancy concentration produced by deformation is predicted to565

lead to increases in diffusivity that can be more than five orders of magnitude566

greater than that without deformation. The enhancing effect falls rapidly with567

increasing temperature and is negligible above around 673 K (400◦C).568

2. The conditions used for processing and testing aluminium alloys encompass two569

distinct regimes with regard to the balance between excess vacancy production570

and annihilation. At low temperatures or high strain rates (high Z), vacancy571

annihilation is suppressed compared to production and the excess vacancy572

concentration increases with strain but is insensitive to strain rate. At high573

temperatures or low strain rates (low Z) vacancy annihilation and production574

will rapidly reach a steady state concentration, which increases with strain rate575

but is insensitive to strain.576

3. The quantitative accuracy of the model is limited by the uncertainty in key577

input parameters such as vacancy migration energy, dislocation arrangement,578

and fraction of the applied work used to produce point defects. A pragmatic579

method is presented for calibrating the parameters that control vacancy anni-580

hilation based on in-situ measurement of the decay of precipitate growth rate581

after deformation is complete.582

4. The excess vacancy concentrations produced by deformation can be comparable583

to those produced by rapid quenching from temperatures close to the melting584

point. A key difference is that the annihilation of deformation induced excess585

vacancies is predicted to be two orders of magnitude faster than those due to586

quenching due to the greater number of vacancy sinks in the former case.587

5. To improve the quantitative accuracy of the present model requires a more588

realistic dislocation model that properly considers the evolving dislocation dis-589

tribution, a better estimate of vacancy annihilation by mobile dislocations, and590

a more accurate determination of key input parameters such as the activation591

energy for vacancy diffusion. The challenge is to improve the model without592

requiring a full dislocation dynamics simulation, which is computationally ex-593

pensive.594
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