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Modeling the Evolution of the Dislocation Density ®

Check for

and Yield Stress of Al over a Wide Range
of Temperatures and Strain Rates

ABBAS SADEGHI and ERNST KOZESCHNIK

This paper introduces an extended model for the evolution of internal and wall dislocation
densities in pure aluminum during plastic deformation. The approach takes the three internal
state variables (3IVM) model as a starting point and advances it by taking into account the
dynamic annihilation of immobile/locked dislocations as well as dislocations stored in the
subgrain/cell walls. The strength of the material, as one of the properties affected by dislocation
density, is used to validate the model. Experimental flow curves for pure Al are taken as the
basis for calibration. Compression tests are performed at temperatures from — 196 °C to
500 °C with strain rates of 1, 0.1, and 0.01 s~". The effect of temperature and strain rate on each

state parameter is illustrated and discussed.
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I. INTRODUCTION

SEVERAL approaches are reported in the literature
that aim to describe the flow curves of metallic materials
in different stages of deformation. In one group of
models, the flow curves of aluminum are simulated
without direct consideration of the underlying
microstructure,’ ® with the drawback that they often
cannot consider sequences of thermo-mechanical treat-
ments with arbitrary loading and unloading cycles as
well as temperature changes.

The present work focuses on a state parameter-based
approach that relies on the knowledge of the material
microstructure. There exists a vast literature in this field.
Tabourot er all” proposed a model that evaluates the
dislocation density evolution to caé)ture the behavior of
single crystal fcc metals. Kocks!®™ accounted for the
various stages of plastic deformation and introduced
equations to describe flow curves of metals at different
temperatures and strain rates within stage 111 hardening.
This approach considers the generation and annihilation
of dislocations into the total dislocation density. It is
extended and reviewed by Kocks and Mecking."”! With a
focus on Al alloys, Puchil’” and Abo-Elkhier!"!
extended the method from Kocks for predicting flow
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curves. In both works, the temperature where deforma-
tion occurs is higher than 200 °C. Khan er all'?
compared the compression flow curves for single-crystal
aluminum with two models; the classical hardening law
and the dislocation density-based model. The disloca-
tion density-based model is more accurate, and it has
many parameters. Still, most parameters have physical
meaning, and literature exists for a deeper analysis of
these. Several other methods based on constitutive
equations are summarized and discussed in References
13-20.

All before-mentioned models are founded on one
mean total dislocation density for calculations. More
advanced methods also exist that describe the metallic
microstructure based on different types of dislocations.
Kubin and Estrin®*'**! used mobile and forest disloca-
tions to propose a model for plastic deformation that
could simulate the Portevin—Le Chatelier effect in
aluminum. Barlat er al.**! developed a model based on
mobile and forest dislocations to evaluate the strain
rate-dependent hardening of aluminum. These authors
considered the average length, that a dislocation moves
freely (mean free path), as depending on the dislocation
densities. Hansen er al.”¥ categorized dislocations as
mobile, pile-up, and debris, each characterized by a
different potential for mobility. Li and Huang®®” pro-
posed a dislocation-bow-out model and provided quan-
tities on physical basis for the strain rate sensitivity of
the Kocks model. Flow curves of aluminum deformed
from 100 K to 400 K, with strain rates from 1072 to
10~% s~ !, were measured to validate their model. Arsen-
lis and Parks!*® separated screw and edge dislocations
and estimated the effect of each gliding system on the
strengthening of aluminum. Goerdeler and Gottstein!*”
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simulated the flow curves of pure aluminum based on
the 3IVM model. Their treatment is only strictly valid at
higher temperatures because mobile dislocations are
considered to be solely edge dislocations.

Nowadays, it is possible to distinguish between wall
and internal dislocations experimentally, and each has a
different effect on the material properties.*® 3! Numer-
ous work-hardening models were reported in References
32-40. The present work starts with the 3IVM model
introduced by Goerdeler and Gottstein®*” as a basis and
advances it by introducing additional equations for the
dynamic annihilation of immobile and wall dislocations.
The new equations make it possible to simulate flow
curves in different stages of plastic deformation with a
particular focus on higher strains. All equations that are
presented in the following Modeling section, have been
incorporated into the thermokinetic software Mat-
Calc®! (version 6.04.1004) by one of the authors as a
new module for substructure evolution. This software is
then used to generate the results of the present
manuscript.

Compression tests on pure aluminum are performed
to validate the simulation results. Experiments are
performed from — 196 °C to 500 °C with strain rates
of 1, 0.1, and 0.01 s™'. Good agreement is found
between experimental results and simulations based on
only one single set of simulation input parameters for all
combinations of strain rate and temperature.

II. MODELING

The yield stress of a polycrystalline metallic material
can be expressed as a superposition of the initial
(thermal) yield stress o and the plastic (athermal) stress
op as

o = 09 + 0Op. [1]

The initial yield stress consists of low-temperature and
high-temperature parts, and it requires the consideration
of thermal activation. However, it is not further treated
here because the present focus is on the athermal stress
contribution only, which stems from dislocation—dislo-
cation interactions. Details on the thermally activated
part are given in, e.g., Kreyca and Kozeschnik.!"® For
calculating the plastic stress, which is the work-harden-
ing part of the total strength, an extended version of the

Taylor and Orowan equation'***¥ is used with

op = 0iciMGb\/p; + oW MGb\/py. 2]

o; and o are the strengthening coefficients for internal
and wall dislocations, respectively, ¢; is the volume
fraction of cell interiors, ¢y, is the volume fraction of cell
walls, M is the Taylor factor, G is the shear modulus,
and b is the Burgers vector. p; is the internal dislocation
density, which is the density of dislocations inside the
subgrains/cells, and p,, represents the average density of
wall dislocations, i.e., the accumulated and stored
dislocations inside the subgrain walls, or cell walls.
Figure 1 illustrates the constitution of the assumed
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microstructure. Walls are high-dislocation density areas
that enclose low-dislocation density cells; both cells and
walls consist of mobile and immobile dislocations.*¥
The current model treats the wall dislocations as an
excess over the internal dislocations. As described in
several previous works,?”*# wall dislocations are
constituted mainly by dipoles. Mobile dislocations can
move and accommodate plastic deformation, whereas
immobile dislocations and dipoles do not contribute to
plastic deformation.

A. Generation of Dislocations

The plastic deformation of metallic materials is
carried by the generation and movement of mobile
dislocations. Their generation rate, p., is commonly
written asl”444
Mé

. + —
bLey’

Pm

B3]

where ¢ is the strain rate, and L.g is the effective travel
distance of a dislocation before it becomes arrested in
a subgrain boundary or immobilized in the cell inte-
rior. Various microstructural features can act as obsta-
cles for mobile dislocations. Among them are grain
boundaries and other mobile, immobile, or wall dislo-
cations. A common way to express the effective travel
distance ist?74443)

.
Leff_ Am+ ﬁw +B, [4]

where A, is a parameter describing the contribution of
internal dislocations to the mean free path. f,, and f are
fitting parameters related to the wall dislocations and
the grain size, and D is the grain diameter.

B. Dynamic Recovery of Dislocations

1. Critical volume

During deformation, mobile dislocations can annihi-
late, become immobile, or form dipoles that aggregate as
wall dislocations. A continuous generation of all three
dislocation types persists. The present work assumes
that mobile dislocations interact with other dislocations
when they come close enough to each other and the
elastic stress fields overlap sufficiently.

The strength of the elastic stress field is inversely
proportional to the distance from the dislocation line
and a critical distance (d.) from a dislocation line exists,
within interactions are possible. This distance has been
calculated as!®”!

Gb*

REE (T 3

where v is the Poissions ratio and Q,, is the vacancy
formation energy. The critical volume for interaction
can be defined as the swept volume spanned by the
critical interaction distance, the distance that the mobile
dislocation travels, and the unit length of a dislocation
in the third spatial dimension. A sketch of this volume is
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Fig. 1—Schematic illustration of dislocation arrangement during deformation.

. gliding plane
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d, = 1'7glicledt

Fig. 2—Swept volume by a mobile dislocation, which is critical for
interaction.

shown in Figure 2. This volume can be calculated with
the approach introduced by Friedel.”” A mobile dislo-
cation with the velocity v,jige sSweeps a volume of 2 - 1m -
dcvgigedt during a d¢ time increment.

The total length of mobile dislocations in a unit
volume is equal to p,,, where p, denotes the average
density of mobile dislocations inside the grains. There-
fore, the total swept volume, ¥V, by all mobile disloca-
tions in a unit volume during a unit time (d¢z = 1) can be
written as

V= ch Velide Pm - [6]
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With the Orowan equation,®"!
Mé = b"glidepma [7]
the critical interaction volume is, finally,
Mi
V=2 78 de. 8]

As mentioned before, one part of any interaction is a
mobile dislocation, which defines the critical interaction
volume. The other partner can be a dislocation of any
type (mobile, immobile, and wall) within this volume.
Different interactions are possible based on the second
partner, which is further elaborated in the following
sections.

2. Mobile—mobile interactions

Dislocations and their interactions are complex, and a
simplified method of interactions between dislocation
lines or part of them is outlined here. More information
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Fig. 3—Example of an immobile dislocation, which is created from data in Reference 52, showing how two mobile dislocations in different

gliding systems (a) interact and create one immobile dislocation (b).

about interactions can be found in, e.g., References 50,
52.

For annihilation, two mobile dislocations in a similar
glide system and opposite directions must come close
enough to each other to interact. For the transformation
of mobile dislocations into immobile ones, the two
dislocations must interact and create a dislocation with
a resulting Burgers vector that points into a direction
outside a glide system. Figure 3 shows an example of
corresponding interactions.>?

Two mobile dislocations in opposite directions and
similar gliding planes attract each other, and the most
stable position is when they lie above each other, as
shown in Figure 4.7 If the distance of the two
dislocations is not close enough to cause annihilation,
but still close enough to interact, this pair of dislocations
is called a dipole, which commonly aggregates to form
subgrain/cell walls.*®! Details on forming walls during
plastic deformation and their dislocations are given in
Reference 50.

It is worth mentioning that all the before-mentioned
interactions are examples of mobile-mobile dislocation
interactions. In general, different interactions can result
in the annihilation of mobile dislocations with a
probability factor of B, in turning into immobile
dislocations inside the subgrain/cell with a probability
of Ajnm, or turning into wall dislocations with a
probability of Ay. Details on the calculations are
described in Reference 44. The equation for annihila-
tion, as used in the present work, reads

pr:ua;m = B : V pm» [9]
the equation for turning mobile into immobile disloca-
tions inside the subgrain/cell is

pr;pimm = p:anm = 24imm - V' p, [10]
and the equation for turning mobile dislocations into
wall dislocations is

P =S P = Aw V' py. (1]

The generation rate of immobile dislocations is
denoted as p; . and the generation rate of wall
dislocations is denoted as py.
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Fig. 4—Dipoles formed by two mobile dislocations in similar gliding
planes, which is created from data in Reference 52.

3. Mobile—immobile and mobile—wall interactions

In the present model, immobile and wall dislocations
are assumed to interact with mobile dislocations such
that they potentially annihilate. This assumption is
rather generic, or phenomenological, since no specific
interaction mechanism is imposed, except that the
interaction rate can be described by the critical interac-
tion volume. The number of interaction partners for
mobile dislocations is defined by the density of immobile
and wall dislocations inside the critical interaction
volume. For the annihilation of immobile dislocations,
the number of interaction partners is

Nigm = V- Pimm> [12]

and the number of interaction partners for the annihi-
lation of wall dislocations is

Ny =V py, [13]

where p;.., denotes the average density of immobile
dislocations in subgrains/cells. With the probabilities
for interaction, the annihilation rates of immobile and
wall dislocations can be written as

pi:nm = Bimm -V Pimm [14]

and
Py =By V- py. [15]
Binm and B, are related to the probabilities of

annihilating immobile and wall dislocations,
respectively.
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C. Static Recovery of Dislocations

In addition to the plastic deformation-induced mech-
anisms described in the previous section, dislocations
can interact and annihilate by climbing. No explicit
deformation is required for these processes, which is
why they are commonly denoted as static recovery.
According to Lagneborg et al.’** for the static
annihilation of mobile dislocations, the following rate
equation can be used

'01;1 = 2Cm7 (pmz - pgqu7m>7 [16]

where Cy, is a calibration parameter, k is the Boltz-
mann constant, and p.q, , 18 the equilibrium density of
mobile dislocations. In the current study, D is the
effective bulk diffusion coefficient, which, for n substi-
tutional elements, reads!!

D=>" Dy, [17]
i=1

D; is the tracer diffusion coefficient of substitutional
element i and y; is the site fraction of the respective
element. More details are reported in Fischer er al.l>”
For the wall and immobile dislocations, analogous
equations are used in the model, with separate coeffi-
cients Ciym and Cy,.

Finally, the relevant equation for mobile dislocations
is

b M
m _%
b(j—f+{,£;+%)
- (B V'pm+2Aimm' V'p1n+AW' me)
DGbH’
~2Cn - (pm2 - piquvm), 18]

for immobile dislocations
pimm = 24imm - V- Pm — Biwm - V' Pimm

DGV’
= 2Cimm W (pimm2 - pgqu,imm)7 [19]

and for wall dislocations

) 1
pwziAW' Viepm —Bw-V-py
fw \
DGb

D. Simulation

Compression tests up to a true strain of 0.8 are
performed to assess the capabilities of the model. In
each simulation, the evolution of dislocation densities is
calculated as a function of strain, strain rate, and
temperature, and related to the measured flow curve.
The simulations are performed with the thermokinetic
software MatCale,[*'1 which incorporates the model that
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has been described before. Table I summarizes the
material input parameters.

III. EXPERIMENTAL

An aluminum cylinder with a diameter of 76 mm and
a purity of 99.999 pct from HMW Hauner company is
used. Figure 5 shows its microstructure in transverse
and longitudinal cross-sections provided by light micro-
scopy and color etching. Cylindrical samples parallel to
the original cylinder are machined with a length of
10 mm and a diameter of 5 mm and deformed at three
different strain rates of 1, 0.1, and 0.01 s~'. The
compression tests are performed at temperatures
between — 196 °C and 500 °C. Table II shows used
strain rates and temperatures. Liquid nitrogen and a
mixture of acetone and dry ice are used to achieve
— 196 °C and — 50 °C, respectively. Cooling liquids are
poured directly on samples during the tests. The tests are
performed on the dilatometer DIL 805 A/D manufac-
tured by Baehr using graphite as a lubricant to prevent
barreling.

IV. RESULTS

The exemplary simulation results for 0.1 s™' strain

rate at three different temperatures are shown in
Figure 6. The strength of the material is calculated
from Eq. [2] with the simulated wall dislocation density
(red dashed line) and the internal dislocation density
(magenta dashed line). The calculated strength is com-
pared with the experimental results from compression
tests. As highlighted before, it is possible to simulate
flow curves at higher strain with the new annihilation
equations (14) and (15)

The simulation results in Figure 6 show that the
mobile dislocation density increases fast at the beginning
of the deformation, and immobile and wall dislocations
are generated only after the density of mobile ones
increases sufficiently. Also, it shows that the reduction
rate is more noticeable for mobile dislocations than for
immobile and wall dislocations. Another point from
simulations is that the ratio of the wall or immobile
dislocation density to mobile dislocation density
increases with increasing temperature.

A comparison between the simulated dislocation
density and experimental results from Gubicza ez al.!*
and Chinh ez al.1* is shown in Figure 7. Gubicza et al.
measure the dislocation density of 4N purity (99.99 pct)
aluminum with X-ray diffraction. Chinh et al. simulate
the dislocation density based on the results of tensile and
compression tests for a 4N purity aluminum. Since 5N
purity aluminum is used in the current work, the
dislocation density is slightly smaller. Otherwise, the
present simulations agree well with their results.

In the practical analysis, each experimental flow curve
is first fitted individually with the parameters of the
model. Each parameter is then plotted as a function of
temperature and strain rate. Finally, a function for each
parameter is evaluated that represents the observed
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Table I. Properties of Aluminum Used in the Simulations

Symbol Name Value Unit Literature Source
\ Poisson’s ratio 0.347 — [56]

G shear modulus 29,438.4 — 15.052T MPa [57, 58]

M Taylor factor 3.06 — [59, 60]

b length of Burgers vector 2.86 x 10710 m [49, 61]

O.a Vacancy formation energy 0.642 eV [62-64]

Cw volume fraction of cell walls 0.1 — [44]

G volume fraction of cell interior 0.9 — [44]

2000 pm

(a) (b)

Fig. 5—The microstructure of the as-received pure Al provided by color etching in (a) transverse cross-section and () longitudinal cross-section
(Color figure online).

Table II. Selected Strain Rates and Temperatures
V. DISCUSSION

. 1 R

Strain rates (5 ) Temperatures (°C) The evaluation of dislocation densities in Figure 6

1 — 196 shows that mobile dislocations are generated rapidly

— 50 and soon reach a plateau. Mobile dislocations accom-

0.1 30 modate plastic deformation and any change in their

0.01 égg depsity comes from thq bal'ance' of geperation, anpihi-

) 500 latlpn, and transformat.lon into immobile or wall dlslp—

cations. The mechanisms that reduce the mobile

dislocation density come from dislocation interactions,

which are directly dependent on the mobile dislocation

density. At the beginning of deformation, the mobile

dislocation density is low, and only a small number of

temperature- and strain rate-dependency. Table III mobile dislocations interact. Therefore, the generation

summarizes the calibration parameters and optimized of mobile dislocations is dominant at the beginning of

functions. deformation. With increasing strain, interactions

The results of simulations with the proposed functions become more probable, making the reduction mecha-

are shown in Figure 8. For comparison, the results from nisms more prominent. After a characteristic amount of

experimental tests are displayed simultaneously. For deformation, the mobile dislocation density reaches a

better illustration, the initial part of the flow curves is plateau, which marks the point where the generation

augmented on the left side of each plot. The simulation and reduction mechanisms of mobile dislocations have
agrees well with the experimental results in different become balanced.

stages of deformation.
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Fig. 6—Simulated dislocation densities during compression with rates of 0.1 s™' at (a) — 196 °C, (b) 30 °C, and (c¢) 100 °C and comparison
between experimental and simulated flow curves with rates of 0.1 s~ at (d) — 196 °C, (e) 30 °C, and (f) 100 °C.

Similar to mobile dislocations, the generation of
immobile and wall dislocations at the beginning of
deformation is dominant. The reduction mechanisms

become more prominent with the increase of the
corresponding dislocation density. Figure 6 shows that
the mobile dislocation density exhibits a much steeper
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Fig. 7—Comparing the simulated dislocation density with the results
from Gubicza et all and Chinh ez al1%%.

Table III. Calibrated Functions for Pure Aluminum

Functions
A — 494 — 512,733

m = T-1.3Ini+10,551.6
B, = 1100

B = —0.00077 + 0.0034Iné + 0.65

By, = 0.3927exp(0.007887 — 0.07In&) + 0.663
Aimm = 0.0246exp(0.00937 — 0.006In¢) — 0.025
Ay, = 0.0597exp(0.00877 — 0.121In&) — 0.031
Bimm = 0.0743 — 0.00008T

By = —0.0013 4+ 0.00122T

Cn =20
Cinm = 20
Cy =20
o = 0.34
oy = 0.34

slope compared to the immobile and wall dislocation
densities. This is because the reduction rate of immobile
and wall dislocations is due to annihilation, whereas the
reduction rate of mobile dislocations is due to both,
annihilation and transformation into immobile or wall
dislocations.

In the current model, mobile dislocations that form
dipoles are considered to be the source of wall disloca-
tions. An increasing wall dislocation density commonl
goes hand in hand with a decreasing subgrain/cell sizel*”!
and/or an increasing subgrain misorientation, which is
in accordance with the results from Chakravarty et al.l®”
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and Ito and Horita.®® Interestingly, the calibrated
simulations indicate that a lower amount of wall
dislocations is generated at higher temperatures. One
of the consequences is, therefore, a larger subgrain/cell
size, in agreement with results from Chen er al.* and
Ding et al."”

With increasing temperature, the probability of
mobile dislocation interactions increases. Consequently,
the ratio of mobile to total dislocations is lower and the
ratio of wall to total dislocations is higher. At higher
temperatures, the subgrain walls are formed earlier at
less strain and lower internal dislocation density, in
agreement with the findings of Chen er a1 and Ding
et al’”! Moreover, the athermal contribution to the
strength of the material decreases with increasing
temperature. From Taylor’s equation, the dislocation
density in the material should be lower at higher
temperatures. As shown in Figure 6, at the end of
deformation, the total dislocation density at 30 °C is
about ten times lower than at — 196 °C. The mobile
dislocation density is even roughly 30 times lower.

The evaluated dislocation densities simulate flow
curves with an extended version of the Taylor equation
(Eq. [2]). The effect of wall and internal dislocations on
the strength, as controlled by the strengthening coeffi-
cients ay, and o, is accounted for equally with a value of
0.34."1 The results from experimental flow curves show
that the strain hardening rate is higher at the beginning
of plastic deformation. This effect is well simulated in
the current model and is attributed to the rapid increase
in mobile dislocation density, in agreement with the
results from Kreyca and Kozeschnik!"™® and Sobotka
et al.’ These authors investigated the total dislocation
density, whose generation rate determines the initial
strain hardening. In the current work, mobile disloca-
tions are generated first, and their generation controls
the initial strain hardenin%.

According to Li et al.,””) dynamic recrystallization at
elevated temperatures reduces the strength of aluminum.
This effect is observed in the present flow curves at
300 °C (Figure 8). At higher temperatures, dynamic
recrystallization is less clearly seen, since the strength of
the material is already very low, and static recovery and
recrystallization significantly overlap. In the present
simulations, dynamic recrystallization is not accounted
for. Despite the effect of dynamic recrystallization, the
simulated flow curves agree well with the experimental
flow curves in all investigated stages of plastic
deformation.

VI. CONCLUSIONS

The current work analyzes the evolution of disloca-
tion densities during plastic deformation using an
extended version of the classic 3IVM model. To make
the model applicable also for larger strains, the annihi-
lation of immobile and wall dislocations is accounted for
based on the concept of the critical interaction volume.
Compression tests on aluminum are performed and used
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Fig. 8—Compression flow curves of pure aluminum (simulation and experiment) at different temperatures with an initial strain rate of (a) 1 s™,

() 0.1 57", and (¢) 0.01 s

to calibrate the model parameters over a wide range of
temperatures (—196 °C to 500 °C) and strain rates
between 0.01 and 1 s~'. With only a single set of model
parameters, good agreement between simulated and
experimental flow curves is achieved for all combina-
tions of temperature and strain rate.
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