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Abstract: In order to investigate the evolution of microstructure and flow stress during non-isothermal annealing, aluminum samples
were subjected to strain magnitudes of 1, 2 and 3 by performing 2, 4 and 6 passes of multi-directional forging. Then, the samples
were non-isothermally annealed up to 150, 200, 250, 300 and 350 °C. The evolution of dislocation density and flow stress was
studied via modeling of deformation and annealing stages. It was found that 2, 4 and 6 passes multi-directionally forged samples
show thermal stability up to temperatures of 250, 250 and 300 °C, respectively. Modeling results and experimental data were
compared and a reasonable agreement was observed. It was noticed that 2 and 4 passes multi-directionally forged samples annealed
non-isothermally up to 350 °C have a lower experimental flow stress in comparison with the flow stress achieved from the model.
The underlying reason is that the proposed non-isothermal annealing model is based only on the intragranular dislocation density
evolution, which only takes into account recovery and recrystallization phenomena. However, at 350 °C grain growth takes place in
addition to recovery and recrystallization, which is the source of discrepancy between the modeling and experimental flow stress.
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1 Introduction

Multi-directional forging (MDF) is a way for
producing ultra-fine grained materials by imposing
severe plastic deformation. The study of annealing
behavior of multi-directionally forged material is of great
interest in order to improve the ductility without losing
the strength achieved through MDF. Several studies
focused on investigating the isothermal and isochronal
annealing behavior of ultrafine grained commercial
purity aluminum fabricated by imposing high amount of
deformation and different kinds of phenomena were
observed [1-13]. It was reported that annealing of
ultrafine grained aluminum at low temperatures results in
the rearrangement of dislocations, and cell structure
formation which increases the strength of the
materials [1,2]. Also, it was seen that annealing at higher
temperatures leads to a recovered microstructure [3—8].
It was observed that the recovery rate is increased with
increasing the amount of deformation [4,8] leading
to the increase in apparent activation energy during

recovery [7,8]. In some cases, the lamellar structure of
highly deformed material was reported to evolve into a
more equiaxed structure during recovery under a
mechanism called triple junction motion (TIM)
which affects subsequent recrystallization [6—8]. There
are also reports of recrystallization by further
annealing  highly deformed commercial purity
aluminum at higher temperatures. The recrystallized
microstructure was reported to be the result of
various  recrystallization = mechanisms, such as
discontinuous  recrystallization [3,4,7], continuous
recrystallization [9,10] and a mixed process, with some
part of the microstructure showing a discontinuous
recrystallization and  elsewhere a
coarsening [11,12]. Moreover, the thermal stability of
highly deformed aluminum was mentioned to be up to
275°C[3,4,9,13].

In the case of non-isothermal annealing, researchers
focused on the behavior of cold worked aluminum alloys
which were under subsequent non-isothermal annealing.
It was shown that reducing heating rate in non-
isothermal annealing decreases the driving force for

continuous
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recrystallization, causes recovery to happen and delays
recrystallization. Also, higher heating rate leads to a
smaller and more equiaxed recrystallized micro-
structure [14—19]. It was reported that during
non-isothermal annealing, an increase in temperature
within low temperature ranges and at constant low
heating rates causes mechanical properties to reduce
gradually, which is the consequence of recovery of
microstructure. Further annealing up to higher
temperatures results in recrystallization which reduces
mechanical properties noticeably [20—24].

Nowadays, due to the improvement of computer
technologies, computer modeling and simulations can be
considered as good complements for experimental
approaches. A dislocation density-based model called
ETMB (Estrin, Toth, Molinari, Brechet) is widely used in
Refs. [25,26] for investigating the deformation behavior
of highly deformed materials. This model was firstly
proposed by ESTRIN et al [25] for a two-dimensional
state, and later it was generalized to the three-
dimensional state [26]. ETMB model investigates
dislocation density evolution by considering material as a
two-phase composite which consists of cell interiors and
cell walls and taking into account the evolution of
dislocation density in each of the two considered phases.

Unlike recrystallization, there are only a few
number of studies presenting a model for recovery
during non-isothermal annealing, none of which is based
on dislocation density evolution. KUHLMANN et al [27]
proposed one of the first models for isothermal recovery
by considering evolution of flow stress. Later, NES [28]
introduced a more mechanistic model by approximating
integrals of rate equations originated from Kuhlmann
model. Also, BORELIUS et al [29] presented an
isothermal recovery model based on relaxation of the
stored energy of deformation. HANSEN et al [30—32]
later successfully adopted this model for highly
deformed commercial purity aluminum by changing the
variables studied and investigating the evolution of
unrecovered fraction of material instead of stored energy.
SUMMERS et al [33] changed the isothermal recovery
model introduced by HANSEN et al [30-32] into a
non-isothermal recovery model by applying slight
modifications and using some assumptions, so that it
could be applicable over a range of temperatures rather
than discrete isothermal exposures.

In this study, experimental procedure and modeling
description and procedure were discussed in Sections 2
and 3, respectively. Then, in Section 4, the
microstructural evolution was investigated and the
ETMB model was used to predict the flow stress
evolution of commercial purity aluminum deformed
through different passes of multi-directional forging. In
the following a model was introduced for predicting the

flow stress evolution of multi-directionally forged
commercial purity aluminum during non-isothermal
annealing based on the evolution of dislocation density.
In addition, the predicted flow stress for the two steps of
severe plastic deformation and non-isothermal annealing
were verified by experiments. Finally, the concluding
remarks are summarized in Section 5.

2 Experimental

In the present study, aluminum cubes with
dimensions of 15 mm x 10 mm x 10 mm were wire-cut
from the as-received 1050 commercial purity aluminum
billet. The specimens were isothermally annealed at
400 °C for 2 h before imposing of deformation. Then,
strain magnitudes of 1, 2 and 3 were imposed by
applying 2, 4 and 6 passes of multi-directional forging,
respectively. In the next step, deformed specimens were
annealed non-isothermally up to temperatures of 150,
200, 250, 300 and 350 °C by constant heating rate of
10 °C/min, and immediately after reaching the target
temperature, specimens were quenched in water. In order
to study the changes in microstructures of severely
deformed and non-isothermally annealed specimens, an
optical microscope was utilized. The cross sections were
electro-etched by Barker solution containing 2.5 mL
HBF, and 100 mL water. In order to evaluate the changes
in the flow stress, cylinders with a height of 12 mm and a
radius of 8 mm were prepared for compression test
according to ASTM E9 standard from 2, 4 and 6 passes
MDFed and non-isothermally annealed specimens till
150, 200, 250, 300 and 350 °C. Compression test was
performed at a speed of 1 mm/min. The yield strength of
the specimens is considered as the flow stress.

3 Modeling of MDF and non-isothermal
annealing

3.1 ETMB model

The ETMB model which is a dislocation
density-based model proposed by ESTRIN et al [25,26]
for large strains is used to predict evolution of
dislocation density and flow stress during MDF. In this
model, the material is assumed to be a two-phase
composite consisting of cell interiors as matrix with
dislocation density p., and cell walls as fibers with
dislocation density p,,. These two dislocation densities
are considered as the internal variables of ETMB model.
Dislocation density evolution is calculated in each phase
and then dislocation density evolution of the material is
calculated by the rule of mixtures. Differential equations
for the evolution of dislocation density in cell interiors
and cell walls are respectively as follows [34—36]:
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where a*, /)’*, ki, ny, ky and n, are the model parameters
which are constant and irrelevant to the amount of strain;
@ is the fraction of active Frank read sources inside the
cells, #” is the fraction of dislocations inside cells with
proper distance to join walls, k; and n; values are related
to the dynamic recovery mechanism in cell interiors
controlled by cross-slip of screw dislocations [34—36],
whereas, k, and n, values are related to the dynamic
recovery mechanism in cell walls controlled by the climb
of edge dislocations [34—36]. Also, b and }, are the
Burgers vector values of the studied material and the
reference shear strain rate, respectively, 7, and 7,
are the resolved shear strain rate in cell interiors and cell
walls, respectively. In order to satisfy the strain
compatibility alongside the interface between cell
interiors and cell walls, the values of these two resolved
shear strain rates are assumed to be equal [25,26,34—36].
Moreover, d is the cell size which should be substituted
by the following equation [25,26,37—40]:

d=—— 3)

where K is the cell size coefficient and p; is the total
dislocation density of material. In the early studies
[25,26,37,38,41], K was considered to be constant.
Later, it was modified by taking into account the
effect of strain accumulation using the following
equation [34,35,40,42—45]:

K=K.+(Ko=K.)exp(—1y) “)

where K, K,, and 4 are the model constants and y is the
local shear strain. Also, vy, and v, in Egs. (1) and (2) are
the volume fractions of walls and cells, respectively.
Note that v, is not constant and is changed
exponentially during the deformation by the following
equation [34,35,37—40,42—45]:

Vo = Vo, T (V) —V..) EXP (%) &)

where vy, v, and /" are the numerical constants. Also,
volume fraction of cells can be calculated by the
following equation [25,26,34]:

ve=1-vy, (6)

By taking into account the aforementioned points,

the differential Egs. (1) and (2) are solved numerically in
order to calculate the dislocation densities of cell
interiors and cell walls, respectively. Then, based on the
early assumption of material being a two-phase
composite, p, is calculated by rule of mixture according
to the following equation [25,26,34]:

PPV PwVw @)

Eventually by calculating the total dislocation
density, the flow stress is calculated by the following
constitutive equation [34]:

o, =0, +aMGb,/p, (8)

where o, is the frictional stress of material, « is a
constant, M is Taylor factor and G is the shear modulus
of material.

3.2 Non-isothermal annealing model

The non-isothermal annealing model mentioned in
Section 1 was based on the evolution of the unrecovered
fraction of material [33]. In this study, a dislocation
density-based model is presented for non-isothermal
annealing in order to use the dislocation density, which is
one of the outputs of ETMB model. HUMPHREY'S and
HATHERLY [46] suggested a differential equation for
the evolution of dislocation density during recovery and
formation of cell structure by the rearrangement of
dislocations as follows:

dp,
de

=-Gp} (€))

where C; is a constant of Humphreys equation.

As it was mentioned, BORELIUS et al [29]
suggested an equation for recovery based on the
relaxation of stored energy of deformed material using
the following equation:

dpP O, — kP
— =—Pk - 10
d 0 eXp[ RT } (10)

where P is the stored energy of the material, 7 and ¢ are
the temperature and time of annealing, R is the mole gas
constant and ky, Oy and x are the equation constants
which are dependent on the material being annealed,
of pre-strain before annealing and the
dominating recovery mechanism during annealing. The

amount

stored energy is proportional to the dislocation density
according to the constitutive equation below [47]:

P=0ch2p1 (11)

By inserting constitutive Eq. (11) in Eq. (10), a new
equation is achieved as follows:
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By comparing Egs. (9) and (12), C; is achieved as
follows:

_ 2
C =~ K0 oxp| - Lo ROGH P (13)
P RT

In the following, the increment d¢ is substituted by
heating rate equation, B=d7/d?, in Eq. (12) and a
dislocation density-based differential equation for
non-isothermal annealing is achieved as follows:

dp; ko 9 —K‘O(szpt
—_— = = - 14
T { - exp( I (14)

To solve the differential Eq. (14) numerically, a
small change of parameter « is taken into account and it
is not treated as a constant. For calculating parameter x
in each step, differential equation of unrecovered
fraction [33] is used as follows:

2 2 2
d? _ X kOexp(—Qo wX J (15)
dr B RT

where X is the unrecovered fraction of the material, and
o 1s a numerical constant. By equating the exponential
terms of Egs. (14) and (15), an equation for calculating
parameter x in each step is achieved as follows:

wX?

aGh* p, (18)

After calculation of total dislocation density,
constitutive Eq. (8) is used to track the flow stress
evolutions during non-isothermal annealing.

3.3 Modeling procedure

Firstly, the dislocation densities of cell interiors and
walls are calculated through Egs. (1) and (2),
respectively. Next the total dislocation density of the
materials is determined using Eq. (7) in the certain
amount of the accumulated strain. Using the output of
ETMB model for the dislocation density as an input for
the non-isothermal annealing dislocation density-based
model, dislocation density evolution can be traced during
the non-isothermal annealing by numerically calculating
Eq. (14) and finally, flow stress evolution can be
investigated through Eq. (8) for both stages of MDF and
non-isothermal annealing. Values of model parameters
and numerical constants are presented in Table 1. It
should be noted that model constants used in this
work have been verified for the same material
in the previous investigations of severe plastic
deformation [34,37,38,40,42—45] and non-isothermal
annealing [30,33].

Table 1 Numerical constants and model parameters used
in ETMB and non-isothermal annealing model [30,33,34,37,38,
40,42—45]

Constant Value Parameter Value
K, 13 Peg/m 10"
K, 6.5 Pug/m 10"
A 0.26 7o/s” 1
Vo 0.25 o,/ MPa 35
Vio 0.06 o 0.25
r 2.11 M 3.06
o 0.0024 G/GPa 26.1
: 0.0054 binm 0.286
ky 11.5 ko/s™! 2x10°
n 67 Oy/(kJ-mol ™" 124
k, 6.9 w/(kJ-mol ™" 36
n 4 B/(°C-min") 10

4 Results and discussion

4.1 Microstructure evolution
4.1.1 MDF samples

Figure 1 shows the microstructures of pre-annealed,
2, 4 and 6 passes MDFed samples before non-isothermal
annealing. As it can be seen, grain refinement happens as
a result of severe plastic deformation caused by MDF
and the grain size is decreased with increasing the
number of MDF passes [48,49]. Also, grain morphology
is changed from equiaxed to lamellar due to increasing
the number of MDF passes. Since the deformation is
non-uniform in the MDF process [49—-51], it can be seen
that grain refinement and fragmentation happen more
severely in the center of the sample.
4.1.2 Two passes MDFed samples after non-isothermal

annealing

Figure 2 shows the microstructures of 2 passes
MDFed and non-isothermally annealed samples up
to different temperatures. As can be seen, the
microstructure is not affected by annealing up to 250 °C,
and shear bands remain in grains and microstructure.
This shows that recrystallization does not occur [46], and
evolution of microstructure is probably limited to
intragranular evolution such as recovery. Few small
grains start to recrystallize in the microstructure at
300 °C, but unrecrystallized grains still exist in the
microstructure and recrystallization process is not
finished. At 350 °C, recrystallization happens completely
and even some recrystallized grains experience grain
growth.
4.1.3 Four passes MDFed samples after non-isothermal

annealing
Figure 3 shows the microstructures of 4 passes
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Fig. 1 Microstructures of samples before non-isothermal annealing under different conditions:

(b) 2 passes MDFed; (c) 4 passes MDFed; (d) 6 passes MDFed

L ~

MDFed and non-isothermally annealed samples up to
different temperatures. It can be seen that a major
fraction of the microstructure changes its morphology
from equiaxed to lamellar because of the increase in the
amount of strain in comparison with that of 2 passes
MDFed samples. Lamellar grains tend to retain during

o —— S

P e Y S s

SN SR

(a) Pre-annealed without MDF;

Exe : ol -
Fig. 2 Microstructures of 2 passes MDFed samples under different conditions: (a) Without annealing; (b—f) Non-isothermal
annealing up to 150 °C (b), 200 °C (c), 250 °C (d), 300 °C (e) and 350 °C (f)

non-isothermal annealing till 250 °C, which shows that
recrystallization has not yet started and intragranular
evolution is expected to happen such as dislocation
rearrangements, cell structure formation and recovery. At
300 °C, a significant part of the microstructure is
recrystallized and new equiaxed grains are formed, and
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by continuing non-isothermal annealing up to 350 °C
grain growth occurs in recrystallized grains. It seems that
recrystallization starts at a temperature between 250 and
300 °C, which leads to a grain growth at 350 °C.
4.1.4 Six passes MDFed samples after non-isothermal
annealing

Figure 4 shows the microstructures of 6 passes
MDFed and non-isothermally annealed samples up to
different temperatures. As can be seen, the morphology
of grains changes from equiaxed to lamellar due to an
increase in the amount of strain in comparison with those
of 2 and 4 passes MDFed samples, and lamellar grains

retain their morphologies up to 300 °C. It seems that
recrystallization does not happen until 300 °C in the
microstructure, and recovery occurs as an intragranular
evolution because of the following reasons: (1) the
morphology of the grains does not change to
recrystallization-induced equiaxed one, and lamellar and
pancaked grains are maintained in the microstructure;
(2) commercial purity aluminum has high stacking fault
energy which makes it prone to occurrence of recovery
during annealing [46,52]; (3) heating rate of 10 °C/min
used in this study is not high enough to activate
recrystallization and suppress recovery process at the

Fig. 3 Microstructures of 4 passes MDFed samples under different conditions: (a) Without annealing; (b—f) Non-isothermal
annealing up to 150 °C (b), 200 °C (c), 250 °C (d), 300 °C (e) and 350 °C (f)

Fig. 4 Microstructures of 6 passes MDFed samples under different conditions: (a) Without annealing; (b—e) Non-isothermal

annealing up to 150 °C (b), 200 °C (c), 250 °C (d) and 300 °C (e)
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same time [16,18,21,53]; (4) recovery rate is increased
for highly deformed materials and recovery happens
more severely [8,30,54].

4.2 Modeling results
4.2.1 ETMB model

Figure 5 shows the evolution of total dislocation
density versus accumulated strain of MDF process
calculated by the method explained in Section 3.1. It can
be seen that total dislocation density grows rapidly at
lower strains due to the generation of dislocations via
Frank read sources. With increasing the amount of strain,
dynamic recovery occurs and the increscent rate of
dislocation density reduces as it reaches a plateau at high
amount of strains. As it was mentioned earlier, cross-slip
of screw dislocations and climb of edge dislocations are
the main mechanisms responsible for dynamic recovery
in cell interiors and cell walls, respectively [34—36].
Modeling results for total dislocation density are in good
agreement with earlier modeling results in Ref. [40].

24
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— Modeling results from this work
e Modeling results from Ref. [40]

Total dislocation density/10'*m
.

0 2 4 6 8 10 12 14 16
Accumulated strain
Fig. 5 Comparison of modeling results of total dislocation
density from this study with modeling results in Ref. [40]

The evolution of cell size versus accumulated strain
is illustrated in Fig. 6, which is calculated by Eq. (3). As
can be seen, cell size decreases as a result of cell
structure formation and absorption of dislocations from
cell interiors to cell walls and then reaches a plateau
by reaching a balance between the generation of
dislocations caused by Frank read sources and
annihilation of dislocations due to the dynamic
recovery [25,26,34,36,40]. Modeling results for cell size
are in good agreement with the earlier model in
Ref. [40].

The modeling results for flow stress are also
calculated by using constitutive Eq. (8) and then
compared with the previous modeling results in Ref. [40]
and the experimental flow stress achieved through
compression tests, as shown in Fig. 7. It can be seen that
the modeling results for flow stress are in good

agreement with early modeling results in Ref. [40] as
well as the experimental data of flow stress. As can be
seen in Fig. 7, the trend for the evolution of the flow
stress follows the same pattern as the total dislocation
density. At lower strains, flow stress grows rapidly. But
the growth rate reduces with increasing the amount of
strain, and the flow stress reaches a plateau by reaching a
balance between hardening caused by the deformation
and softening due to the dynamic recovery [40].

1.4

Modeling results from this work
o Modeling results
from Ref. [40]

Cell size/um
S
o)

0 2 4 6 8 10 12 14 16
Accumulated strain

Fig. 6 Comparison of modeling results of cell size from this

study with modeling results in Ref. [40]
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401 Modeling results from this work
e Experimental data from this work
20 = Modeling results from Ref. [40]
0 1 2 3 4

Accumulated strain
Fig. 7 Comparison of modeling results and experimental data

of flow stress from this study with modeling results from
Ref. [40]

4.2.2 Non-isothermal annealing model

Figure 8 shows the modeling results for total
dislocation  density annealing
temperature for 2, 4 and 6 passes MDFed samples. For
plotting the diagrams, the total dislocation density
obtained from the ETMB model at strain values of 1, 2
and 3 is used as an input for the non-isothermal
annealing dislocation-based model discussed in Section
3.2. It should be noted that with increasing the number of
MDF passes, the dislocation density diagrams shift to
higher values, and the distance between the diagrams

evolution  versus
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reduces as the material tends to a saturation point in
which dislocation density value reaches a plateau
attributed to the balance between generation and
annihilation of dislocations. As can be seen, all three
samples have similar trend in response to annealing, the
difference is that with increasing MDF passes, a plateau
part becomes shorter, the reduction rate grows more
intensely, and finally with increasing the magnitude of
strain the samples become more sensitive towards
thermally activated processes due to the increase in the
stored energy and defects of the material.

22
20r
1.8¢

1.6 P
141+ 4 passes MDFed samples

6 passes MDFed samples

Total dislocation density/10'*m™

1.2+
1.0
0.8r —
2 passes MDFed samples
0.6
0.4+
0 50 100 150 200 250 300 350

Annealing temperature/°C

Fig. 8 Total dislocation density versus annealing temperature
for 2, 4 and 6 passes MDFed samples

Figure 9 shows the comparison between the
modeling results for flow stress calculated by
constitutive Eq. (8) and the experimental flow stress
achieved through compression tests for 2 passes MDFed
samples non-isothermally annealed up to different
temperatures. As can be seen, the model reveals a
decreasing trend for the flow stress of the material.
Non-isothermal annealing up to lower temperatures
decreases flow stress gradually and as it was mentioned
in Section 4.1.2, gradual changes are due to the
occurrence of recovery in lower temperature ranges. It
should be noted that as recovery occurs, it reduces the
mechanical properties of the annealed material gently by
a gradual trend [22,23]. At 300 °C, flow stress decreases
more rapidly in comparison with the case at lower
temperatures which is the consequence of the onset of
recrystallization at this temperature mentioned in Section
4.1.2. A drop in the experimental flow stress is observed
at 350 °C compared with the modeling results. It was
discussed in Section 4.1.2 that at this temperature, the
grain growth occurs in the microstructure. The proposed
model is based on dislocation density evolution and the
driving force for both recovery and recrystallization is
dislocation density reduction, whilst the driving force for
grain growth is due to the reduction of grain boundary
energy. This extra decreasing factor of grain growth leads

to the drop of experimental flow stress at 350 °C in
comparison with the predicted one by model. Taking into
account the fact that high amount of flow stress is
maintained after annealing up to 250 °C, 2 passes
MDFed sample shows acceptable thermal stability up to
this temperature [3,4].

100

95F
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85t
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Flow stress/MPa

Modeling results
e Experimental data
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70

65 .
0 50

100 150 200 250 300 350
Annealing temperature/°C

Fig. 9 Modeling results and experimental data of flow stress
versus annealing temperature for 2 passes MDFed samples

A similar pattern is observed in the experimental
flow stress in comparison with modeling results for 4
passes MDFed samples non-isothermally annealed up to
different temperatures, as illustrated in Fig. 10.
Non-isothermal annealing in temperature ranges lower
than 250 °C decreases the flow stress gradually. By
considering the non-occurrence of recrystallization up to
250 °C mentioned in Section 4.1.3, this is due to the
occurrence of recovery. As mentioned in Section 4.1.3,
due to the occurrence of recrystallization at 300 °C, it
can be seen that the reduction rate of flow stress is
severer at this temperature in comparison with that at
lower temperatures. As it was mentioned in Section 4.1.3,
grain growth happens at 350 °C in 4 passes MDFed
samples. Taking into account the fact that the non-
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Fig. 10 Modeling results and experimental data of flow stress
versus annealing temperature for 4 passes MDFed samples
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isothermal annealing model is based on dislocation
density evolution and grain growth has a different
driving force rather than recovery and recrystallization,
the experimental flow stress at this temperature is lower
than the predicted value by the model. Since the high
amount of flow stress gained from MDF is maintained up
to 250 °C, 4 passes MDFed samples exhibit thermal
stability up to this temperature [3,4].

Figure 11 shows the modeling results for flow stress
calculated by constitutive Eq. (8) compared with the
experimental flow stress achieved through compression
tests for 6 passes MDFed samples non-isothermally
annealed up to different temperatures. It can be seen that
flow stress decreases gradually by annealing up to
300 °C due to the non-occurrence of recrystallization to
this temperature as mentioned in Section 4.1.4, and
gradual reduction of flow stress is due to the occurrence
of recovery. Imposing high amount of strains can
increase both the recovery rate [3,8] and the temperature
range over which the recovery takes place [3,4].
Consequently, the following outcomes are observed in
this study: (1) recovery lasts up to higher temperatures in
6 passes MDFed samples in comparison with that in
2 and 4 passes MDFed samples, (2) the high amount of
flow stress for 6 passes MDFed samples is preserved up
to higher temperatures, and (3) the temperature range of
thermal stability expands in 6 passes MDFed samples
compared with that in 2 and 4 passes MDFed samples.
As can be seen in Fig. 11, due to thermal stability of
6 passes MDFed samples and non-occurrence of
recrystallization till 300 °C, experimental data of flow
stress is higher than that predicted by Eq. (8).
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Fig. 11 Modeling results and experimental data of flow stress
versus annealing temperature for 6 passes MDFed samples

5 Conclusions
(1) With increasing the number of MDF passes, the

grain size reduces and the grain morphology changes
from equiaxed to lamellar. Also, the yield strength is

increased and the growth rate of the yield strength is
decreased.

(2) Non-isothermal annealing of 2 and 4 passes
MDFed samples does not lead to recrystallization up to
250 °C. Due to the gradual reduction of flow stress as a
result of recovery occurrence up to 250 °C, 2 and 4
passes MDFed samples exhibit thermal stability below
250 °C. At 300 °C, 2 passes MDFed samples experience
partial recrystallization, whereas in 4 passes MDFed
samples, a noticeably high fraction of microstructure is
recrystallized. Non-isothermal annealing up to 350 °C
leads to grain growth for 2 and 4 passes MDFed samples.

(3) Six passes MDFed samples do not experience
recrystallization by non-isothermal annealing till 300 °C
and exhibit thermal stability up to 300 °C due to the
increasing recovery rate in high amount of strains and
widening of the temperature range in which recovery
happens.

(4) The experimental flow stress data are lower than
the modeling results at 350 °C in 2 and 4 passes MDFed
samples because of grain growth at this temperature. In
the case of 6 passes MDFed sample, the experimental
flow stress is higher than that predicted by the model due
to thermal stability and recovery taking place up to
300 °C.
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